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Microfiltration of Protein Precipitate from Clarified
Yeast Cell Homogenate for the Recovery of a Soluble
Product
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ADVANCED CENTRE FOR BIOCHEMICAL ENGINEERING

UNIVERSITY COLLEGE LONDON

LONDON, WC1E 7JE, UK

ABSTRACT

A crossflow microfiltration unit was used to recover the soluble proteins from a
protein precipitate suspension prepared from disrupted yeast. The effects of the pro-
cess parameters transmembrane pressure (TMP), crossflow velocity, and suspension
concentration on the permeate flux and transmission (sieving coefficient) of soluble
proteins were determined. Flux increased with increasing crossflow velocity and de-
creasing concentration, and increased with increasing TMP up to a critical value at
which the flux became independent of pressure. Protein transmission also increased
with increasing crossflow and decreasing concentration, but had a maximum value at
a critical TMP, near the critical value for flux, and declined at higher pressures. A sim-
ple analysis based on film theory indicated that the pattern of variation in measured
transmission (i.e., permeate protein concentration divided by feed protein concentra-
tion) with increasing TMP was due to two competing factors: increasing protein con-
centration at the membrane surface and decreasing intrinsic transmission (i.e., trans-
mission calculated with respect to the concentration at the membrane surface).
Although flux and transmission both increased with decreasing concentration, it was
found that an intermediate concentration gave the best rate of soluble protein recov-
ery. Differences were also noted between the transmission of a target enzyme, alco-
hol dehydrogenase (ADH), and the overall transmission of total soluble protein.
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INTRODUCTION

Recovery of intracellular protein from fermentation broths is a common
task in biotechnology industries. For a typical process, the microbes are har-
vested by centrifugation or microfiltration, resuspended in buffer, homoge-
nized to release the product, and then the suspension is clarified to remove cell
debris (1) On an industrial scale, fractional protein precipitation is an impor-
tant operation for selectively recovering a target protein from the clarified so-
lution (2). Recovery of the enzyme alcohol dehydrogenase (ADH) from
baker’s yeast has been chosen as a model system for this process at the Ad-
vanced Centre for Biochemical Engineering, UCL (2). The work presented
here concerns the use of crossflow microfiltration for the clarification of the
protein solution following the first precipitation step in a two-step process; the
stage at which the target protein is in solution and contaminants of lower sol-
ubility have been precipitated.

Efficient soluble protein recovery by microfiltration requires high rates of
permeate flux and target protein transmission, with high retention of solids.
These objectives are achievable, but performance declines with time due to
concentration polarization and membrane fouling, leading to lower fluxes and
transmissions (3). A correct choice of operating parameters is necessary for
performance at acceptable levels. The work here focuses on the effects of
three operating parameters: feed concentration, crossflow rate, and trans-
membrane pressure (TMP) on the membrane process performance, i.e., on
permeate flux and protein transmission. A good summary of the literature and
an investigation of the effects of the same operating parameters on the similar
problem of the microfiltration of bacterial cell lysate can be found in Parnham
and Davis (1). There appears to be little published on microfiltration of pro-
tein precipitates other than that of Bentham et al. for soya protein (4).

The economic performance of a process may be considered in terms of the
mass flux of target protein and its concentration in the permeate. The rela-
tionship between these performance measures and permeate flux and protein
transmission is also investigated here, as the conditions for optimizing the two
sets of performance measures may not coincide.

MATERIALS AND METHODS

Preparation of Protein Precipitate Suspension

A 50% w/v suspension of baker’s yeast (Saccharomyces cerevisiae) was
prepared by suspending packed yeast (DCL Ltd., Crawley, UK) in 0.02 M
phosphate buffer at pH 6.5 (1.5 kg of packed yeast in 1.5 L of buffer). The sus-
pension was homogenized at 10°C using a high-pressure homogenizer (Lab
60, APV Manton-Gaulin, Crawley, UK) using 5 passes at 500 bar. The ho-
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mogenate was then diluted with an equal volume of phosphate buffer to give
a 25% w/v suspension which was clarified using a tubular bowl centrifuge
(Sharples 1P) at 45,000 rpm. A saturated ammonium sulfate solution was
added to the supernatant to give a final concentration of ammonium sulfate of
40%. This suspension was stored frozen at �20°C in 1 L aliquots until use.

