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Abstract 

Protein fractionation by ultrafiltration has elicited considerable interest in recent years. It is now recognised that a proper 
choice of the membrane and/or  appropriate adjustment of operating conditions can successfully resolve binary protein 
mixtures. However, in order to identify the optimum conditions for selective filtration, it is essential to understand the UF 
characteristics of single proteins. In this paper, we have examined the flux and transmission behavior of three different 
proteins, viz. lysozyme (13.93 kD, pl 10.6), ovalbumin (43.5 kD, pI 4.6) and myoglobin (16.89 kD, pI 6.8) as a function of 
operating variables in a vortex flow filter using 100 kD hydrophilic polyacrylonitrile membranes. The effects of both the 
module hydrodynamics, i.e. transmembrane pressure, axial velocity and rotation speed as well as the solution environment, 
i.e. protein concentration, ionic strength and pH were investigated. It was determined that hydrodynamics is primarily 
controlled by the transmembrane pressure and the membrane rotation rate. Also, variations in the feed solution properties, 
particularly the ionic strength and pH could dramatically alter the protein transmission profiles. These results provide a basic 
framework for designing effective lysozyme/ovalbumin and lysozyme/myoglobin separations. 

Keywords: Ultrafiltration; Vortex flow filter; Protein transmission; Module hydrodynamics; Solution environment 

1. I n t r o d u c t i o n  • The presence of  a broad pore size distribution 
in most currently available synthetic membranes 

Ultrafiltration (UF) is now a well established unit which implies a fairly diffuse molecular  weight cut- 
operation for the recovery of  bioproducts from com- off (MWCO).  The M W C O  value as specified by the 
plex fermentation broths. However,  in spite of  its manufacturer does not refer to its absolute retention 
extensive usage for the concentration and diafiltra- but rather to some arbitrary value in the 80 -100% 
tion of  proteins and enzymes, this technique has met range. As such, up to 20% of  the macromolecules 
with little success in the selective filtration of  pro- can be transmitted by the so called "comple te ly  
teins. In general, fractionation by UF is considered reject ing" membranes.  Besides, membranes with 
impractical unless the two proteins to be separated identical M W C O  ratings obtained from different 
have at least a ten-fold difference in their molecular  manufacturers can exhibit considerable variations in 
weights. This limitation can be attributed to a combi-  the actual M W C O  value under the same load [2]. 
nation of  the fol lowing factors [1]: Even with the same manufacturer, a lot to lot varia- 
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tion in the membrane properties is not unusual. Also, (VFF). This paper extends the investigation further 
the MWCO rating gives no clue to the pore size to the study of flux and transmission behavior as a 
distribution and the pore structure, both of which can function of module hydrodynamics and solution en- 
critically affect the membrane selectivity, vironment. The proteins identified for this research 

• The effect of concentration polarization at the were lysozyme, myoglobin and ovalbumin. The UF 
upstream membrane surface by the intrinsically re- was performed on a vortex flow filtration unit. The 
tained protein which creates a secondary solvent main advantage of this system is the presence of 
permeable barrier and hence affects overall protein Taylor vortices which are effective in minimizing 
transport. This macromolecular buildup can be con- concentration polarization due to improved mass 
trolled by improving the mass transfer at the mem- transfer at the membrane surface [7]. Also, unlike 
brane surface by a variety of fluid management crossflow filtration, the shear rate can be varied 
techniques, independently of the applied pressure by varying the 

• The occurrence of membrane fouling which is rotation speed of the membrane cartridge, thus mak- 
responsible for major reduction in the hydraulic per- ing it possible to study the effects of shear rate and 
meability of the UF membrane. This includes adsorp- transmembrane pressure (TMP) independently. The 
tion of macrosolute from the solution to the mem- flux and transmission of each protein was studied 
brane surface with consequent reduction in effective and qualitatively analyzed as a function of the fol- 
pore diameter and /or  restriction of pore entrances lowing parameters: TMP, feed axial velocity, mem- 
by the sorbed molecules. This phenomenon is pro- brane rotation speed, feed concentration, pH and 
roundly dependent upon the membrane surface ionic strength. Based on these results, optimum con- 
chemistry as well as the nature of the adsorbing ditions can be identified for the fractionation of 
solute. The latter can be markedly affected by simulated protein mixtures, the details of which form 
changes in the solution environment, the subject of a following paper. 

• The presence of protein-protein interactions in 
the bulk solution which may result in the formation 
of association complexes, consequently hindering the 2. Theory 
passage of smaller macrosolutes. These interactions 

mainly involve coulombic or van der Waals forces This section presents a brief discussion on the 
between molecules and can be modulated by solution transport models which are subsequently used to 
properties like pH and ionic strength, analyze the experimental results in Section 4. 

It is, therefore, evident that resolving protein mix- 

tures by UF cannot be regarded as a mere sieving 2.1. Combined concentration polarization-irreversi- 
process. The extent of separation is determined by a ble thermodynamics model 
complex interplay of the boundary layer and mass 
transfer effects as well as the membrane surface 

The concentration polarization model relates the characteristics. As such, for designing effective frac- 
volumetric flux ( J r )  to the observed protein trans- tionations, it is imperative to investigate the funda- 
mission (~'obs) by [6]: mental factors governing protein transport through 

UF membranes. Studies on single protein transmis- robs Jv ~" 
I n - -  = - -  + I n - -  ( l )  sion through partially retentive membranes can pro- 1 - ~'obs k 1 - ~- 

vide valuable insights into this aspect. Though some 
groups have worked on characterizing single protein where r = Cp/C m is the true transmission and rob s = 
transport through asymmetric UF membranes [1,3-6], Cp/C b is the observed value of transmission. 
the quantitative data available on the subject is quite The true transmission ~" is defined by the irre- 
limited, versible thermodynamics model to be [8]: 

In a previous work [6], we presented the prelimi- (1 - t r )e  ee 
nary results of the transmission of several proteins ~'= (e ee - o ')  (2) 
through different membranes in a vortex flow filter 
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where Pe = Jv[(1 - o - ) / P  m ] is the membrane Peclet tion environment, i.e. pH and ionic strength as well 
number. The terms o- and Pm are constants and refer as the solute concentration in the feed. Ji can  either 
to the Staverman reflection coefficient and the mem- be positive or negative depending upon whether the 
brahe permeability, respectively, overall prote in-membrane interaction is favorable or 

Combining Eqs. (1) and (2) gives: unfavorable. 

"Fobs Jv (1 -- O" )e  ee The integrated form of the mass balance equation 
In - -  + In (3) on the membrane boundary layer then results in [6]: 

1 - 'Fob s k tY(e Pe -- 1) C m --  •Cp  

Jv + Ji = kin (6)  

2.1.1. Case 1. Small Pe (i.e. low J,, or low TMP) C b - aCp 

Eq. (3) reduces to the following form for small where a = J v / ( J v  + Ji). Eq. (6) can be rearranged 
Peclet number: to: 

"to b..............5~ ~ 1 n (1 - ° ' ) e~ 'e  _ _ l J v ( 1 J v }  J ~ + J i =  _ _  

ln l - Zob s o'(e  Pe -- 1) ~'obs J v + J i  + ~" J~ + Ji e ~ (7)  

1 1 cr For small Jv(J~ << Ji),  the exponential term is pre- _ _  e - J r [ (1 -  tr)/eml (4)  
rob~ ( 1 - cr ) ( 1 - o" ) dominant but when Jv becomes large (J~ >> Ji), Zobs 

is controlled by the J v / ( J v  + J i  ) term. Two situa- 
According to Eq. (4), ~'obs decreases with increas- tions are now possible: 

ing Jr .  

