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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.  © 2000 Academic Press
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INTRODUCTION

or

dJ on
qr = kI AT (2]

wheret is the filtration time,V is the total filtered volume,
andJ = i%—\t’ is the filtrate flux. The exponentcharacterizes
the filtration model, withn = O for cake filtration,n = 1 for
intermediate blocking) = 3/2 for pore constriction (also called
standard blocking), and = 2 for complete pore blocking.

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

More extensive studies of protein fouling have often reporte
a transition in fouling mechanism during the course of the fil
tration. For example, Tracey and Davis (6) examined the flu

Membrane microfiltration is currently used for clarificatiordecline behavior during BSA microfiltration by evaluating the
and sterile filtration of many pharmaceutical and biotechnologytal resistance to filtrate flow,
products. One of the critical factors governing the overall per-

formance of these processes is the irreversible alteration in the

AP
RIotal = [3]

membrane caused by protein fouling. Previous studies of pro- wd

tein fouling have generally employed one of the classical fouling

models: pore blockage, pore constriction, or cake filtration. wherey is the solution viscosity and P is the transmembrane
number of different functional forms have appeared in the literpressure. Tracey and Davis showed that a ploRgfy as a
ture for these fouling models. However, the governing equatiofismction of time is concave up when> 1 and is concave down
can all be conveniently written in a common mathematical formhenn < 1. The flux decline data for BSA were found to be

as (1, 2)

d2t dt\"
avE k(W) [1]

consistent with either a pore constriction or a pore blockac
mechanism at short timea & 1), while the behavior at long
times was governed by a cake filtration mechanism with O.
Bowenet al.(7) obtained similar results using an analysis base

directly on Eq. [1]. In this case, the filtrate fIlZJx data at early
det

: ) N dt
1 To whom correspondence should be addressed. Fax: 302-831-1048. E-ntiN€S Yielded an exponent of~ 2 on a plot ofgy; versusgy,
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consistent with a pore blockage mechanism. The data at lonc
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times suggested a cake filtration model, witipproaching zero region of the membrane. Equation [6] is expressed as an integ
and in some cases attaining a negative value. over the blocked area to account for the spatial inhomogenei

Although these experimental studies provide evidence foiirathe resistance of the protein deposit arising from the time
transition in fouling mechanism from pore blockage to cake fodependent blockage of the membrane surface. Thus, the prot
mation, there is currently no theoretical model capable of quatteposit on a given region of the membrane only grows over tt
titatively describing this transition using a single mathematictime intervalt — t, wheret, is the time at which that particular
expression. The objective of this study was to develop a neegion was first covered or blocked by a protein aggregate. Tho
fouling model capable of explaining filtrate flux data over theegions that have been blocked more recently will have a small
entire filtration process, accounting for both pore blockage awmdlue ofR, and thus a greater local filtrate flux. This is discusse:
cake filtration. This model was verified using experimental data more detail subsequently.
obtained during the constant pressure filtration of bovine serumrThe rate of pore coverage or blockage is assumed to be pi
albumin through track-etch polycarbonate membranes ovepartional to the convective flow rate of protein aggregates to th
range of bulk protein concentrations and transmembrane pregmbrane surface,
sures. dA

pen
MODEL DEVELOPMENT ar % Qoperh. 7]