Before use, the 40% ammonium sulfate suspension was defrosted, then
stirred at 250 rpm in a 1.4-L tank at 4°C for 40 minutes to allow precipitate
formation and aging for maximum precipitate size (2). For one set of experi-
ments, three lower concentrations were each made by dilution of a batch of
original suspension with additional 40% ammonium sulfate solution to con-
centrations of 1/2, 1/5, and 1/10 by volume.

Crossflow Filtration Apparatus

Microfiltration was carried out using a small-scale crossflow module, the
Mini-Ultrasette (Pall-Filtron). The device had a filtration area of 0.005 m2 and
an open-channel configuration with a channel height of 0.76 mm and breadth
of 30 mm. It was fitted with a low protein binding “Omega” membrane
(polyethersulfone) with nominal pore size of 0.16 �m. Crossflow was pro-
vided by a gear pump equipped with a variable speed drive (Ismatec, Surrey,
UK) connected to the device by flexible tubing. A screw clamp on the reten-
tate return tubing generated backpressure within the device, producing a per-
meate flow. A pressure gauge on the retentate return line was used to measure
the outlet pressure. The outlet pressure was taken to be a measure of the aver-
age feed side pressure since the pressure drop from inlet to outlet of the mod-
ule was previously measured to be negligible (�0.05 bar) at the flow rates
used. It was also taken to be equal to the transmembrane pressure (TMP) since
the permeate side was open to atmosphere. The pump speed was adjusted
where necessary to maintain the set flow rate when the backpressure was
adjusted.

Operating Procedures

The suspension was circulated at room temperature (22–24°C) at a flow rate
of 400, 500, or 600 mL/min with a transmembrane pressure in the 0.5 to 2.25
bar range. The corresponding crossflow velocities were calculated to be 0.29,
0.37, and 0.44 m/s, respectively, and the flow was laminar at all recirculation
rates. The permeate was returned to the feed tank at regular intervals to keep
the feed concentration constant. Samples were taken from the retentate return
line every 10 minutes and from the permeate every 5 minutes, and stored on
ice until the end of the experiment. In experiments where pressure was altered
during a run, 30 minutes of constant pressure were maintained before an ap-
proximately “steady-state” value of flux and transmission was determined.
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Permeate and crossflow rates were measured by timing the flow into measur-
ing cylinders.

Cleaning of the module was in accordance with the manufacturers instruc-
tions, with 0.1 N NaOH solution recirculated for a total of 1 hour, and then the
system was flushed with deionized water until the pH of the rinsewater was
neutral. If a water flux of 50–90% of the original value was not achieved, then
the above procedure was repeated with a more concentrated NaOH solution,
up to 1 N.

Assays

The retentate and permeate samples were assayed for total protein and for
the enzyme alcohol dehydrogenase (ADH). Total protein concentration was
determined using the Bradford assay (Bio-Rad Laboratories Ltd.) and the ac-
tivity concentration of ADH using the method of Bergmeyer (5, 6). The re-
tentate samples were spun down in a microcentrifuge at 13,000 rpm. for 10
minutes and the assay sample was taken from the supernatant. The retentate
concentrations calculated were therefore with respect to the liquid fraction of
the retentate and so no correction had to be made for solids content when cal-
culating the transmission values.

RESULTS

The Effect of Concentration on Flux and Transmission
Profiles

Figure 1 shows the flux decline curves with time for four fractional precip-
itate suspensions at different concentrations. Permeate flux was calculated by
dividing the permeate volume flow rate (L/h) by the membrane area (m2).
The resultant concentration of each suspension is given in terms of total
soluble protein measured in the feed. In each experiment the feed was circu-
lated at 400 mL/min and the transmembrane pressure (TMP) was 1 bar. It can
be seen that flux declined rapidly with time initially and reached a quasi-
steady state after approximately 30 minutes. Flux increased with decreasing
concentration.