2.1.2. Case IL Large Pe (i.e. high Jv or high TMP) 2.2.1. Case 1 
Eq. (3) can be approximated as follows for large Ji is positive (i.e. pro te in-membrane  interaction 

Peclet number: is favorable). For positive Ji, this model predicts a 
maximum in the robs vS. J~ curve at low Jv fol- 

In r°bs Jv (1 - t r )  lowed by a decrease in the Zob s to unity at large Jv. 
- -  - -  + I n - -  ( 5 )  
1 - 7"oh s k tr 

2.2.2. Case I1 
This equation predicts increasing ~'obs values for 

increasing Jv. Ji is negative (i.e. pro te in-membrane  interaction 

Therefore, according to this model, the observed is unfavorable). For negative J~, this model predicts 
a monotonic increase in the robs value which asymp- 

transmission rob,~ decreases from %bs = 1 at low Jv 
and passes through a minima before approaching totically approaches unity at large Jv. 

unity again at large Jr .  

2.2. Modified concentration polarization model 3. Mater ia ls  and  methods  

To account for pro te in-membrane  interaction, the 3.1. Materials 
concentration polarization model can be modified as 
lollows. Apart from protein transport to the mem- The proteins, viz. chicken egg lysozyme (L-6876, 
brane surface by convection, an additional transport lot 89 F8276), horse heart myoglobin (M-1882, lot 
term Ji is added to account for solute migration due 61 H7105) and chicken egg ovalbumin (A-5503, lot 
to interaction between the charged protein and the 51 H7175) were supplied by Sigma Chemical Co., 
hydrophilic membrane surface. The interaction is St. Louis, MO, USA. Some important characteristics 
expected to be predominantly electrostatic in nature of  these proteins are summarized in Table 1 [9,10]. 
and Ji can therefore be considered to be the elec- All buffers and solutions were prepared in ultrapure 
trophoretic transport of  protein towards the mem- water (resistivity 18.2 Mohm-cm) obtained from a 
brane surface. It is primarily a function of  the solu- Milli-Q unit (Millipore Corp., Bedford, MA, USA). 
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Table l Table 2 
Some important protein properties Benchmark TM rotary separation unit specifications 

Protein MW pl D a X 10- 7 f / f o  b Size (.~) Membrane cartridge (H X OD) 6.25" X 1.75" 
(kD) (cm 2/s) Effective membrane surface area 200 cm 2 

Stationary separation chamber (H × OD) 7.25" X 2.75" 
Lysozyme 13.93 10.6 I 1.2 1.21 45 X 30× 30 Maximum holdup volume (with cartridge) I l0 ml 
Myoglobin 16.89 6.8 l 1.3 1.10 44 ×44 × 25 
Ovalbumin 43.5 4.6 7.8 approx. Gap width 2.5 mm 

a D = diffusion coefficient at 20°C. Operating temperature range 0-50°C 
Pressure range 0-40 psi 

h .f./j~) = frictional ratio. Speed range 0-3000 rpm a 

a Though the manufacturer specifies a maximum speed of 4100 
The buffer reagents were analytical grade and were rpm, this unit could not be operated beyond 3000 rpm due to 
procured locally from E. Merck. excessive vibration. 

3.2. Ul traf i l ter  a n d  m e m b r a n e s  

buildup. The rotation speed of the membrane car- 
The Benchmark TM Gx vortex flow filter was ob- tridge was controlled by an electronic control unit 

tained from Membrex Inc., NJ, USA. The major which housed all the system electronics and software 
system specifications are listed in Table 2. The along with the magnetic motor and its associated 
separation unit consisted of a cylindrical rotating controls. It also contained a LED display and keypad 
inner membrane cartridge in a stationary outer hous- to program and monitor the operating parameters. 
ing. The feed was pumped in the annulus between The ultrafiltration was performed using Membrex 
the two cylinders and the permeate was collected and membranes of the MX series. The Ultrafllic TM MX 
continuously withdrawn from a hollow shaft within membranes, with a MWCO rating of 100 kD, are 
the membrane cartridge. The axial motion of the feed anisotropic membranes of hydrophilized polyacryl- 
was superimposed upon the rotating motion of the onitrile (PAN) with a non-woven polypropylene 
cartridge. The rotational flow in the Taylor vortices backing for support. The nature and degree of hy- 
thus generated scours the membrane surface and drophilicity was not disclosed by the manufacturer 
allows high fluxes with minimal concentration due to the proprietary nature of the information. 

rotating cylinder 

valve 

, ,  membrane 

rotontato ~,~ 

pat|atel t lo pump 

permeete recycle 

Jacketed feed tank 

Fig. 1. Schematic diagram of the experimental setup. 
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3.3. Experimental procedure and data analysis volume of the permeate. Once the flux reached a 
steady state (usually within 1 min of starting the 

The feed solutions for the investigations were run), at least 6 permeate samples were collected at 
prepared fresh for each experiment by dissolving the regular intervals for subsequent protein concentration 
desired amount of protein in the appropriate buffer, analysis. The procedure was repeated for higher 
Depending upon the required solution pH, 0.01 M of TMPs. Buffer flux measurements before and after 
one of the following buffers was used [11]: citric the protein ultrafiltration provided an estimation of 
acid-NazHPO 4 (McIlvaine) (pH 2.6-7.6), tris(hy- the extent of membrane fouling. The term "foul ing" 
droxymethyl aminomethane) (pH 7.1-8.9), sodium is used to indicate the irreversible reduction in mem- 
carbonate-bicarbonate (pH 9.2-10.8), phosphate (pH brane permeability due to effects like protein adsorp- 
I l -11.9)  or hydroxide-chloride (pH 12-13). The t ion/pore plugging etc. For membrane permeability 
ionic strength was controlled by proper addition of reductions of 10% or greater, the cartridge was 
sodium chloride. Sodium azide (0.1% w / v )  was dipped in 0.1 N NaOH for up to 2 h before thor- 
added to prevent microbial growth. All buffers and oughly flushing it with deionized water. If the clean- 
protein solutions were pre-filtered through a 0.45 ing was unsatisfactory, the NaOH treatment was 
/xm microfilter just prior to use to remove any repeated. Flux recoveries of 95% or greater of the 
particulate or colloidal matter, original buffer flux were considered acceptable. The 

