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A Combined Pore Blockage and Cake Filtration Model
for Protein Fouling during Microfiltration
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Previous studies of protein fouling during microfiltration have
shown significant discrepancies between filtrate flux data and pre-
dictions of the classical pore blockage, pore constriction, and cake
filtration models. A new mathematical model was developed for
the filtrate flux which accounts for initial fouling due to pore block-
age and subsequent fouling due to the growth of a protein cake or
deposit over these initially blocked regions. The model explicitly
accounts for the inhomogeneity in the cake layer thickness over
different regions of the membrane arising from the time-dependent
blockage of the pore surface. The model was shown to be in excellent
agreement with experimental data obtained during the stirred cell
filtration of bovine serum albumin solutions through polycarbon-
ate track-etched microfiltration membranes over the entire course
of the filtration. The model provides a smooth transition from the
pore blockage to cake filtration regimes, eliminating the need to
use different mathematical formulations to describe these two phe-
nomena. In addition, the model provides the first quantitative ex-
planation for some of the unusual observations reported previously
in investigations of protein microfiltration. The results provide im-
portant insights into the underlying mechanisms of protein fouling
during microfiltration. C© 2000 Academic Press

Key Words: microfiltration; protein fouling; filtration; fouling.

o
e

p
li
.

io

,

d

ion
s, al-

ost
Gan
m
us-

und
l and
tion
the
nge

rted
fil-
flux
he

e

n
be
age
g

sed
INTRODUCTION

Membrane microfiltration is currently used for clarificatio
and sterile filtration of many pharmaceutical and biotechnol
products. One of the critical factors governing the overall p
formance of these processes is the irreversible alteration in
membrane caused by protein fouling. Previous studies of
tein fouling have generally employed one of the classical fou
models: pore blockage, pore constriction, or cake filtration
number of different functional forms have appeared in the lite
ture for these fouling models. However, the governing equat
can all be conveniently written in a common mathematical fo
as (1, 2)

d2t

dV2
= k

(
dt

dV

)n

[1]
1 To whom correspondence should be addressed. Fax: 302-831-1048. E-
zydney@che.udel.edu.
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d J

dt
= −k J(J A0)2−n, [2]

where t is the filtration time,V is the total filtered volume
andJ = 1

A0

dV
dt is the filtrate flux. The exponentn characterizes

the filtration model, withn = 0 for cake filtration,n = 1 for
intermediate blocking,n = 3/2 for pore constriction (also calle
standard blocking), andn = 2 for complete pore blocking.

Experimental data for the flux decline during protein filtrat
have often been analyzed using these simple fouling model
though there is still considerable controversy regarding the m
appropriate fouling mechanism. For example, Bowen and
(3) analyzed their data for fouling of capillary pore aluminu
oxide membranes by bovine serum albumin (BSA) solutions
ing a pore constriction model. Hlavacek and Bouchet (4) fo
good agreement between the intermediate blocking mode
their data for the pressure rise during a constant flux filtra
experiment. Kelly and Zydney (5) used a modified form of
pore blockage model to describe BSA fouling over a wide ra
of pressures and bulk protein concentrations.

More extensive studies of protein fouling have often repo
a transition in fouling mechanism during the course of the
tration. For example, Tracey and Davis (6) examined the
decline behavior during BSA microfiltration by evaluating t
total resistance to filtrate flow,

Rtotal = 1P

µJ
, [3]

whereµ is the solution viscosity and1P is the transmembran
pressure. Tracey and Davis showed that a plot ofRtotal as a
function of time is concave up whenn > 1 and is concave dow
whenn ≤ 1. The flux decline data for BSA were found to
consistent with either a pore constriction or a pore block
mechanism at short times (n > 1), while the behavior at lon
times was governed by a cake filtration mechanism withn ≈ 0.
Bowenet al.(7) obtained similar results using an analysis ba
directly on Eq. [1]. In this case, the filtrate flux data at ea
times yielded an exponent ofn ≈ 2 on a plot of d2t

dV2 versus dt
dV ,

consistent with a pore blockage mechanism. The data at lo
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times suggested a cake filtration model, withn approaching zero
and in some cases attaining a negative value.

Although these experimental studies provide evidence f
transition in fouling mechanism from pore blockage to cake
mation, there is currently no theoretical model capable of qu
titatively describing this transition using a single mathemat
expression. The objective of this study was to develop a
fouling model capable of explaining filtrate flux data over t
entire filtration process, accounting for both pore blockage
cake filtration. This model was verified using experimental d
obtained during the constant pressure filtration of bovine se
albumin through track-etch polycarbonate membranes ov
range of bulk protein concentrations and transmembrane p
sures.

MODEL DEVELOPMENT

Several studies have demonstrated that protein fouling du
microfiltration occurs primarily by the deposition of large pr
tein aggregates on the membrane surface (8). Kelly and Zy
(9) showed that BSA aggregates were formed by intermole
lar disulfide bonds between albumin molecules. These disu
linkages have been identified in the aggregation of a wide ra
of proteins (10). Initially, these aggregates will deposit on
bare membrane, reducing the area available for unhindere
tration. This initial deposit is assumed to be at least partially
meable to fluid flow, i.e., there is some small finite flow throu
even the “blocked” pores. As the membrane surface beco
more heavily fouled, the protein aggregates will also begin
deposit directly on the fouling layer, causing an increase in
hydraulic resistance to flow associated with the protein dep
This is exactly what occurs in the classical cake filtration mo
although this “cake growth” is now assumed to occur simu
neously with the coverage (or blockage) of the remaining o
area of the membrane.