Figure 2 shows the change of transmission with time of total protein and of
ADH at different concentrations from the same experiments as shown in Fig.
1. Transmission was calculated by dividing the protein concentration or ADH
activity in the permeate samples by the average of the corresponding value in
the retentate samples. Retentate levels were approximately constant through-
out each run. Levels of ADH were too low to be measured accurately at the
lower concentrations, so only the two higher concentrations are shown. As
with flux, transmission declined with time to a quasi-steady state and these
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MICROFILTRATION OF PROTEIN PRECIPITATE 637

FIG. 1 Effect of feed concentration on permeate flux–time profiles. Crossflow � 0.29 ms�1,
TMP � 1 bar. Total soluble protein concentration in feed given in the inset.

FIG. 2 Effect of feed concentration on total soluble protein and ADH transmission–time pro-
files. Crossflow � 0.29 ms�1, TMP � 1 bar. Total soluble protein concentration in feed given 

in the inset. (ADH transmission only given for the two highest concentration feeds.)
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transmission values increased with decreasing concentration. The transmis-
sion of ADH is initially similar to that of total protein but declined gradually
to less than half of the total protein value. The apparent initial rise in trans-
mission values is thought to be an artifact reflecting the dilution of the first
permeate sample by the water initially filling the permeate side.

The Effect of Transmembrane Pressure and Crossflow on
Flux and Transmission

The effects of TMP on permeate flux for fractional precipitate suspensions
are shown in Fig. 3 for three different crossflow rates. The suspensions were
all at the original concentration, with an average soluble protein concentration
of 17.8 g/L and ADH activity of 124 U/mL. The results at each pressure were
obtained after filtration under constant conditions for 30 minutes in order to
obtain a quasi-steady state, then the pressure was increased to the next higher
value. It can be seen that the curves change from a pressure-dependent flux to
an almost pressure-independent flux at approximately 1.25 bar. They also
show increasing flux with increasing crossflow, particularly in the pressure-
independent region.

Figures 4 and 5 show the transmission of total soluble protein and of ADH,
respectively, taken from the same experiments as shown in Fig. 1. For both to-
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FIG. 3 Steady-state flux as a function of pressure for various crossflow rates. Full concentra-
tion feeds (average 17.8 g/L total soluble protein).
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FIG. 4 Steady-state total soluble protein transmission as a function of pressure for various 
crossflow rates. Full concentration feeds (average 17.8 g/L total soluble protein).

FIG. 5 Steady-state ADH activity as a function of pressure for various crossflow rates. Full
concentration feeds (average 17.8 g/L total soluble protein).
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tal protein and for ADH, transmission increased with increasing pressure up
to about 1 bar and then decreased with further increases in pressure. The fig-
ures also show that the transmissions increased with increasing crossflow.

DISCUSSION

Effect of Process Parameters on Flux

The flux decline with time and the steady-state responses of the flux to
changes in concentration, crossflow, and transmembrane pressure seen in
Figs. 1 and 3 are all qualitatively in agreement with many previously reported
studies of microfiltration (6–8). Flux decline with time is generally due to a
combination of concentration polarization, cake formation, and membrane
fouling (7). The flux decline with increasing TMP seen above 1.75 bar for the
lowest crossflow, 0.29 m/s, has also been reported in the literature (9) and may
be interpreted as increased fouling resistance due to increased pore blocking
(7).

The existence of a pressure-independent flux region is also a widely re-
ported result in the literature (9). The limiting flux almost always increases
with increasing crossflow, as it did here (6). The limiting flux has been con-
sidered to be due to the formation of a “gel layer” of solutes or a thickening
cake layer of solids, once the surface concentration has reached a physical
maximum (9). It may be noted that other models for limiting flux with solutes
exist which do not involve a maximum or gel concentration such as the os-
motic pressure model (10) and the concentration-dependent viscosity (11), but
the gel theory is the most convenient to use here. It may be considered as a
limiting case of the film model which is discussed further below.