The schematic diagram of the experimental setup cleaned cartridge was stored submerged in 0.1% 
is shown in Fig. 1. The feed solution was kept in a (w /v )  sodium azide solution at room temperature 
jacketed feed tank which was maintained at a con- between runs. 
stant temperature of 21 + I°C using a circulator The observed protein transmission %bs was de- 
(Haake F3, Karlsruhe, Germany). The feed was fined as follows: 
pumped into the ultrafilter by a Watson-Marlow Co 
302S peristaltic pump fitted with a Masterflex 6402- ~'ob~ = 
15 norprene tubing. The flow range for the pump Cb 

was 0-925 ml /min .  Both the permeate and the where Cp = protein concentration in the permeate 
retentate were recycled into the feed tank to maintain and C b = protein concentration in the bulk feed. 
constant bulk concentration. The pressure in the The protein concentration was obtained directly 
system was controlled by adjusting the back pressure from absorbance measurement at 280 nm using quartz 
by a pinch clamp in the retentate line. The trans- 

cuvettes in a Shimadzu Graphicord UV240 spec- 
membrane pressure was calculated by taking the 

trophotometer with a PR-1 graphic printer and an 
average of the inlet and outlet pressures. In order to OPI-4 computer interface (Shimadzu Corp., Kyoto, 
obtain the actual pressure responsible for driving the Japan). 
permeate through the membrane, the TMP was cor- 
rected by subtracting the offset or centrifugal pres- 
sure [12]. For each set of data at a particular rota- 
tional speed, the offset pressure was obtained from 4. Results and discussions 

the intercept on the horizontal axis of the buffer flux 
vs. TMP plots. The corrected TMP was subsequently 4.1. General protein flux and transmission profile 
used for plotting all protein flux profiles. 

The protein UF was conducted at increasing TMP Fig. 2 presents the general flux and transmission 
keeping the crossflow velocity, membrane rotation trends for lysozyme, ovalbumin and myoglobin at 
speed and the feed concentration constant. The pro- 3000 rpm in the 0-100 kPa range. These conditions 
tein solution was circulated for 30 min before every of high rotation speed (or high shear rate) and low 
experiment to allow the adsorption mechanisms to TMP were conducive to the effective back transfer 
reach their equilibrium. Each run, at a given TMP, of the solute, thus minimizing concentration buildup 
lasted 35 min. The volume flux was determined by at the membrane surface. For all the three proteins, 
measuring the time necessary to collect a known the volumetric flux increased linearly with increasing 
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applied pressure up to 30 kPa. Further increase in the after protein UF. The transmission behavior, how- 
TMP led to marginal nonlinearity in the profile due ever, varied markedly for these three proteins. While 
to increased buildup at the membrane surface. The ovalbumin and myoglobin exhibited a minimum in 
fouling was non-existent forovalbumin but lysozyme the protein transmission at low volumetric flux, 
and myoglobin showed a small reduction in mem- lysozyme displayed exactly the opposite behavior. 
brane permeability (11.7 and 13.5%, respectively) Also, the transmission values for lysozyme were 

Flux (m/s) X E06 
( a )  100 . . . . . . . . . . .  

-E-- Lysozyme(o.2 g/L) ~ - - ~  - j  

Ovalbumin(O.5 g/L) 
80 ~ Myoglobin(O.2 g/L) 

buffer 

6O 

4O 

20 ' 

i 
0 r i i i 

0 20 40 60 80 100 
TMP (kPa) 

( b )  140 Transmission (%) _ _ ,  

100 ~ --z i 
/ 

8 0  -I 

o o -  

40  ' 
~ L y s o z y m e  

20 ~ Ovalbumin 

Myoglobin 

0 i i i 

0 20 40 60 80 100 
Flux (m/s) X E06 

Fig. 2. Flux and transmission profiles: lysozyme, ovalbumin and myoglobin (500 m l / m i n  crossflow, 3000 rpm, 0.15 M NaCI, pH 6.8). (a) 
Flux vs. TMP. (b) Transmission vs. flux. 
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unexpectedly high (up to 120%), thus implying a tions. The latter may involve van der Waals forces or 
concentration of the protein in the permeate stream, even the formation of chemical bonds. It is only in 

Though negative solute rejection (i.e. transmis- the absence of these interactions that the solute 
sion > 100%) has been known now for over two transport would be governed solely by the differen- 
decades in reverse osmosis [13], it is only recently tial pressure across the membrane and the relative 
that apparent solute enrichment in the permeate dur- size of the solute and the pores. In the case of 
ing UF was first reported [6]. A similar behavior was proteins, the electric charge on the molecule could 
perceived by Nau et al. [14] during tangential flow lead to considerable deviation in the filtration charac- 
filtration of fl-casein peptides (MW 640-6400 Da) teristics over that predicted by a purely sieving model. 
through tubular Carbosep inorganic membranes In the present investigations, the protein-mem- 
(MWCO 10 kD). Transmission values up to 185% brane interactions appear to be primarily electrostatic 
were observed for two basic peptides (pI 9.0 and 9.4) in nature, with the membrane apparently possessing 
during UF runs at pH 7.5. This was explained by the a negative charge under these conditions. This hy- 
reasoning that the transmission was controlled by a pothesis was supported by the fact that ovalbumin 
dual mechanism of size exclusion and electrostatic (which is negatively charged at pH 6.8) exhibited 
repulsion. At pH values away from the pI, the pep- markedly low transmissions (25-55%) even though 
tide molecules were highly charged and the transport membrane fouling was completely absent. This find- 
was influenced by electrostatic interactions between ing was in agreement with published reports that a 
the solute and the membrane zirconia skin (pI 5.7). charged UF membrane markedly restricts the pas- 
Thus for attractive interactions, an apparent partition sage of a like-charged solute [17-19]. Also, lowering 
coefficient larger than unity was possible. It is peril- the solution pH to increase the extent of positive 
nent to note here that negative instantaneous rejec- charge on the protein led to increased protein adsorp- 
tion was reported a decade earlier in the UF of tion (Sec. 4.3.3). The importance of surface charge 
polyethylene glycol (PEG) in an unstirred cell using was recognized by Godjevargova and Dimov [20] 
partially transmitting membranes (termed "leaky who reported that BSA adsorption on a modified 
membranes") [15]. The cumulative average rejection polyacrylonitrile membrane was determined only by 
coefficient was, nevertheless, always positive. This the membrane charge and not by its hydrophilicity. 
phenomena was explained using a pore blocking and In addition, the interaction and hence the protein 
unblocking concept. Protein transmission enhance- transmission could be drastically altered by adjusting 
ment (based on enzyme activity measurement) has the ionic strength of the solution as discussed later in 
also been noticed in crossflow microfiltration during Section 4.3.2. This pointed yet again to the primarily 
the separation of aryl acylamide amidohydrolase coulombic nature of the protein-membrane interac- 
(amidase) (MW 52 kD) from lysed Pseudomonas tion. 
fluorescens ceils using a 0.45 /xm Asypor TM filter The protein transmission behavior in Fig. 2(b) can 
[16]. The total protein transmission was, however, thus be qualitatively explained as follows. The exper- 
well within 100%. This observation was ascribed to iments were conducted at pH 6.8 which was below 
the desorption of enzyme from the cell debris in a the pI of lysozyme (pI 10.6). Consequently, lysozyme 
shear field and the enzyme transmission (up to 154%) was positively charged at this pH and experienced an 
was modelled as a function of the feed velocity, overall attraction towards the hydrophilic membrane 