The volumetric filtrate flow rate through the fouled membra
can thus be expressed as the sum of the flow rates throug
open and blocked pores:

Q = Qopen+ Qblocked. [4]

Qopen is easily evaluated in terms of the clean membrane re
tance (Rm) as

Qopen= 1P

µRm
Aopen, [5]

whereAopen is the area of the membrane which remains unc
ered at any given time. The volumetric flow rate through
blocked pores is written as

Qblocked=
∫

Ablocked

1P

µ(Rm+ Rp)
d A, [6]
whereRp is the resistance of the protein deposit over a particu
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region of the membrane. Equation [6] is expressed as an inte
over the blocked area to account for the spatial inhomogen
in the resistance of the protein deposit arising from the tim
dependent blockage of the membrane surface. Thus, the pr
deposit on a given region of the membrane only grows over
time intervalt − tp wheretp is the time at which that particula
region was first covered or blocked by a protein aggregate. Th
regions that have been blocked more recently will have a sm
value ofRp and thus a greater local filtrate flux. This is discuss
in more detail subsequently.

The rate of pore coverage or blockage is assumed to be
portional to the convective flow rate of protein aggregates to
membrane surface,

d Aopen

dt
= −αQopenCb, [7]

whereQopenis the volumetric flow rate through the open pore
Cb is the bulk protein concentration, andα is a pore blockage
parameter which is equal to the membrane area blocked
unit mass of protein convected to the membrane surface. E
aggregate is assumed to block a given area of membrane (Aagg),
in which case the parameterα can be expressed as

α = f Aagg

Magg
, [8]

where f is the fractional amount of total protein present as
gregates andMagg is the mass of a single aggregate. The prod
f · Cb is equal to the concentration (mass/volume) of protein
gregates present in the solution that are too large to pass thr
the membrane pores. Substitution of Eq. [5] into Eq. [7] give
first-order ordinary differential equation for Aopenwith solution

Aopen= A0 exp

(
−α1PCb

µRm
t

)
. [9]

The volumetric flow rate through the open pores is given dire
by Eq. [5] with Aopen evaluated from Eq. [9].Qopen decreases
exponentially with time at a rate which is proportional to t
bulk protein concentration.

The growth of the protein deposit over each blocked regio
the membrane is assumed to be proportional to the conve
transport of protein through that particular region,

dmp

dt
= f ′JblockedCb, [10]

wheremp is the mass of the protein deposit per unit area,
f ′ is the fraction of the proteins that contribute to the growth
the deposit.Jblockedis the filtrate flux through each region of th
membrane:

1P
lar
Jblocked=

µ(Rm+ Rp)
. [11]
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PROTEIN FOULING DUR

The parameterf ′ will be equal to f under conditions where
only the protein aggregates add to the deposit.f ′ will be greater
than f if some nonaggregated protein is able to contribute to
growth of the deposit. The hydraulic resistance of the pro
deposit is assumed to be directly proportional to the mass
unit area,

d Rp

dt
= R′

dmp

dt
= f ′R′JblockedCb, [12]

where the last expression is developed using Eq. [10].R′ is the
specific protein layer resistance, which is assumed to be con
during a constant pressure filtration.R′ will typically be a strong
function of solution pH and ionic strength due to changes in
intermolecular interactions between proteins within the dep
(11). The resistance provided by the protein deposit over a g
region of the membrane can be evaluated by integrating Eq.
using Eq. [11] to evaluateJblocked to give

Rp = (Rm+ Rp0)

√
1+ 2 f ′R′1PCb

µ(Rm+ Rp0)2
(t − tp)− Rm, [13]

whereRp0 is the initial resistance of the deposit, i.e., the res
tance associated with a single protein aggregate.

The total area of the membrane surface that is blocked by
protein aggregates (Ablocked) increases with time as the aggr
gates continue to deposit on the membrane surface,

d Ablocked= −d Aopen= α1PCb

µRm
A0 exp

(−α1PCb

µRm
tp

)
dtp,

[14]

where the last expression in Eq. [14] was obtained using Eqs
[7], and [9]. Substitution of Eq. [14] into Eq. [6] yields th
total volumetric flow rate through all of the blocked pores a
convolution integral over the time at which each region of
membrane was first blocked by an aggregate,

Qblocked= Q0

∫ t

0

α1PCb

µ(Rm+ Rp
) exp

(−α1PCb

µRm
tp

)
dtp, [15]

whereQ0 is the initial volumetric flow rate through the clea
membrane.