The effects of changing crossflow on flux shown in Fig. 3 are most readily
understood as producing changes in the mass transfer coefficient defined in
the film model of crossflow filtration. The film model may be written as (12)

J � k ln� � (1)

where J is the permeate volume flux, k is the mass transfer coefficient, Cb is
the bulk concentration, Cw is the wall concentration (i.e., at the membrane sur-
face), and Cp is the permeate concentration.

Many correlations exist for the mass transfer coefficient, k, as a function of
crossflow velocity, U, for simple solutions of solutes or of solids (7, 9, 12).
These are in the form

k � k�Un (2)

where U is the average crossflow velocity, k� is a constant of proportionality
depending on the feedstream properties and filter geometry, and n is the ex-

Cw � Cp
�
Cb � Cp
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ponent of crossflow. The value of n remains the same if the equation is writ-
ten in terms of the wall shear rate, 	, which is directly proportional to U.

There is no general agreement on a single correct value for the exponent n
in crossflow microfiltration, although in ultrafiltration the Lévêque solution in
laminar flow is often used, which gives n � 1/3 (9). Modified theories for the
filtration of suspended solids include shear-induced diffusion (13) and inertial
lift (14) which predict the exponent n to be 1 and 2, respectively, whereas ex-
perimentally determined correlations have been found with exponents ranging
from 0.15 to 1.09 for the microfiltration of microbial suspensions (15). Fur-
thermore, it has been pointed out (16) that no general expressions exist for pre-
dicting flux for mixtures of solids and solutes. To find the values for the con-
stants k� and n in the present work, and thus compare them with previously
reported studies, Eqs. (1) and (2) were combined to give

J � k�Un ln� � (3)

Taking the results of the experiments shown in Fig. 3 at TMP � 1.25 bar,
the correlation between flux and crossflow was found to give n approximately
equal to 1. This is in agreement with the shear-induced diffusion theory (13),
suggesting that the precipitate particles control the flux, although there are too
few data points to make a definite conclusion. The value of n � 1 also matches
the results for ultrafiltration of soya protein precipitates at low crossflows
(16). The calculation is explained in more detail in the following section.

The increases in steady-state flux with decreasing bulk concentration
shown in Fig. 3 are in accordance with the film model for crossflow filtration
according to Eq. (3) as well as with previous reports (7).

Calculation of Parameters for the Film Model

According to the “gel model,” it is assumed that the wall concentration has
reached a maximum (a gel for solutes, a cake for solid particles) in the pres-
sure-independent region. This maximum value, Cmax, can be extrapolated
from experimental data at different concentrations, and then values for k� and
n are found to fit Eq. (3) from results at different crossflows. These calcula-
tions were carried out for the present data as described below. It should be
noted that the calculations were based on the concentration of total soluble
protein because predictions of protein concentration at the wall were needed
in order to reexamine the protein transmission data. This does not necessarily
imply that the concentration of soluble protein itself was thought to be at a
physical maximum in the pressure-independent flux region. The flux could
equally be limited by the solid particles forming a cake, or by some combina-
tion of solids and solutes. Whatever is actually limiting the flux, the mass bal-
ance described in the film model requires that, for the soluble protein compo-

Cw � Cp
�
Cb � Cp
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nent as for any component, a constant, maximum flux implies a constant, max-
imum wall concentration under the given conditions.

The values of the flux at 30 minutes were plotted against the log of the dif-
ference between the bulk and permeate concentrations taken from the experi-
ments shown in Fig. 1. The concentrations were taken throughout to be the
concentration of total soluble protein. A best fit straight line through the points
was extrapolated to zero flux. According to Eq. (1), at zero flux, Cb � Cw and
we assume that Cw � Cmax in the pressure-independent region. The intercept
was found to be at a concentration of Cb � Cmax � 129 g/L soluble protein.
(This assumes Cp is neglible at Cb � Cmax, a reasonable assumption since Cp

� 0.057Cb at 16.3 g/L, and the fraction declines with increasing concentra-
tion. Another small source of error is that the data were taken with the pres-
sure just below the pressure-independent region, at 1 bar.)