Our observations for lysozyme enrichment in the surface. This led to observed transmissions of greater 
permeate was attributed to the presence of attractive than 100%. On the other hand, ovalburnin (pI 4.6), 
protein-membrane interactions. This situation has which is negatively charged at this pH was repelled 
been described in an earlier paper by a modified by the membrane surface and displayed transmis- 
concentration polarization model [6]. The reasoning sions markedly below 100% (25-55%). Myoglobin, 
is in concurrence with the fact that solute transport which is a zwitterion at pH 6.8, followed a profile 
through the pores of a membrane can be affected by similar to that of ovalbumin, but with much higher 
interfacial forces at the membrane-solution inter- transmissions (75-95%). This was because ionic in- 
face, especially by the solute-membrane interac- teractions between the neutral myoglobin molecules 
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and the MX100 membrane surface were minimal, explain the results. At low TMP, Jv and thus the 
causing the myoglobin transport to occur mainly by Peclet number are small and %bs decreases with 
molecular sieving, increasing Jv [Eq. (4)]. At high Jv, the Peclet 

When the observed transmission was in the 0 -  number is large and Eq. (5)becomes applicable. This 
100% range (as for ovalbumin and myoglobin), the model predicts a minima in the Zob s vs. Jv curve at 
combined concentration polarization-irreversible low J~, followed by increasing %b~ (which eventu- 
thermodynamics approach (Section 2.1) could also ally approaches 100%)at high J~ values. The latter 

Flux (m/s) x E06 
100 

crossflow (ml/min) 

200 
80 A 300 

- ~ -  4 0 0  . .~  

[] 500 
60 

40 

20 (a) 

0 i i i i 

0 20 40 60 80 100 
TMP (kPa) 

Transmission (%) 
140 

120 ~ ~ .  Z.~ : j  

100 -~ 

80 

60 
crossflow (mllmln) 

40 X 2OO 

z~ 300 

20 ~ 400 (b) 
500 

O i i i i 

0 20 40 60 80 100 
Flux (m/s) X E06 

Fig. 3. Effect of axial velocity: 0.2 g / l  lysozyme (3000 rpm, 0.15 M NaCI, pH 6.8). (a) Flux vs. TMP. (b) Transmission vs. flux. 
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is in agreement with published data that when the 4.2. Effect o f  system hydrodynamics 
convective transport becomes predominant over the 
diffusive component, the observed transmission in- 4.2.1. Axial velocity 
creases with increasing applied pressure [21,22]. The The effect of varying feed axial velocity on the 
profile predicted by this model is also shown to volumetric flux and transmission of lysozyme and 
match well with hydrodynamic models for transport ovalbumin is depicted in Figs. 3 and 4, respectively. 
of spherical solutes through well defined pores [4]. For both the proteins, the flux increased linearly with 

Flux (m/s) X E06 
100 

Crossflow (mllmin) 

X 200 

80 - A 600 

60 

4 0 -  

2 0 -  ~ (a) 

0 i i i i 

0 2 0  4 0  60 80 100 
T M P  (kPa) 

T r a n s m i s s i o n  (%) 
100 

Cro88flow (ml/mln) 
Z 200 

8 0  - A 500 

60- 

40 

20 (b) 

0 i i i 

0 20 40 60 80 100 
Flux (m/s) X E06 

Fig. 4. Effect of axial velocity: 0.5 g/1 ovalbumin (3000 rpm, 0.15 M NaCl, pH 6.8). (a) Flux vs. TMP. (b) Transmission vs. flux. 
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increasing applied pressure in the 200-500 ml /min  lor number, the mean value of the Sherwood number 
crossflow range (Reaxia 1 45-120) at a constant mem- is greatly reduced. A similar trend was predicted by 
brane rotation speed (3000 rpm). This indicated that Legrend and Coeuret [24] for Reaxia I between 25 to 
the mass transfer coefficient remains unaffected by 300. This implies that the flux vs. TMP profiles 
changes in the axial velocity. However, in their could deviate from the linear buffer flux with in- 
studies on heat /mass  transfer in Taylor vortex flow, creasing crossflow at a given rotation speed. But for 
Kataoka et al. [23] concluded that when the axial lysozyme at 500 ml /min,  such behavior was not 
Reynolds number is raised gradually at a fixed Tay- observed in Fig. 3(a) and Fig. 4(a) and any decrease 

Flux (m/s) X E06 

r 
lOO4 z 3000 j 

/ -~-  lOOO ~ /  
~ -  2 0 0  

80 j -  
b u f f e r ( a l l  r p m s )  j -  

6O 

4O 

20 

0 i - -  i - -  i ~ 

0 20 40 60 80 100 
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100 1 

ooi 
i 

4 0  ~ rpm 

- - X  3 0 0 0  

I ~ 1000  2 0 4  
~ 2 0 0  

i 
04- , , 

0 20 40 60 80 100 
Flux (m/s) X E06 

Fig. 5. Effect of rpm: 0.2 g/l lysozyme (500 ml/min crossflow, 0.15 M NaCI, pH 6.8). (a) Flux vs. TMP. (b) Transmission vs. flux. 
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in the mass transfer coefficient due to increased axial and high applied pressure (up to 1200 kPa). They 
velocity exhibited no perceptible effect upon the flux explained that the hydrodynamics in a VFF is deter- 
profile. These results were in agreement with those mined primarily by the rotational velocity which is 1 
obtained by Holeschovsky and Cooney [7] in the UF to 2 orders of magnitude larger than the axial veloc- 
of BSA solution in a vortex flow filter. They ob- ity. As such, the flux and corresponding protein 
served that the axial velocity had no influence on the transmission was independent of changes in the feed 
permeate flux during experiments with varying gap crossflow. A practical benefit of this observation is 
widths (0.9-3.3 mm) and rotation speed (0-4000 that unlike in tangential flow filtration, it is not 
rpm), for BSA concentrations between 10-200 g/1 necessary to employ high velocities which result in 

) Flux (m/s) X E06 

i rpm 3000 / 

-~- 2000 ~ J  
lOOO 

buffer(all rpms) ® / ~  
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, o  

0 I I I 
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TMP (kPa) (b) Transmission (%) 

00 11 
80 
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0 I ~ I I 
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Fig. 6. Effect o£ rpm: 0.5 g/ l  ovalbumin (500 ml/min crossflow, 0.15 M NaC], pH 6.8). (a) Hux vs. TMP. (b) Transmission vs. flux. 
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large pressure drops across the membrane surface in 4.2.2. Rotation speed 