Equations [4], [5], [9], and [15] can be combined to yield
expression for the filtrate flow rate through the fouled membr
at any given filtration time,

Q = Q0

[
exp

(
−α1PCb

µRm
t

)
+
∫ t

0

α1PCb

µ(Rm+ Rp)

× exp

(−α1PCb

µRm
tp

)
dtp

]
, [16]
with Rp given as a function oft andtp by Eq. [13]. Equation [16]
thus explicitly accounts for the variation in the protein layer r
ING MICROFILTRATION 391
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sistance over the surface of the membrane associated wit
different time at which each region of the membrane is fi
blocked or covered by the protein deposit. The convolution
tegral in Eq. [16] can be evaluated numerically using a sim
Euler integration or it can be evaluated analytically in terms
the imaginary error function. The filtrate flow rate is thus de
mined by the rate of pore blockage (described by the param
α), the initial resistance of the protein deposit (Rp0), and the rate
of increase of the protein layer resistance with time (given
the groupf ′R′).

Approximate Solution

Although Eq. [16] is relatively easy to evaluate numerically
much simpler analytical solution can be developed for the filt
flow rate by assuming a uniform resistance of the protein la
over the fouled surface of the membrane. Under these condit
the coefficient multiplying the exponential in the convoluti
integral in Eq. [16] is a constant and can be pulled outside o
integral to give

Q = Q0

[
exp

(
−α1PCb

µRm
t

)
+ Rm

Rm+ Rp

×
(

1− exp

(
−α1PCb

µRm
t

))]
. [17]

The first term in Eq. [17] is equivalent to the classical pore blo
age model and gives a simple exponential decay in the volu
ric flow rate. At long times (t À µRm

α1PCb
), the volumetric flow

rate is dominated by the second term and is thus proporti
to the ratio of the membrane resistance to the total resista
The maximum value of the protein layer resistance at any t
t is given by Eq. [13] withtp = 0, i.e., the maximum resistanc
occurs over the region where the deposit has continued to g
throughout the filtration:

Rp = (Rm+ Rp0)

√
1+ 2 f ′R′1PCb

µ(Rm+ Rp0)2
t − Rm. [18]

Equation [18] can be used to evaluateRp in Eq. [17], giving a
simple approximate solution for the volumetric flow rate a
function of the filtration time,t . Note that the value ofQ given
by Eq. [17] will always be slightly less than that given by t
full numerical solution since the actual resistance of the pro
layer will vary from the maximum value given by Eq. [18] to
value of Rp0 over that region of the membrane which has j
been covered by an aggregate attp = t . The use of Eq. [18] to
evaluateRp means that at long times Eq. [17] reduces to
form of the classical cake filtration model.

MATERIALS AND METHODS
e-
Phosphate-buffered saline solutions (PBS) consisting of

0.03 M KH2PO4, 0.03 M Na2HPO4 · 7H2O, and 0.03 M NaOH
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were prepared by dissolving preweighed quantities of the
propriate salts (Sigma, St. Louis, MO) in the desired volu
of deionized water obtained from a Barnstead water purifi
tion system (Barnstead/Thermodyne, Dubuque, IA) with
sistivity greater than 18 MÄcm. Solution pH was measure
to within 0.01 pH units using an Acument 915 pH me
(Fisher Scientific, Pittsburgh, PA) and adjusted to 7.4 by
dition of NaOH as needed. All buffer solutions were prefilter
through 0.2-µm pore size Gelman Super-200 membran
(Gelman Science, Ann Arber, MI) to remove particulates pr
to use.

Bovine serum albumin solutions were prepared by disso
ing crystalline BSA powder (Fraction V heat shock precipita
BSA, catalog number A7906, Sigma) in PBS. All BSA solutio
were freshly prepared before each experiment and used w
8 h of preparation.

Filtration Experiments

All filtration experiments were conducted using a 25-m
diameter stirred ultrafiltration cell (Model 8010, Amicon Corp
connected to an acrylic solution reservoir that was air pr
surized at 5.5 to 55 kPa. Data were obtained using 0.2-µm
polycarbonate track-etched (PCTE) membranes obtained
Osmonics (Livermore, CA). The stirred cell and solution res
voir were initially filled with PBS, with the saline flux mea
sured until steady state was attained (usually within 30 m
The stirred cell was then quickly emptied, refilled with a BS
solution, and attached to a fresh reservoir containing additio
BSA solution. The system was repressurized (within 1 m
and the filtrate flow rate was measured by timed collect
using a digital balance (Sartorious Model 1580, Edgewo
NY). At the end of the filtration, the stirred cell was rinse
with PBS, and the steady state PBS flux was reevalua
All experiments were performed at room temperature (22±
2◦C).

The resistance of the protein deposit formed after filtrat
was evaluated as follows. A single membrane was used to
a 2 g/L BSA solution for 5 h at a constant pressure of 14 k
(2 psi). The stirred cell was emptied, the membrane was g
tly rinsed with saline, and the stirred cell was then filled w
a fresh PBS solution that had first been prefiltered throug
100 K Biomax (Millipore, MA) membrane. The saline flow
rate was measured at several pressures, with sufficient
provided for the system to attain steady state (usually wit
2 h).