Given an estimated value for Cw � Cmax � 129 g/L in the pressure-inde-
pendent region, then data at different flow rates, q, may be used to estimate the
values of k� and n in Eq. (3). The flux and bulk and permeate concentration
values were taken from the experiments shown in Figs. 3 and 4 with the pres-
sure at 1.25 bar. Pressure-independent flux divided by the natural log term of
Eq. (3) was plotted against crossflow velocity on logarithmic axes. The best
fit straight line through the data had a gradient of 1.03 with a correlation co-
efficient (R2) of 0.94. According to Eq. (3), the gradient of this log-log plot
corresponds to the value of n, i.e., n � 1.03. It was decided to force the value
of n to be 1 for simplicity in subsequent calculations. With n � 1, Eq. (3) pre-
dicts that flux divided by the log term should be directly proportional to the
crossflow velocity. A reasonable fit between this model and the data was
found as shown in Fig. 6. Flux, J, has been converted from units of L/m2/h into
units of m/s so that k� is nondimensional. The slope of the best fit line and
hence the corresponding value of k� was 7.0 
 10�6.

These values of Cmax � 129 g/L, n � 1, and k� � 7.0 
 10�6 are only in-
dicative, based on a limited data set, but are useful for a qualitative analysis of
the effect of pressure and crossflow on intrinsic transmission. It should also be
noted that the value of Cmax does not necessarily represent a physical maxi-
mum (gel) concentration for the soluble proteins, as discussed above.

Effect of Process Parameters on Transmission

The effect of process parameters on transmission has not been so well doc-
umented in the literature on microfiltration, and there are no generally ac-
cepted theoretical expressions for correlating transmission with these param-
eters in the filtration of realistic process streams. Treatments do exist for dilute
solutions of pure proteins in ultrafiltration (17). The results of Fig. 2 show
transmission increasing with decreasing concentration, which is in agreement
with a report on the microfiltration of cell debris (1), although another report

642 LEVESLEY, SEGGIANNI, AND HOARE

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

has found transmission to be insensitive to changes in concentration of a fer-
mentation broth (18).

Figures 4 and 5 show increasing transmission with increasing crossflow. In-
creasing crossflow would intuitively be expected to increase transmission as
it increases flux by clearing the membrane surface. The literature does in fact
show the effect of increasing crossflow to be positive in most cases [1 (at low
concentrations), 19, 20, 21 (at high TMP), 22], though sometimes the effect is
neutral [8, 1 (at high concentrations), 20 (clarified feedstreams), 23, 21 (at low
TMP)].

Figures 4 and 5 also show the existence of a peak in transmission at around
1 bar TMP. This does not seem to have been previously reported in literature
on microfiltration of biological feedstreams. Transmission is generally re-
ported to decrease with increasing TMP (8, 24, 18, 23), though it may increase
[25, 20, 22 (at low crossflow velocities)] or stay constant [1, 4, 22 (at high
crossflow velocities)].

A possible explanation for the rise and subsequent fall of observed trans-
mission with increasing TMP is that it is the combination of two effects: a rise
in wall concentration as polarization increases and a fall in intrinsic transmis-
sion (the permeate concentration as a fraction of the wall concentration). This
approach has been used to explain a minimum (fall then rise) in observed

MICROFILTRATION OF PROTEIN PRECIPITATE 643

FIG. 6 Flux, J, divided by 1n[(Cw � Cp)/(Cb � Cp)] plotted against crossflow velocity for
pressure-independent fluxes, with a best fit straight line through the origin. Direct pro-

portionality is predicted by putting n � 1 in the film model, Eq. (3).
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transmission with increasing TMP for dilute solutions of macrosolutes (26).
The explanation is discussed further below.