Several studies have demonstrated that protein fouling duriv§ere Qopenis the volumetric flow rate through the open pores
microfiltration occurs primarily by the deposition of large proCob is the bulk protein concentration, andis a pore blockage
tein aggregates on the membrane surface (8). Kelly and Zydi@fameter which is equal to the membrane area blocked
(9) showed that BSA aggregates were formed by intermolediRit mass of protein convected to the membrane surface. Ea
lar disulfide bonds between albumin molecules. These disulfid@gregate is assumed to block a given area of membragg (
linkages have been identified in the aggregation of a wide rari§avhich case the parametercan be expressed as
of proteins (10). Initially, these aggregates will deposit on the
bare membrane, reducing the area available for unhindered fil- o = f Aagg [8]
tration. This initial depositis assumed to be at least partially per- Magg
meable to fluid flow, i.e., there is some small finite flow through
even the “blocked” pores. As the membrane surface beconyggere f is the fractional amount of total protein present as ag
more heavily fouled, the protein aggregates will also begin @fegates anMaggis the mass of a single aggregate. The produc
deposit directly on the fouling layer, causing an increase in tHe- Cp is equal to the concentration (mass/volume) of protein ag
hydraulic resistance to flow associated with the protein depogifegates presentin the solution that are too large to pass throt
This is exactly what occurs in the classical cake filtration modéhe membrane pores. Substitution of Eq. [5] into Eq. [7] gives
although this “cake growth” is now assumed to occur simultérst-order ordinary differential equation foryfe, With solution
neously with the coverage (or blockage) of the remaining open
area of the membrane.

The volumetric filtrate flow rate through the fouled membrane
can thus be expressed as the sum of the flow rates through the
open and blocked pores: The volumetric flow rate through the open pores is given direct!

by Eq. [5] with Agpen evaluated from EQq. [9]Qopen decreases
Q = Qopen+ Qblocked [4] exponentially with time at a rate which is proportional to the
bulk protein concentration.
Qopenis easily evaluated in terms of the clean membrane resis-The growth of the protein deposit over each blocked region ¢
tance Ry) as the membrane is assumed to be proportional to the convecti
transport of protein through that particular region,

[9]

Agpen= Ao eXp(—aA PCbt).

“Rm

AP
Qopen = 5 Aoperb [5]

d
#Rn d—n;p = ' JviockedCh, [10]

whereAgpenis the area of the membrane which remains uncov- _ _ _ _
ered at any given time. The volumetric flow rate through thgherem, is the mass of the protein deposit per unit area, an

blocked pores is written as f’ is the fraction of the proteins that contribute to the growth o
AP the depositJyockeqis the filtrate flux through each region of the
Q = / - _dA 6] Mmembrane:
blocked o (Rt Ry [6] )
blocked A
Jblocked = [11]

whereR, is the resistance of the protein deposit over a particular w(Rm + Rp)
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The parameterf’ will be equal to f under conditions where sistance over the surface of the membrane associated with
only the protein aggregates add to the depdsiwill be greater different time at which each region of the membrane is firs
thanf if some nonaggregated protein is able to contribute to thdocked or covered by the protein deposit. The convolution ir
growth of the deposit. The hydraulic resistance of the proteiegral in Eq. [16] can be evaluated numerically using a simpl
deposit is assumed to be directly proportional to the mass ferler integration or it can be evaluated analytically in terms c

unit area, the imaginary error function. The filtrate flow rate is thus detet
mined by the rate of pore blockage (described by the parame

d_Rp _ R,d_mp = 'R JyjockeCo. [12] a),_the initial resistance qf the protei_n deposﬁg@, a_nd the _rate
dt dt of increase of the protein layer resistance with time (given b

where the last expression is developed using Eq. [ROis the the groupf’R).

spepific protein layer resista.nce,.which is a;sumed tobe Consﬁﬁbroximate Solution

during a constant pressure filtratid®l.will typically be a strong

function of solution pH and ionic strength due to changes in theAlthough Eq. [16] is relatively easy to evaluate numerically, :
intermolecular interactions between proteins within the depositich simpler analytical solution can be developed for the filtrat
(11). The resistance provided by the protein deposit over a gii@W rate by assuming a uniform resistance of the protein lay
region of the membrane can be evaluated by integrating Eq. [P2r the fouled surface of the membrane. Under these conditio

using Eq. [11] to evaluat@yjockedto give the coefficient multiplying the exponential in the convolutior
integral in Eq. [16] is a constant and can be pulled outside of tt
2f'RAPG, integral to give
Ro=(Rn+ Rpo) |14+ ————(t —t) — Rn, [13]
(Rm + Ryo)
aAPGC, Rm
Q = Qo| exp| — t)+
where Ry is the initial resistance of the deposit, i.e., the resis- 1#Rm Rn+ Rp

tance associated with a single protein aggregate. AP
gep 978 X <1— exp(—a Cbt))]. [17]