The amount of protein deposited on the membrane was e
uated by direct weighing. A clean (dry) membrane was initia
weighed using a Sartorious balance with an accuracy of 0.1
The membrane was then used to filter a preset volume of 2
BSA solution at 14 kPa. The hydraulic permeability of the fou
membrane was evaluated as described above. The mem

was then air dried for 12 h and reweighed to estimate the m
of the deposited protein.
YDNEY
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RESULTS AND ANALYSIS

Figure 1 shows typical experimental data for the filtrate fl
(top) and total collected filtrate volume (bottom) as a function
time during the constant pressure,1P = 14 kPa (2 psi), stirred
cell filtration of five different BSA solutions with concentra
tions ranging from 0.5 to 5 g/L. The initial flux ranged fro
3.2× 10−4 to 4.0× 10−4 m/s due to the inherent membra
to membrane variability. These values were all within 10%
the steady-state saline flux evaluated just prior to switchin
the protein solution. The flux declined quite rapidly at the s
of the filtration, with the rate of flux decline increasing wi
increasing bulk protein concentration. At long times, the fl
appeared to approach a nearly constant value which was

FIG. 1. Filtrate flux (top) and total filtrate volume (bottom) for BSA filtra
tion through the PCTE membranes at 14 kPa. Solid and dotted curves are

asscalculations using the complete model (Eq. [16]) and the approximate analytical
solution (Eq. [17]).
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PROTEIN FOULING DUR

than an order of magnitude smaller than the initial flux. T
filtrate volume is nearly independent of the bulk protein c
centration at very short times whereJ ≈ J0. The curves diverge
after about 5 min, with the total volume increasing with decre
ing protein concentration. Although the data at long times lo
nearly linear on this scale, the filtrate flux continues to dec
with time leading to a gradual reduction in the rate at whichV
increases. This is discussed in more detail subsequently. T
results were highly reproducible, with the data from repeat
periments differing by less than 10%.

The solid and dotted curves in the top and bottom pane
Fig. 1 are the model calculations using Eqs. [16] and [17],
spectively. The best fit values of the parametersα, Rp0, and f ′R′

were determined by minimizing the sum of the squared resid
between the filtrate flux data and the calculations from the c
plete model (Eq. [16]) using the method of steepest descent.
yielded α = 4.1± 0.2 m2 kg−1, Rp0 = 4.0± 0.2× 1011 m−1,
and f ′R′ = 2.4± 0.2× 1012 m kg−1, with the standard devia
tions in the parameter values determined from the optimiza
routine. The model calculations are in very good agreement
the experimental data for both the filtrate flux (J) and the filtra-
tion volume (V) over the entire time interval and over the fu
range of bulk protein concentrations using this single set of
rameters. The model accurately describes the rapid flux de
seen during the early stages of the filtration as well as the m
slower rate of flux decline at long times.

Although it is not possible to quantitatively obtain indepe
dent values of these fouling parameters, we can obtain ro
estimates forα and Rp0 based on literature data for BSA. H
and Zydney (12) estimated the fraction of protein presen
these BSA solutions as aggregates asf = 0.0003± 0.0002 us-
ing quasi-elastic light scattering. The average diameter of
protein aggregates was also determined by both light s
tering and scanning electron microscopy as 0.36± 0.1 µm,
yielding Aagg= 1.1± 0.6× 10−13 m2 andMagg= 3.0± 2.1×
10−17 kg using a simple hard sphere model for the agg
gates. Substitution of these values into Eq. [8] givesα = 2.9±
2.6 m2 kg−1, which is in good agreement with the best fit val
of α = 4.1± 0.2 m2 kg−1 determined from the filtrate flux dat
in Fig. 1. The resistance of the initial protein deposit (Rp0) can
be estimated from the Kozeny–Carman equation,

Rp = 5δm

εS2
, [19]

whereδm, ε, andSare the thickness, porosity, and specific s
face area of the protein deposit. Mochizuki and Zydney (
estimated the specific surface area of a complete BSA de
from dextran sieving measurements asS≈ 30 Å. This gives
Rp0 = 4× 1011m−1 usingε = 0.5 andδm = 0.36µm, with the
latter simply equal to the size of a single aggregate. This v
is nearly identical to the best fit value ofRp0 determined previ-
ously from the filtrate flux data (Rp0 = 4.0± 0.2× 1011 m−1).

′ ′
The parameterf R can also be estimated independently, a
this will be discussed subsequently.
ING MICROFILTRATION 393
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FIG. 2. Model calculations using the complete model (Eq. [16]) for
normalized protein layer resistance as a function of cumulative fractional blo
area for 2 g/L BSA filtration through the PCTE membrane at 14 kPa.