Interpretation of the Observed Transmission Profiles in
Terms of Intrinsic Transmission

The transmission shown in Figs. 2, 4, and 5 is the observed, or “extrinsic,”
transmission, i.e., the concentration of soluble material (or activity concentra-
tion for ADH) in the permeate divided by its concentration in the bulk of the
retentate. More insight into the behavior of the membrane and the polarized
layers comes from considering the true, or “intrinsic,” transmission which
uses the concentration of soluble material next to the filtering surface, rather
than the bulk concentration. The intrinsic transmission therefore gives the
fraction of the material actually available at the surface which passes through
into the permeate.

Although the wall concentration, Cw, cannot usually be measured directly,
an estimate of its value may be made by using the simple film theory as
given in Eq. (3). The values of n � 1, and k� � 7.0 
 10�6 derived from
the flux data as shown above were substituted into Eq. (3) along with the
measured values of J, Cb, and Cp from the experimental results shown in
Figs. 3 and 4.

The results of the calculations of Cw for soluble protein are shown in Fig. 7.
The wall concentration at zero TMP, hence zero flux, has been set equal to the
bulk concentration for each experiment in accordance with Eq. (1). The fit is
fairly close to the predicted maximum concentration of 129 g/L at pressures at
and above the critical value of 1.25 bar for all three crossflow velocities. Since
the maximum concentration was predicted only from data taken at 0.29 m/s,
and from different experiments to those used here, the reasonable fit supports
the use which was made of the “film-gel model” with soluble protein concen-
tration data. The decline in calculated wall concentration for the 0.29 m/s
crossflow run above 1.5 bar is a result of the decline in flux due to fouling
which is not accounted for in the model. The most interesting feature of the
graph is that it shows how Cw is calculated to vary in the pressure-dependent
flux region, below 1.25 bar. Here it increases almost linearly with increasing
TMP and is not a strong function of crossflow rate.

The resultant intrinsic transmissions for total soluble protein were calcu-
lated by dividing the measured value of Cp by the calculated Cw and are shown
in Fig. 8. The intrinsic transmission is seen to decline with increasing TMP
across the whole range of pressures for the higher crossflows and to decline or
stay constant at the lowest crossflow. Comparison between Fig. 4, showing
extrinsic transmission, and Fig. 8 indicates that the rise in observed (extrinsic)
transmission at lower pressures was due to the fact that the rise in wall con-
centration with increasing TMP (hence flux) overcompensated for a fall in the
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FIG. 7 Calculated values of wall concentration of soluble protein in the experiments shown in
Figs. 3, 4, and 5. Calculated using Eq. (3) with experimental data for J, Cb, and Cp, and fitted

values of the parameters k� and n.

FIG. 8 Calculated values of intrinsic transmission as a function of TMP for various crossflow
rates. Calculated using wall concentrations from Fig. 6 and experimental data from experiments

shown in Figs. 3, 4, and 5.
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true transmission of total protein. Then it appears that the fall in observed
transmission at higher pressures was the result of the continued fall in intrin-
sic transmission with a constant wall concentration. Second, it can be seen that
the increase in extrinsic transmission with increasing crossflow appears to re-
flect an increase in intrinsic transmission.

Optimization of the Process for Product Recovery

The effect of transmembrane pressure, crossflow velocity, and feed con-
centration are reexamined below for the impact on process performance as
measured here by the protein flux (g/m2/h). This represents the rate at which
soluble protein is collected in the permeate per unit area of membrane, and it
is calculated as the product of the concentration in the permeate and the per-
meate flux. Maximizing performance in terms of product flux will minimize
the membrane area required for achieving a given product yield (recovered
fraction of the available product) within a given process time. As a point of
comparison, enzyme recovery from a fermentation broth was thought to be
economically feasible at a flux of 40 L/m2/h and an enzyme transmission of
50% (27).