The total area of the membrane surface that is blocked by the =
protein aggregateshgiocked iNCreases with time as the aggre-

gates continue to deposit on the membrane surface, The firsttermin Eq. [17] is equivalent to the classical pore block
age model and gives a simple exponential decay in the volum
d Aviocked = —d Agpen = w%exp<ﬂtp) dt,, ric flow rate. At long timest(>> aZE“Cb)’ the volumetric flow
#Rm 4 Rm rate is dominated by the second term and is thus proportior
[14] to the ratio of the membrane resistance to the total resistan
The maximum value of the protein layer resistance at any tin
where the last expressionin Eq. [14] was obtained using Egs. [6I$ given by Eq. [13] witht, = 0, i.e., the maximum resistance
[7], and [9]. Substitution of Eq. [14] into Eq. [6] yields theoccurs over the region where the deposit has continued to grt
total volumetric flow rate through all of the blocked pores asthroughout the filtration:
convolution integral over the time at which each region of the
membrane was first blocked by an aggregate,

2f'"RAPGC,

(R + Rpo)?-'t ~ R 18]

Ro=(Rm+ RpO)\/1+
aAPGC, <—aAPCb

R, tp>dtp, [15]

t
Qblocked= Qo / —————— X
o #(Rm+ Rp) Equation [18] can be used to evalu&gin Eq. [17], giving a
simple approximate solution for the volumetric flow rate as

where Qg is the initial volumetric flow rate through the clean . N .
memera%e 9 function of the filtration timet. Note that the value of) given

Equations [4], [5], [9], and [15] can be combined to yield aﬁ)y Eq. [17] will always be slightly less than that given by the

expression for the filtrate flow rate through the fouled membra{1 I nurr_1|(|ar|cal :;‘oluu?hn smce-the actulal re:_5|start1)ceEof thlcagp:ote
at any given filtration time, ayer will vary from the maximum value given by Eq. [18] to a

value of Ry over that region of the membrane which has jus
aAPGC, t QAPG, been covered by an aggregatetpa_et: t. The use of Eq. [18] to
Q = Qo| exp| TR, m evaluateR, means that at long times Eqg. [17] reduces to th
" oK form of the classical cake filtration model.
—aAP
x exp(“—cbtp> dtp], [16]
“Rm MATERIALS AND METHODS

with R, given as a function dfandt, by Eq. [13]. Equation[16]  Phosphate-buffered saline solutions (PBS) consisting
thus explicitly accounts for the variation in the protein layer ré3.03 M KH,PQy, 0.03 M NgaHPQ; - 7H,0, and 0.03 M NaOH
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were prepared by dissolving preweighed quantities of the ap- RESULTS AND ANALYSIS
propriate salts (Sigma, St. Louis, MO) in the desired volume
of deionized water obtained from a Barnstead water purifica-Figure 1 shows typical experimental data for the filtrate flu
tion system (Barnstead/Thermodyne, Dubuque, 1A) with rétop) and total collected filtrate volume (bottom) as a function o
sistivity greater than 18 Ktcm. Solution pH was measuredtime during the constant pressureP = 14 kPa (2 psi), stirred
to within 0.01 pH units using an Acument 915 pH metegell filtration of five different BSA solutions with concentra-
(Fisher Scientific, Pittsburgh, PA) and adjusted to 7.4 by atons ranging from 0.5 to 5 g/L. The initial flux ranged from
dition of NaOH as needed. All buffer solutions were prefiltered2 x 10~* to 40 x 10~* m/s due to the inherent membrane
through 0.2um pore size Gelman Super-200 membrand@ membrane variability. These values were all within 10% o
(Gelman Science, Ann Arber, MI) to remove particulates pridhe steady-state saline flux evaluated just prior to switching 1
to use. the protein solution. The flux declined quite rapidly at the sta
Bovine serum albumin solutions were prepared by dissol9f the filtration, with the rate of flux decline increasing with
ing crystalline BSA powder (Fraction V heat shock precipitateéficreasing bulk protein concentration. At long times, the flu
BSA, catalog number A7906, Sigma) in PBS. All BSA solutiongppeared to approach a nearly constant value which was me
were freshly prepared before each experiment and used within
8 h of preparation.