The results from the approximate analytical solution (dot
curves in Fig. 1) are only slightly below those of the full solutio
even though Eq. [17] is developed by assuming a uniform (m
imum) resistance of the protein deposit over the entire fou
region of the membrane. To highlight the effect of the inh
mogeneity in the protein layer resistance over the memb
surface, Fig. 2 shows the calculated values of the protein l
resistance normalized by the resistance of a single aggre
(Rp0) as a function of the fractional blocked area at four d
ferent filtration times. The protein layer resistance at each t
t was evaluated from Eq. [13] as a function oftp, the time at
which the region of the membrane surface was first covere
an aggregate. The area was then related totp by integration of
Eq. [14] for the run withCb = 2 g/L and1P = 14 kPa. The
resistance of the fouled membranes varies from the maxim
value ofRp given by Eq. [18] toRp0 for that region of the mem
brane which was just covered by an aggregate attp = t . At short
filtration times, a significant fraction of the membrane rema
unblocked by any protein aggregates, with most of the flow go
through these unblocked areas. For example, att = 8 min only
6% of the total filtrate flow is through the fouled regions ev
though 74% of the membrane surface is covered by the pro
deposit. Under these conditions, the predictions of the appr
mate model are nearly identical to those of the full model. T
total variation in the protein layer resistance becomes more
nounced at longer filtration times, although the resistance
much of the membrane surface is fairly close to the maxim
value. The reason for this is that those regions which are fo
first have the greatest resistance and thus the smallest flux,
nding to the slowest rate of cake growth (Eq. [10]). The net result is
that the cake growth is a self-leveling process, with those regions
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FIG. 3. Total resistance as a function of time for BSA filtration throu
the PCTE membranes. Solid and dotted curves are model calculations usi
complete model (Eq. [16]) and the approximate analytical solution (Eq. [1

having greater resistance (i.e., thickness) fouling more slo
At t = 32 min, the average resistance over the fouled regio
only 6% smaller than the maximum resistance and this decre
to less than 3% after 100 min. This self-leveling phenome
explains why the simple approximate solution developed w
Rp equal to the maximum resistance provides such accurate
dictions for the filtrate flux.

As discussed by Tracey and Davis (6), the filtrate flux d
can be used to examine the underlying fouling mechanism
replotting the data in terms of the total resistance as given
Eq. [3]. The results are shown in Fig. 3, with the solid and do
curves showing the complete model calculations and appr
mate solutions using the same parameter values as in Fig. 1
total resistance data are clearly concave up during the early
of the filtration, which is consistent with either a pore blocka
or a pore constriction mechanism (6). In contrast, the dat
long times are concave down, implying a cake filtration me
anism. This general behavior has been discussed previous
Tracey and Davis (6). The transition between these two p
nomena, defined by the inflection point in the total resista
versus time plot, occurs at longer times for the experiments
lower bulk protein concentration. The model calculations
in good agreement with the total resistance data, although
numerical solution does tend to underestimate the resistan
long times. Better agreement at long times was attained u
a slightly larger value off ′R′. The model accurately describ
the transition in fouling mechanisms, with the initial flux d
cline dominated by pore blockage/coverage while the long-t
fouling is due to the growth of the protein cake layer. The to

resistance continues to increase even after 100 min of fil
tion at the highest protein concentration, indicating that the fl
YDNEY
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never attains a steady-state value under the conditions of t
experiments.

An alternative approach that can be used to analyze the filt
flux data is to replot the results asd2t/dV2 versusdt/dV as
suggested by Eq. [1]. The required derivatives were evalua
in terms of the filtrate flux,

dt

dV
= 1

J A
[20]

d2t

dV2
= − 1

J3A2

d J

dt
, [21]

with d J/dt evaluated numerically by differentiating the flux ve
sus time data in Fig. 1 using IMSL routine DCSDER to take t
derivative of a series of piecewise cubic polynomials that w
fit to the raw data. The solid curves in Fig. 4 are the model ca
lations based on the approximate analytical solution (Eq. [1
using the same parameter values as in Figs. 1 to 3. At s
dt/dV, corresponding to short filtration times, the data yield
linear relationship with slope on the log–log plot equal to 2
± 0.1 with a correlation coefficient ofr 2 > 0.998. The slope
n = 2 is exactly the behavior predicted by the classical p
blockage model. The complete model developed in this st
actually predicts a slope slightly less than 2.0 due to the fl
through the blocked pores. The initial slope on the log–log p
can be evaluated analytically by differentiating the logarithm
d2t/dV2 with respect to the logarithm ofdt/dV:

n = d
[

log
(

d2t
dV2

)]
d
[

log
(

dt
dV

)] . [22]

FIG. 4. Flux decline analysis for BSA filtration at different bulk protei

tra-
ux
concentrations. Experimental data are from Fig. 1. Solid curves are model cal-
culations using Eq. [17].
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The required derivatives can be evaluated using Eqs. [20]
[21] and the approximate expression for the flux (Eqs. [17] a
[18]) to give the following expression for the initial slope, i.e
n evaluated att = 0:

n = 3− Rm+ Rp0

Rp0
+ 2

R2
m

R2
p0(Rm+ Rp0)

f ′R′

α
. [23]

Equation [23] givesn = 1.94± 0.03 using the best fit values o
the model parameters for BSA. This result is in good agreem
with the experimental data. Note that Eq. [23] is strictly valid
t = 0, while the slope determined experimentally is actually
average value over the first few time points in the filtration.