a rotary filter. This, in turn, means that macrosolute Figs. 5 - 7  show the influence of  membrane rota- 
concentration can be achieved in lesser number of  tion speed upon the flux and transmission of  proteins 
passes due to the increased residence times possible in a VFF. The variation was studied in the 200-3000  
at low feed velocities. Also, low feed rates result in rpm range, corresponding to a Taylor  number (Ta) of 
low energy consumption for pumping and minimize 410-6200.  In general, decreasing the rotation rate at 
product damage due to the pump action which can a constant TMP led to a reduction in the amplitude 
be of  considerable importance for shear sensitive of  the volumetric flux accompanied by increasing 
bioproducts, deviation from the straight line buffer flux vs. TMP 
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plot. The shear on the membrane surface in this transmission is described by Fig. 5(b) to 7(b). For 
system is generated essentially by the rotational mo- lysozyme, the transmission decreased with decreas- 
tion of the membrane cartridge. This was confirmed ing rotation rate while the reverse trend was ob- 
by Vigo and Uliana [25] by a visual observation of served for both ovalbumin and myoglobin. However, 
the Taylor vortices in a transparent rotating module, the maxima (lysozyme)/minima (ovalbumin and 
At higher rotational speeds, the vortices overlap due myoglobin) was not discernable at low rotation 
to flow instability leading to increased turbulence, speeds because of an obvious lack of data points. It 
Lowering the rpm, therefore, effectively decreased was not possible to measure the flux accurately at 
the mass transfer and led to increased concentration low TMPs owing to fluctuations in the applied pres- 
polarization. This, in turn, was manifested in the sure due to the pulsating action of the peristaltic 
increased non-linearity in the flux profiles. The pump. 
MXI00 membrane used in this study was character- These transmission trends can be analyzed quali- 
ized by a complete lack of fouling in the case of tatively by applying the modified concentration po- 
ovalbumin. But both lysozyme and myoglobin exhib- larization model. At low rotation speeds, the mass 
ited moderate fouling particularly at low rotation transfer coefficient is low and there is an increase in 
speeds, viz. 21.6% at 200 rpm for lysozyme and the solute buildup at the membrane surface. Conse- 
30.5% at 1000 rpm for myoglobin. The fouling quently, the attractive (or repulsive) protein-mem- 
behavior for lysozyme also varied with the mem- brane interactions are weakened by the increased 
brahe lot and its history of use even though the UF solute-solute interactions, leading to transmission 
characteristics remained unaltered. For e.g. lot no. values closer to 100%. This behavior is logical since 
B2753 and no. B2774 showed less than 12% reduc- complete transmission of lysozyme and ovalbumin 
tion in membrane permeability after protein UF un- through a 100 kD membrane is expected if size 
like lot no. B2029/29 (up to 46% decrease), exclusion is assumed to be the principal factor con- 

A similar dependence of flux upon the membrane trolling protein transport. Therefore, the maximum 
rotation speed was reported by Belfort et al. [12] in deviation from 100% transmission is observed at the 
the UF of BSA through a 100 kD membrane and by highest rotation speed (3000 rpm) at which the effect 
Kroner and Nissinen [26] in the microfiltration of of protein-membrane interactions is most pro- 
bakers yeast suspension through a 0.2 /xm filter, nounced. 
However, in the UF of BSA solution using a dynam- For ovalbumin and myoglobin, the observed 
ically formed CdS membrane in a rotating filter, transmission behavior was in agreement with the 
Turkson et al. [27] showed that the volumetric flux trend predicted by the combined concentration polar- 
initially increased with increasing rotation rate up to ization-irreversible thermodynamics approach also. 
2000 rpm and then declined. This observation was It is well documented that UF membranes exhibit 
analyzed by the hypothesis that increasing the rota- improved transmission under operating conditions 
tion rate (a) decreases the hydraulic resistance of- favoring concentration polarization, i.e. increased 
fered by the concentration polarization layer and (b) membrane surface concentration [14,21,22,28,29]. 
decreases the net TMP. The TMP reduction was due Thus, increasing the rotation speed, which improved 
to the rotation of the accumulated liquid (permeate) the mass transfer and reduced protein accumulation 
in the inner cylinder as a solid body, and was at the membrane surface, led to lower transmission 
proportional to the square of the rotation rate [12]. values. 
Up to 2000 rpm, (a) dominated, leading to an in- This investigation confirms that introduction of 
crease in the flux with increasing rotation speeds. Taylor vortices in an ultrafilter is an effective strat- 
Thereafter, the influence of (b) took precedence and egy for controlling solute buildup at the membrane-  
the flux decreased with further increase in the rpm. solution interface. An estimation of the mass transfer 
In the absence of liquid holdup in the rotating inner coefficient (k) by the correlation proposed by Ho- 
cylinder, the flux reached a plateau beyond 2000 rpm leschovsky and Cooney [7] predicts values in the 
[25]. 8 - 3 5  X 10 -6 m / s  range. Except for tubular sys- 

The influence of rotation speed on the protein tems, which are capable of a comparable k [7,30], 
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the vortex flow filter outperforms all other commer- It is relevant to note here that lysozyme transmis- 
cial tangential flow modules as far as effective depo- sions greater than 100% are more pronounced at 
larization is concerned. Furthermore, the decoupling high rotation speeds. The protein-membrane attrac- 
of k and the TMP in the range investigated allows tion is evidently suppressed at low rotation because 
low pressure operation without the problems of  pres- of  the polarization and the resulting effect of  
sure drop along the membrane as found in the case solute-solute interactions. The only other reported 
of  crossflow systems, work on protein transmission above 100% in UF [14] 
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was performed on a tubular module, which is capa- 4.3. Effect of solution environment 
ble of high mass transfer as discussed above. It is 
thus possible to conduct a precise study on the 4.3.1. Protein concentration 
influence of membrane surface chemistry upon pro- The results of varying protein concentration on 
tein transmission by using a vortex flow filter, the flux and transmission behavior of lysozyme, 
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ovalbumin and myoglobin are shown in Figs. 8-10. feed concentration. Membrane fouling was unaf- 
Both lysozyme and myoglobin displayed polarization fected by changes in the protein concentration for all 
buildup and the resultant curvature in the flux vs. the three proteins. The reduction in permeability for 
TMP profile [Fig. 8(a) and Fig. 10(a)] at higher lysozyme and myoglobin was below 12 and 18%, 
protein concentration in the feed. The accompanying respectively, while it was non-existent for ovalbu- 
transmission profiles [Fig. 8(b) and Fig. 10(b)] exhib- min. 
ited decreasing protein transmission with increasing A higher protein concentration in the bulk can 
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cause significant increase in the viscosity and de- overall protein-membrane interaction was reduced 
crease the diffusivity for protein solutions [31]. Con- by the enhanced solute-solute interactions. As such, 
sequently, the mass transfer coefficient is reduced the transmission maxima became progressively fiat- 
leading to increased polarization. For lysozyme, the ter with increasing bulk concentration. Applying the 
situation was comparable to the case of decreasing same reasoning of increased polarization at higher 
membrane rotation speed [cf. Fig. 5(b)] and hence feed concentration to myoglobin predicted an in- 
increased solute buildup at the membrane surface. As crease in transmission with increasing concentration. 
the protein concentration in the feed increased, the However, the observed trend was just the reverse. A 
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possible reason for this disagreement could be the higher protein concentration [34] and would thus 
aggregation of the isoelectric myoglobin molecules, result in lower transmission with increasing feed 
The tendency for proteins to aggregate is highest at concentration. In contrast to both lysozyme and myo- 
the p] due to the low molecular charge and high globin, the filtration behavior for ovalbumin re- 
hydrophobicity. Several investigators have perceived mained invariant with increase in protein concentra- 
this phenomenon for different proteins [32,33]. The tion in the range investigated (0-2.5 g/ l ) .  
molecular self-association is more pronounced at The decline in flux with increasing feed concen- 
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tration followed the classical behavior which has of  a gel layer under limiting conditions, pore block- 
been observed by several workers for rigid as well as ing and solute adsorption on the membrane surface. 
flexible macromolecules [5,7,35,36]. This decrease In contrast to the trend displayed by the flux, the 
has been described and analyzed using several ap- protein transmission should improve at higher feed 
proaches, viz. increase in osmotic pressure due to concentration [22,27,29]• This pattern has been theo- 
macromolecular buildup at the membrane wall, de- retically predicted in the study of hindered transport 
crease in the mass transfer coefficient k, occurrence of  macromolecules in liquid filled pores [37]• It is 
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postulated that irrespective of whether solutes and these proteins differently. Lysozyme exhibited very 
pores are uncharged or of like charge, solute-solute low fluxes below 0.15 M NaCI, but the flux in- 
repulsion promotes increased concentration near the creased and became independent of the salt concen- 
periphery of the pores, thereby resulting in increased tration in the 0.15-1 M range. The accompanying 
transmission with increasing feed concentration. This protein transmission was quite low (30-42%) at 0 M 
result has been experimentally confirmed by several but was between 80 to 120% for 0.05-1 M NaCI. 
investigators viz. Brannon and Anderson [38] in the The shape of the profile, however, changed with 
partitioning of BSA through controlled pore glass, varying ionic strength. The values remained above 
Mitchell and Deen [39] in the UF of BSA and ficoll 100% and exhibited a maxima at 0.15 and 0.25 M, 
through track-etched polycarbonate membranes and but at 0.5 and 1 M, the transmission values fell 
Rodillosso [40] in the transport of BSA through mica below 100% and the curves displayed a well defined 
membranes. The latter [40] also reported a decrease minimum. For ovalbumin (Fig. 12), the flux was 
in transmission with increasing bulk solute concen- unaffected by salt concentration in the 0-0.25 M 
tration when the net intermolecular forces between range but there was a pronounced curvature in the 
the solute and the pore wall was attractive, profile at 0.5 and 1 M. The corresponding transmis- 