Ideally, the flux of the target enzyme, ADH, would be considered, but the
data could not be collected for ADH transmissions at the lower concentrations
so total protein data were considered. The qualitative conclusions reached for
total protein would be expected to apply to ADH since the transmission data
showed the same trends in the effects of pressure, crossflow, and concentra-
tion.

Since maximum transmission occurs at a TMP of 1 bar (Figs. 4 and 5) and
maximum flux is achieved at 1.25 bar, with flux constant or declining above
that pressure (Fig. 3), then it is clear that the optimum operating TMP is be-
tween 1 and 1.25 bar in this system. Both flux and transmission are increased
by increasing the crossflow velocity, so maximum performance occurs at
maximum crossflow velocity in this system.

It was also found that flux and transmission were increased by diluting the
feedstream (Figs. 1 and 2) and were a maximum at the lowest concentration.
Table 1 shows the flux and transmission of total protein after 30 minutes for
those experiments. However, the table also shows that the 2:1 dilution (6.6 g/L
total protein in the feed) gave the highest protein flux, which does not corre-
spond with the maximum for either flux or transmission.

An important factor in the cost of further downstream processing is the to-
tal permeate volume (27). Permeate volume is minimized for a given yield by
maximizing the permeate concentration. Table 1 shows that the 6.6 g/L feed
also gave the maximum value for this performance measure. The optimum
concentration will not necessarily coincide for the two performance measures
as they have done in this case. (Note that the next highest permeate protein
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concentration was given by the 16.6 g/L feed, but that this feed concentration
gave the lowest protein flux.)

Transmission of ADH Compared with Total Protein

Comparison of Figs. 4 and 5 indicates that the value of ADH transmission
is approximately half that of the total soluble protein. Various factors could
contribute to the relatively low transmission of ADH. Fundamental studies of
pure ADH solutions have shown that nonideal pH and ionic conditions (pH
7.5, 10 mM buffer solution), such as are present in the precipitate solution,
will lead to the aggregation of the ADH molecules to form large complexes
and that the high concentrations will promote deposition on the membrane
surface under the influence of shear (28).

It also may be noted from Fig. 2 that the ratio of ADH to total protein trans-
mission is approximately 1 initially, but declines with time as the flux declines
with increasing membrane fouling. A similar decline in the ratio of ADH to
total protein transmission upon increased fouling has previously been noted
for studies of microfiltration of yeast cell homogenate suspensions (29), where
the change in selectivity was explained by the narrowing of effective pore di-
ameter by membrane fouling.

CONCLUSIONS

Crossflow microfiltration has been examined at a small scale for the recov-
ery of a soluble enzyme, ADH, from a protein precipitate suspension. The flux
and transmission values at low crossflow velocity and high concentration
were too low for a typical economically viable process. Increased crossflow
produced increases in flux and transmission. Flux increased approximately
linearly with crossflow, which was shown to correspond to the film model for
filtration with shear-induced diffusion controlling mass transfer. Increasing
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TABLE 1
Process Performance Versus Feed Concentration

(data taken from experiments shown in Figs. 1 and 2 at time 30 minutes)

Feed protein Observed Permeate
concentration Permeate flux transmission Protein flux concentration

(g/L) (L/m2/h) (%) (g/m2/h) (g/L)

16.3 10.2 5.7 9.5 0.93
6.6 16.8 27.7 30.7 1.83
2.3 24 32.1 17.7 0.74
1.1 25.2 38.3 10.6 0.42
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degrees of dilution of the feedstream also produced increases in flux and trans-
mission, but an intermediate dilution was found to be optimum for maximiz-
ing the rate of soluble protein recovery.

An unusual result was that there was an optimum transmembrane pressure
for maximum observed transmission. Analysis using a simple “film-gel”
model indicated that this peak in observed transmission was due to increases
in wall concentration combined with a reduction in intrinsic transmission.
Much more work is needed, however, before a full understanding is reached
of the mechanisms which control flux, and particularly transmission, in cross-
flow filtration of a complex feedstream.
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