The results in Fig. 4 display a distinct maximum in the plot
d2t/dV2 versusdt/dV at an intermediate filtration time at eac
bulk protein concentration. This type of maximum was also s
by Bowenet al.(7) in their study of BSA filtration through track
etched polycarbonate membranes, although they provide
quantitative explanation for this behavior. The height of the m
imum increases with increasing bulk protein concentration,
though the location of the maximum value for all five runs occ
at dt/dV ≈ 7.5× 107 s/m3, corresponding toJ/J0 ≈ 0.09.
Thus, the maximum value ofd2t/dV2 occurs when the mem
brane surface is more than 90% covered by the protein
gregates. At very long times, i.e.,dt/dV > 2× 108 s/m3 or
J/J0 < 0.04, the model predicts thatd2t/dV2 approaches a
constant, i.e., the slope becomes equal to zero. This beh
corresponds to the classical cake filtration model. The asy
totic value ofd2t/dV2 increases linearly with increasing prote
concentration due to the increase in the rate of cake growt
given by Eq. [10]. The experimental data for the 5 and 2 g
BSA solutions do show a nearly constant, or slightly decreas
value ofd2t/dV2 at very long times (between 1 and 10 h of fi
tration), although there are large uncertainties in the evalua
of the derivatives under these conditions due to the very s
rate of flux decline at long filtration times. Longer time da
would be needed to see the cake filtration behavior for the r
with lower protein concentrations.

It is interesting to note that the transition between the p
blockage and cake filtration models results in a negative s
on the plot ofd2t/dV2 versusdt/dV for the BSA filtration data.
This behavior is very accurately described by our new foul
model, even though this result cannot be even qualitatively
plained by any of the classical fouling models, all of which yie
n > 0. The decrease ind2t/dV2 reflects the large reduction i
the rate of flux decline (d J/dt) that occurs during the trans
tion between the pore blockage and cake filtration mechanis
with d J/dt decreasing much more rapidly thanJ during this
transition period.

A more traditional approach to examine the fouling mec
nism is to plot the filtrate flux data in an appropriate lineariz
form developed by rearranging the expressions for the clas

pore blockage, pore constriction, and cake filtration models (1
Figure 5 shows the results, with the solid curves representing

from
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FIG. 5. Flux decline data for BSA filtration at different bulk protein co
centrations plotted in accordance with (a) the pore blockage model, (b) the
filtration model, and (c) the pore constriction model. Experimental data are

theFig. 1. Solid curves are model calculations using Eq. [17].
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model calculations given by Eq. [17] using the parameter
ues determined previously. The classical pore blockage m
(Fig. 5a) predicts that a plot of the filtrate flux (J) versus filtra-
tion volume (V) is linear, in good agreement with the data
short times where the flux is dominated by the pore block
mechanism. However, at long times the flux data shows sig
cant deviation from linearity due to the flux through the block
pores. The classical cake filtration model (Fig. 5b) predicts
a plot oft/V should be linear inV , in good agreement with th
data at long filtration times (largeV). However, a simple linea
fit to the data yields a non-zero intercept on the volume a
which is physically unrealistic. The classical pore constrict
model (Fig. 5c) predicts thatt/V is linear witht , a result which
is in surprisingly good agreement with the BSA data, parti
larly at low protein concentrations. This behavior could ea
be misinterpreted as indicating that the fouling occurs by a p
constriction mechanism, even though the results from Fig
and 4 clearly indicate that fouling occurs first by pore blocka
and then by cake formation. Our new fouling model provid
a very good description of the filtration data on all three plo
with the model calculations also appearing highly linear wh
plotted ast/V versust (Fig. 5c). The linearity of the model an
data using this form arises from the transition between the
pore blockage (n = 2) and cake filtration (n = 0) mechanisms
during the filtration experiment.

Figure 6 shows the effect of the transmembrane pressure
on the filtrate flux and filtrate volume during the stirred c
filtration of 2 g/L BSA solutions. The initial flux increased a
proximately linearly with increasing transmembrane press
(1P) since these membranes were incompressible at the
pressures (<55 kPa or 8 psi) used in these experiments. The
tial rate of flux decline was quite rapid, particularly at the hig
transmembrane pressure drops. The flux decreased to les
10% of its initial value within 5 min of filtration at 8 psi com
pared to more than 40 min of filtration at 0.8 psi. This cau
the flux at1P = 0.8 psi to become larger than that at any of t
other pressures fort between 15 and 30 min. At long filtratio
times, the filtrate flux differed by less than 40% over the 10-f
range of transmembrane pressure drops. The total filtrate vo
was greatest for the run at the highest transmembrane pres
although the dependence ofV on1P was very nonlinear. Thus
at the end of the 100 min filtration, the filtrate volume for t
run with1P = 2 psi was only 27% greater than that for the r
at1P = 0.8 psi.