The detailed mechanism is outlined in the work of sion profiles all showed a fairly clear minima and the 
Anderson and Brannon [41] for membranes that are transmission value increased from zero (i.e. total 
partially permeable to a specific macromolecule, rejection) at 0 M to 45-65% at 1 M. The behavior of 
When the flux is small enough such that diffusion is myoglobin was somewhat similar to that of ovalbu- 
predominant over convection, interactions between min. The flux was almost linear and independent of 
the macromolecules and the pore walls during filtra- the salt concentration between 0.05 to 0.25 M. The 
tion would lead to distances between the macro- curves for the two extremes of 0 and 0.5 M NaCI 
molecule being considerably greater inside the pores followed the same linear trend up to approximately 
than in the bulk solution. In the absence of adsorp- 50 kPa, after which they exhibited a moderate curva- 
tion, an increase in the bulk concentration, therefore ture. The transmission initially increased with in- 
leads to increased penetration of macromolecules creasing salt concentration but became independent 
through the pores and a consequent increase in trans- of the added salt beyond 0.15 M. 
mission. The presence of adsorption and concentra- From these results, it is clear that the protein 
tion polarization, will however, modify this behav- transmission can be dramatically altered by suitably 
ior. If pore plugging due to adsorption increases with adjusting the solution salt concentration. The wide 
increasing bulk concentration, the transmission can transmission range displayed by lysozyme (30- 
either decrease or increase with increasing protein 120%) and ovalbumin (0-67%) emphasize the sig- 
concentration. This would depend upon whether pore nificance of the membrane surface properties and 
size reduction by adsorption or increased solute pen- consequently the changes in the nature and intensity 
etration as a result of macromolecule-pore wall in- of physico-chemical interactions between the mem- 
teraction is the dominant factor. The occurrence of brane and the protein. The role of electrostatic inter- 
concentration polarization will cause the transmis- actions (which are screened out at high ionic strength) 
sion to rise more sharply than expected from an has been stressed by Chaufer et al. [42] and Munch 
increase in bulk concentration alone, et al. [43]. At low NaCI concentration, the size 

exclusion mechanism is altered by the electrical 
4.3.2. Ionic strength charge carried by the protein. The sign of this charge 

The effect of ionic strength upon the flux and (which depends upon the pI and the pH of operation) 
transmission of lysozyme, ovalbumin and myoglobin can enhance or reduce the transmission. 
is depicted in Figs. 11-13. The investigations were The observations can once again be interpreted 
conducted at pH 6.8 at which lysozyme was posi- qualitatively on the basis of the modified concentra- 
tively charged, ovalbumin was negatively charged tion polarization model. For lysozyme, which was 
and myoglobin was electrically neutral. Varying the positively charged at pH 6.8, the absence of salt (0 
solution salt (NaCI) concentration affected each of M) caused the protein to adsorb onto the hydrophilic 
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Table 3 moderately high (45-65%). This appeared contradic- 
Effect of ionic strength on membrane fouling (0-100 kPa, 500 tory but for the reasoning that a high negative inter- 
ml/min crossflow, 3000 rpm, pH 6.8). Clean membrane perme- action flUX ( - J i )  in the a b s e n c e  of salt would  suc-  
ability: 0.88-1.05× 10 -6 m3/m 2 s kPa 
NaCI Reduction in membrane permeability (%) cessfully prevent any concentration buildup on the 

membrane in the first place. 
(M) Lysozyme Ovalbumin Myoglobin The variation of ovalbumin transmission with 

(0.2 g / l )  (0.5 g / l )  (0,2 g/l) ionic strength was similar to the recent findings of 
0 86.06 5.93 49.60 Kobayashi et al. [45] on dextran sulfate (DS) perme- 
0.05 52.06 - 0.95 30.69 
0.15 11.69 1.05 13.50 ation through negatively charged polyacrylonitrile- 
0.25 13.09 -0.48 6.98 sodium styrenesulfonate copolymer membranes. The 
0.5 6.41 2.77 8.67 transport of the anionic DS (66 kD) was highly 
1.0 2.86 4.99 restricted at 0 M NaCI (100% rejection) but the same 

solute was almost completely transmitted (ca. 95% 
transmission) through an uncharged membrane of 
identical MWCO (2000 kD). The obvious conclusion 

membrane surface. This led to low flux and low was that the electrostatic barrier of the charged mem- 
transmission accompanied by heavy fouling (Table brane was responsible for this high retention. In- 
3). Addition of salt to the system provided ionic creasing the salt concentration increased the solute 
shielding and the strong protein-membrane attrac- transmission as a result of ionic screening of the 
lion was weakened. This was accompanied by high charged groups by NaCI. This trend has been ob- 
flux, high transmission (100-120%) and negligible served by other workers as well [32]. An additional 
fouling. Further addition of salt only served to re- factor was the change in the molecular conformation 
duce the favorable protein-membrane interaction of the polyions, causing them to shrink at high salt 
leading to a decrease in the transmission, concentration [46]. 