The solid curves in the top and bottom panels of Fig
represent the model calculations from the approximate s
tion using the value ofα determined from the data in Fig.
(α = 4.1± 0.2 m2 kg−1). The best fit values of the paramete
Rp0 and f ′R′ were determined at each1P by minimizing the
sum of the squared residuals between the experimental da
Fig. 6 and the model calculations. The corresponding calc
tions using the complete model (Eq. [16]) were nearly indis

guishable from the results for the approximate analytical so
tion (Eq. [17]) and were thus left off the graph. The best fit valu
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FIG. 6. Effect of transmembrane pressure on the filtrate flux (top) and filt
volume (bottom) during filtration of 2 g/L BSA solutions. Solid curves are mo
calculations using Eq. [17].

for Rp0 and R′ are shown in Fig. 7 as a function of the tran
membrane pressure. The initial resistance of the protein de
ranged from 3.3× 1011 to 4.0× 1011 m−1 with no significant
dependence on the transmembrane pressure. In contrast, th
cific resistance of the protein layerR′, evaluated from the bes
fit values of f ′R′ assuming thatf ′ = 0.0003 (solid circles), in-
creases with increasing transmembrane pressure. This inc
in R′ is likely due to the compressibility of the BSA depos
with the packing density of the BSA increasing with increas
pressure.

The compressibility of the protein deposit was evaluated
dependently by measuring the steady-state saline flux thro
a heavily fouled membrane as a function of the transmemb

lu-
es
pressure. The total resistance (Rm+ Rp) was calculated using
Eq. [3]. The protein layer resistance was obtained by simply
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FIG. 7. Initial protein layer resistance (top) and specific protein layer re
tance (bottom) as a function of transmembrane pressure. Filled circles repr
the values obtained by fitting the flux data in Fig. 6. Triangles and squares are
from steady-state saline flux through a fouled membrane at different press
The solid line is linear regression based on Eq. [24].

subtracting off the membrane resistance (Rm), which was as-
sumed to be unaffected by the filtration. Results are show
the open symbols in the bottom panel of Fig. 7. The spec
resistance was evaluated using Eq. [12] with the mass of
protein deposit equal to 0.15 mg as determined by direct we
ing of the clean and fouled membrane. The resistance evalu
from the saline flux measurements was in very good agreem
with the best fit value determined directly from the filtrate fl
data. This good agreement usingf ′ = f =0.0003 indicates tha
the growth of the protein deposit in these experiments was

almost entirely to the deposition of the large BSA aggregates
the monomeric BSA were able to add significantly to the prote
ING MICROFILTRATION 397
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deposit thenf ′ would be greater thanf , causing the resistanc
determined from the filtrate flux data usingf ′ = f to be much
greater than that evaluated from the saline flux measurem
The increase in the specific resistance with increasing tr
membrane pressure was completely reversible. Data obta
after soaking the membrane overnight (squares) showed n
identical values of the steady-state saline flux over the en
pressure range.

The specific resistance data for the BSA deposit are hig
linear when plotted on a log–log graph. This is consistent w
the power law relationship used previously by Porter (15)
Belteret al.(16) to describe the compressibility of different filt
cakes:

R′ = k(1P)s, [24]

wherek is a constant related to the size and shape of the p
cles within the deposit. The cake compressibility,s, varies be-
tween zero for an incompressible layer to a value of 1 fo
very highly compressible layer. The best fit values ofk ands
were determined by simple linear regression of the data in
bottom panel of Fig. 7 yieldings= 0.82 andk = 3.0× 1012 m
kg−1(m2 N−1)0.82 with r 2 = 0.96. The compressibility coeffi
cient for the BSA deposit is quite high. For example, Opo
and Zydney reported a value of 0.43 (17). These discrepan
could reflect differences in the BSA preparations used in th
experiments, or they could be due to differences in the ex
imental procedures used to evaluate the specific protein l
resistance.

The filtrate flux data at the different applied pressures h
been replotted in Fig. 8 asd2t/dV2 versusdt/dV. The solid

FIG. 8. Flux decline analysis for BSA filtration at different transmembra
in
pressures. Experimental data are from Fig. 6. Solid curves are model calculations
using Eq. [17].
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curves are the model calculations using Eq. [17] with the spe
resistance of the protein layer evaluated from Eq. [24] using
best fit values ofk ands. The data at short times (i.e., sma
dt/dV) are again highly linear with a slope equal to 2, consist
with the pore blockage model. Note that the data obtained a
higher transmembrane pressures start at lower values ofdt/dV
due to the higher initial flux. The data and model again sh
a distinct maximum ind2t/dV2 due to the transition betwee
the pore blockage and cake filtration fouling mechanisms
contrast to the data in Fig. 4, the location of the maximum sh
to a higherdt/dV (lower J) with decreasing pressure, althoug
the maximum value ofd2t/dV2 again occurs betweenJ/J0 =
0.05 and 0.1. The shift in the location of the maximum cau
the curves ford2t/dV2 to cross at an intermediate time, befo
decaying to a constant value ofd2t/dV2 at very long times
where the fouling is dominated by the growth of the prote
cake layer. The weak dependence of the asymptotic valu
d2t/dV2 on the applied pressure is a direct result of the h
degree of compressibility of the protein deposit.

The effects of the specific protein layer resistance on
flux decline behavior are examined in more detail in Fig.
Calculations are shown for the complete model (Eq. [16
solid curves) and the approximate solution (Eq. [17]—dot
curves) for several values ofR′ with α = 4.1± 0.2 m2 kg−1,
Rp0 = 4.0± 0.2× 1011 m−1, and f ′ = 0.0003 as determined
previously. The results for the complete and approximate s
tions are identical at very short times and for smallR′ since the
flux is dominated by pore blockage and the initial resistanc
the protein deposit under these conditions. Some discrepa
are seen at largeR′, with the approximate solution overpredic
ing d2t/dV2 since it underestimates the flux at any timet . The

FIG. 9. Effect of specific cake resistance (R′) on the flux decline. The solid

and dotted curves are model calculations using the complete model (Eq. [
and the approximate solution (Eq. [17]) for differentR′.
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simulations withR′ 6= 0 are similar to those seen previously
Figs. 4 and 8. The maximum value ofd2t/dV2 increases with
increasingR′, and the location of the maximum is shifted to
higher value ofdt/dV. Thus, as the specific resistance of t
cake layer increases, the onset of the cake filtration mecha
occurs at a lower flux (i.e., at a higherdt/dV). This seemingly
counterintuitive behavior arises because the flux through
blocked pores decreases rapidly when the specific cake r
tance is large. The net result is that more of the flow occ
through the open pores, with the rate of flux decline determ
by the rate of pore blockage out to a larger value ofdt/dV cor-
responding to a smaller filtrate flux. The asymptotic value
d2t/dV2 obtained at very long times is directly proportional
R′ since the flux in this region is determined entirely by the c
filtration mechanism. The behavior when the specific cake re
tance is zero is somewhat different. The values ofd2t/dV2 still
show a maximum, but there is no longer any asymptotic c
filtration behavior at very long times. Instead, the filtrate fl
approaches a true steady-state value given by Eq. [6] but
Rp = Rp0 over the entire membrane. The presence of a ste
state flux causesd2t/dV2 to approach zero at a finite valu
of dt/dV. This behavior will occur whenever the flux attai
a steady-state value irrespective of the underlying mecha
and thus provides a very convenient graphical approach fo
termining the existence of a steady-state flux in any memb
process.

CONCLUSION

Although protein fouling during microfiltration has been stu
ied quite extensively over the past 20 years, none of the exis
models has been able to explain the complex range of pheno
observed experimentally. The theoretical model develope
this study provides a much more complete and rigorous des
tion of the fouling behavior. The initial flux decline arises fro
pore blockage by the physical deposition of large protein ag
gates on the membrane surface. Unlike most prior pore bloc
models, these aggregates are assumed to allow some fluid
through the blocked pores, with the resistance to flow over e
blocked region increasing with time as additional protein is c
vected to the membrane surface. The model thus explicitly
counts for the spatial variation in the protein layer resistance
the membrane surface, with those regions that were fouled
having the greatest total hydraulic resistance to filtration.
model thus provides a smooth transition from the pore blo
age to cake filtration behavior during the course of the filtrat
eliminating the need to use completely separate mathema
descriptions in these fouling regimes. A simple approximate
lution which ignores this spatial variation in the protein layer
sistance was also developed and shown to be in very good ov
agreement with predictions of the more complete solution
to the self-leveling behavior inherent in the cake growth proc
16])The model calculations were shown to be in excellent agree-
ment with experimental data for the constant pressure filtration
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of bovine serum albumin solutions over a range of bulk pro
concentrations and transmembrane pressures. The speci
sistance of the protein deposit (R′) was a strong function of th
transmembrane pressure due to the highly compressible n
of the protein deposit. Previous studies have demonstrated
the specific resistance (11) and degree of protein aggregatio
are also functions of the solution conditions, e.g., pH and io
strength, due to intermolecular electrostatic interactions.

The model was also able to explain the observed maximu
a plot ofd2t/dV2 versusdt/dV, a phenomenon which has be
observed previously but which has never been explained me
nistically. Although the three model parameters were evalu
from the flux decline data, they each have a clear physical m
ing. Thus, in principle these parameters could all be evalu
from independent measurements of the physical character
of the protein aggregates and the resulting protein deposit
perimental results for the BSA system yielded parameter
ues which were in very good agreement with the model
demonstrating the validity of this approach to describing
flux decline during protein microfiltration through membran
with noninterconnected pore structures.

APPENDIX: NOMENCLATURE

Aagg Membrane area blocked by a single aggregate, m2

Ablocked Area of membrane blocked by protein deposit, m2

Aopen Area of unblocked (clean) membrane, m2

A0 Total area of the membrane, m2

Cb Bulk protein concentration, g/L
f Fractional amount of total protein present

as aggregates
f ′ Fractional amount of total protein that contributes

to deposit growth
J Filtrate flux, m/s
k Proportionality coefficient for specific protein

layer resistance, m kg−1 (m2 N−1)0.82

Magg Mass of a single aggregate, kg
1P Transmembrane pressure, N/m2
Q Volumetric flow rate, m3/s
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Rm Resistance of the clean membrane, m−1

Rp Resistance of the protein deposit, m−1

Rp0 Resistance of a single protein aggregate, m−1

R′ Specific protein layer resistance, m/kg
s Compressibility coefficient for protein layer
S Specific surface area of the protein, m
t Filtration time, s
V Total collected filtrate volume, m3

α Pore blockage parameter, m2/kg
ε Membrane porosity
δm Membrane thickness, m
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