These results reiterate the apparent existence of a The DS volume flux patterns, however, did not 
negative charge on the membrane surface under these match the ovalbumin results obtained in this work. 
operating conditions. This assumption was further While the ovalbumin flux remained invariant with 
supported by the results obtained by Sara and Sleytr salt concentration up to 0.25 M, the flux for DS 
[44] on the adsorption of positively charged BSA increased up to 0.06 M after which it became con- 
upon negatively charged S-layer UF membranes. The stant. The DS observations were explained by using 
elevated protein adsorption could be considerably the concept of the conformation of polyelectrolytes 
reduced by addition of NaCI, indicating a breakdown in aqueous solutions. The anionic chains in the nega- 
of electrostatic forces at high ionic strength, tively charged UF membrane are present in an ex- 

In the case of ovalbumin, the protein was nega- panded conformation at low salt concentration as a 
tively charged and was repelled by the membrane result of electrostatic repulsion between the charged 
surface. This repulsion was heightened in the ab- neighbouring groups. Consequently, the pore volume 
sence of salt. So at 0 M, even though the volumetric is small. At high salt concentration (e.g. 0.15 M), an 
flux remained high, the protein was completely re- electrostatic shielding of fixed charges with NaCI 
jected (0% transmission). A complete lack of mem- results in a compact conformation, causing the pore 
brane fouling was also noticed in this instance (Table size to increase. This was confirmed experimentally 
3). Increasing the salt concentration helped overcome by a shift in the MWCO of the membrane to higher 
the unfavorable protein-membrane interaction, lead- values at higher salt concentrations. Thus, there was 
ing to increased protein transmission. It was interest- a rise in the volume flux accompanied by an increase 
ing to note that in spite of 100% protein rejection at in the DS transmission with increasing NaCI concen- 
0 M NaC1, there was no visible non-linearity in the tration. However, a similar change in the pore size 
corresponding flux profile. On the other hand, a was not confirmed for the surface hydrophilized 
limiting flux was noticed at high salt concentrations PAN membranes used in the present investigations. 
(0.5 and 1 M) even though the transmissions were Also, a drop in flux with salt addition has been well 
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documented in the UF of proteins like BSA [47,48]. tion layer which was highly porous in the absence of 
Ovalbumin exhibited a similar behavior beyond 0.25 salt now becomes dense and results in lower fluxes. 
M NaCI. At pH values distant from the pI, the The transmission pattern for myoglobin [Fig. 
like-charged protein molecules exist in an enlarged 13(b)] was qualitatively similar but less pronounced 
conformation due to coulombic repulsion. Addition as compared to that of ovalbumin. At pH 6.8, which 
of salt results in a more compact conformation due corresponds to the isoelectric point of myoglobin, the 
to ionic shielding [49]. Consequently, the polariza- protein molecules have a net zero charge, i.e. equal 
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surface populations of anionic and cationic sites. The [34]. The flux was low at zero salt concentration and 
electrostatic barrier of the membrane then does not first increased in the presence of salt. This concurred 
affect the permeation of these neutral molecules. The with the observations of Fane et al. [47] and Iritani et 
transmission occurs primarily by molecular sieving al. [48] during the UF of BSA. In Fig. 13(a), though 
and is influenced by factors like the polarization, there was an initial rise, the flux deteriorated at high 
fouling and extent of molecular aggregation. In fact, salt concentrations (0.5 M). As seen from Table 3, 
the self-association of protein molecules at their pI, the fouling was maximum in the absence of salt but 
especially in the absence of salt, cannot be ignored decreased and became fairly insignificant beyond 
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0o 15 M. The maximum protein adsorption occurs at salts. The low flux and transmission at 0 M NaCl can 
the pI as reported by several workers [1,32,33,47]. thus be attributed to the combined effect of fouling 
Since the protein molecule is most compact at its pI, and molecular aggregation. Addition of salt causes 
the adsorbed protein layer forms a dense cake [49]. anion binding and acquisition of charge [46] leading 
This has been experimentally confirmed in the study to molecular size enlargement. This, in turn, loosens 
of the gel cake formed in the UF of BSA in a the adsorbed protein layer to form a more porous 
dead-end mode [48]. In accordance, the flux should structure and also discourages protein self-associa- 
be minimal at the isoelectric pH in the absence of tion, thus improving protein transmission. 
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The effect of ionic strength on solute transmission Table 4 
has been the subject of several theoretical treatments Effect of pH on membrane fouling (0-100 kPa, 500 ml/min 
as well. For pores and solutes of like charge, Mitchell crossflow, 3000 rpm, 0.15 M NaCI). Clean membrane permeabil- 

ity: 0.65-1.11 X 10 -6 m3/m 2 s kPa 
and Deen [39] postulated that the rejection coeffi- 
cient decreases (i.e. transmission increases) with in- pH Reduction in membrane permeability (%) 

creasing ionic strength. This behavior was consistent Lysozyme Ovalbumin Myoglobin 
(0.2 g/l) (0.5 g/l) (0.2 g/l) 

with the calculations of Smith and Deen [50,51] for 
2.5 62.38 the partition of charged spheres in a cylindrical pore. 
3.5 58.30 

Their analysis demonstrated that the transmission 4.6 9.42 a 44.87 
coefficient increased at higher ionic strength due to 6.8 11.69 1.05 13.5 a 

electrostatic shielding at high salt concentrations. In 8.5 15.71 
fact, they even predicted a deviation in the transmis- 10.6 5.61 a 

12.5 12.25 sion from the purely steric limit when only one 
surface was charged. Munch et al. [43] reported " pl. 
similar findings in their work on the effect of salt 
concentration on the rejection of rigid and flexible 
polyelectrolytes through microporous membranes, restricted its passage. The transmission trends were 

in accordance with the predictions of the modified 
4.3.3. pH concentration polarization model (Ji negative) as 

The effect of varying solution pH on protein flux well as the combined concentration polarization- 
and transmission is illustrated in Figs. 14-16. In irreversible thermodynamics approach. At the pI, the 
general, the volumetric flux was drastically reduced protein molecules are electrically neutral. Therefore, 
and was accompanied by a sharp fall in protein this situation was characterized by an absence of 
transmission at pH below the pI (at which the protein electrostatic interactions between the protein and the 
was positively charged). The sole exception to this membrane. The transport was then controlled primar- 
behavior was lysozyme at pH 6.8 which displayed ily by the sieving mechanism. The bulk protein 
reasonably linear flux along with high transmission diffusion is lower at the pI due to lack of any long 
(100-120%). For pH equal to the pI and above (at range interactions [52]. This lower the rate of back 
which the protein molecules were neutral and nega- transport, resulting in higher concentration polariza- 
tively charged respectively), the UF characteristics tion. Doherty and Benedek [53] reported the concen- 
were qualitatively similar. The volumetric flux re- tration polarization to be maximum at the isoelectric 
mained linear at low TMP (up to 40 kPa) with the point. Consequently, there was a rise in the transmis- 
magnitude being comparable to that of the buffer sion at the pI. The transmission values were also 
flux. Since the membrane fouling was not very possibly affected by the changes in the molecular 
significant at the pI and above (Table 4), the non-lin- conformation of the protein with variations in the 
earity in the flux was due to polarization alone, pH. The protein molecule is most compact at its pI 
Under these conditions, the transmission profiles ex- but is highly enlarged at lower/higher pH values (as 
hibited a minimum but the values were consistently discussed earlier in Section 4.3.2). The dense pack- 
lower at pH > pI. ing at the pI then leads to higher membrane surface 

These results once more demonstrate the signifi- concentration [7]. Thus in the absence of fouling, the 
cance of the solution environment in controlling highest transmission must be expected at the pI. 
protein-membrane interactions during UF. At pH < However, the addition of salt (0.15 M NaCI) possi- 
pI, the positively charged protein adsorbed onto the bly suppressed the size effect to some extent, as the 
hydrophilic membrane surface leading to low flux dimension of the zwitterion increases while that of 
and transmission. This was confirmed by a substan- the positively/negatively charged protein decreases 
tial reduction in the membrane permeability after with increase in the salt concentration. 
protein UF (Table 4). At pH > pI, the membrane Departing from the above trend, the transmission 
repelled the negatively charged protein and thus of lysozyme at pH 6.8 exhibited high transmission 
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accompanied by fairly linear flux. The fouling was quite high (8-35 X 10  - 6  m /s )  as compared to other 
also low (Table 4) because the magnitude of the commercial crossflow systems, thereby confirming 
positive charge at pH 6.8 ( +  6) was less as compared that this module offers effective polarization control. 
to that at pH 3.5 ( +  18) [54]. So even though the 2. The membrane surface chemistry can be crucial 
attractive protein-membrane interaction preferen- in determining the solute transmission particularly 
tially pulled the lysozyme to the membrane surface when dealing with charged molecules like proteins. 
resulting in unexpectedly large transmission (up to This is especially so under conditions of insignificant 
120%), the interaction was not powerful enough to concentration polarization, i.e. low TMP, low feed 
bind the protein to the membrane (as opposed to the concentration and high shear on the membrane sur- 
situation at pH 3.5). So the transmission in this face. The presence of attractive protein-membrane 
instance exceeded the values observed at the pI. interactions, as in the instance of lysozyme, can then 
Miyama et al. [17] reported a similar trend for BSA even lead to solute enrichment in the permeate. In 
UF through a positively charged membrane. At pH contrast, repulsion between like charged membrane 
> pI (when the protein was negatively charged), the and protein molecules can result in markedly low 
BSA transmission was larger than at the pI, even transmissions even in the complete absence of foul- 
though the values always remained below 100%. ing. 
This concurs with the observations of Kobayashi et 3. Changes in the solution environment, i.e. feed 
al. [19] who noticed that permeation of anionic dex- concentration, ionic strength and pH have a strong 
tran sulfate molecules was least through a negatively influence on the protein UF characteristics. In fact, 
charged membrane and most through a positively the pH and ionic strength can dramatically alter the 
charged one of the same MWCO rating, flux and transmission profiles for charged protein 

molecules, with transmissions varying over a wide 
range (e.g. 0-120% in the present investigations), 
depending upon the combination of operating condi- 

5. Conclusions tions employed. 

Based upon these results, it is possible to identify 
In this work, the UF characteristics of three dif- optimum conditions for the fractionation of 

ferent proteins, viz. lysozyme, ovalbumin and myo- lysozyme-ovalbumin and lysozyme-myoglobin 
globin were investigated in a vortex flow filter using mixtures. This forms the subject of the following 
a surface modified, hydrophilic 100 kD polyacryloni- paper. 
trile membrane. The main objective was to identify 
and analyze various operating parameters which in- 
fluence the protein flux and transmission behavior. 
This would provide a basic framework for designing 6. List of symbols 
and carrying out protein fractionations. The effect of 
both the system hydrodynamics (i.e. TMP, axial C b protein concentration in bulk solution 
velocity and membrane rotation speed) as well as the (kg /m 3) 
solution environment (i.e. bulk feed concentration, C m protein concentration on membrane surface 
ionic strength and pH) were systematically studied. (kg /m 3) 
The main inferences drawn from this research are as Cp protein concentration in permeate (kg /m 3) 
follows. Ji flux due to protein-membrane interaction 

I. The hydrodynamics in a vortex flow filter is (m3/m 2 s) 
primarily determined by the rotation speed of the Jv volumetric flux (ma/m 2 s) 
membrane cartridge, thus decoupling the mass trans- k mass transfer coefficient (m/s )  
fer coefficient (k) from the axial velocity and hence Pe Peclet number = Jr(1 - cr ) /P  m ( - )  
the applied pressure. The axial velocity in the range Pm solute permeability (m/s )  
of Reaxia I = 4 5 - 1 2 0  does not influence either the Reaxia I axial Reynolds number ( - )  
flux or the protein transmission. The k values are Ta Taylor number ( - )  
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6. I. Greek letters [8] K.S. Spiegler and O. Kedem, Thermodynamics of hyperfil- 
tration (reverse osmosis): criteria for efficient membranes, 
Desalination, 1 (1966) 311. 

a fraction of volumetric flow = Jv / ( Jv  + Ji  ) [9] H.A. Sober (Ed.), Handbook of Biochemistry, CRC Press, 

( - )  Boca Raton, FL, 1970. 
15 b o u n d a r y  layer  t h i ckness  ( m )  [10] T.E. Creighton, Proteins-Structure and Molecular Principles, 

re f lec t ion  coe f f i c i en t  ( - )  W.H. Freeman, New York, 1984. 
r t rue protein transmission = Cp//Cm ( - )  [l 1] R.M.C. Dawson, D.C. Elliott, W.H. Elliott and K.M. Jones, 

Data for Biochemical Research, 3rd edn., Clarendon press, 
~'ob~ o b s e r v e d  p ro te in  t r an s m i s s i on  = C o / C  b Oxford, 1986. 

( - )  [12] G. Belfort, J.M. Pimbley, A. Greiner and K.Y. Chung, 
Diagnosis of membrane fouling using a rotating annular 

6.2. Abbreviations filter. 1. Cell culture media, J. Membrane Sci., 77 (1993) 1. 
[13] H.K. Lonsdale, U. Merten and M. Tagami, Phenol transport 

VFF vortex flow filter in cellulose acetate membranes, J. Appl. Polym. Sci., 11 

U F  u l t ra f i l t ra t ion  (1967) 1807. 
MWCO molecular weight cutoff [14] P. Nan, F.L. Kerherve, J. Leonil, G. Daufin and P. Aimar, 

Separation of fl-casein peptides through ultrafiltration inor- 
TMP transmembrane pressure ganic membranes, Bioseparations, 3 (1993) 205. 
rpm revolutions per minute [15] M.S. Le and J.A. Howell, Alternative model for ultrafiltra- 

tion, Chem. Eng. Res. Des., 62 (1984), 373. 
[16] M.S. Le, L.B. Spark and P.S. Ward, The separation of aryl 

Acknowledgements acylamidase by crossflow microfiltration and the significance 
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(1984) 219. 
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U N D P  I N D / 8 9 / 1 0 3 .  W e  a lso  t h a n k  the  Dept .  o f  ultrafiltration membrane for permeation of proteins, J. Appl. 
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