sq—— . . , : . : 1
C, (gL)
Filtration Experiments Z 3-5
All filtration experiments were conducted using a 25-mm-§ 3 m 14 -
diameter stirred ultrafiltration cell (Model 8010, Amicon Corp.)wro 2 g
connected to an acrylic solution reservoir that was air pres g

J(

surized at 5.5 to 55 kPa. Data were obtained usingu®rR-
polycarbonate track-etched (PCTE) membranes obtained fro ;'
Osmonics (Livermore, CA). The stirred cell and solution reser i
voir were initially filled with PBS, with the saline flux mea- %
sured until steady state was attained (usually within 30 min £
The stirred cell was then quickly emptied, refilled with a BSA -
solution, and attached to a fresh reservoir containing addition:
BSA solution. The system was repressurized (within 1 min
and the filtrate flow rate was measured by timed collectior 0
using a digital balance (Sartorious Model 1580, Edgewooc

NY). At the end of the filtration, the stirred cell was rinsed 250 T
with PBS, and the steady state PBS flux was reevaluate
All experiments were performed at room temperature £22
2°C). 200 -

The resistance of the protein deposit formed after filtratiorg
was evaluated as follows. A single membrane was used to filts
a 2 g/L BSA solution for 5 h at a constant pressure of 14 kP.g 150 |
(2 psi). The stirred cell was emptied, the membrane was ge|§
tly rinsed with saline, and the stirred cell was then filled With§
a fresh PBS solution that had first been prefiltered through & 100
100 K Biomax (Millipore, MA) membrane. The saline flow 5
rate was measured at several pressures, with sufficient tini
provided for the system to attain steady state (usually withii 50 |
2 h).

The amount of protein deposited on the membrane was eve
uated by direct weighing. A clean (dry) membrane was initially 00— ' : . : : : : :
weighed using a Sartorious balance with an accuracy of 0.1 m 0 20 40 60 80 100
The membrane was then used to filter a preset volume of 2 g/ Filtration Time, t (min)

BSA solution at 14 kPa. The hydraulic permeability of the fouled _ _ ,

. FIG. 1. Filtrate flux (top) and total filtrate volume (bottom) for BSA filtra-
membrane_wa_s evaluated as desc”_bed above'_ The memb{%nﬁ\hrough the PCTE membranes at 14 kPa. Solid and dotted curves are mo
was then air dried for 12 h and reweighed to estimate the magguiations using the complete model (Eq. [16]) and the approximate analytic
of the deposited protein. solution (Eq. [17]).




PROTEIN FOULING DURING MICROFILTRATION 393

than an order of magnitude smaller than the initial flux. The g 28 » . ‘ . - . I
filtrate volume is nearly independent of the bulk protein con®_
centration at very short times whelex Jo. The curves diverge %
after about 5 min, with the total volume increasing with decreas§
ing protein concentration. Although the data at long times Ioog
nearly linear on this scale, the filtrate flux continues to declin'g 201
with time leading to a gradual reduction in the rate at which &
increases. This is discussed in more detail subsequently. Th(§
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 panels ‘@ 15 t= 32T
Fig. 1 are the model calculations using Eqgs. [16] and [17], re%
spectively. The best fit values of the parametg,o, and f'R’

t=100 min

tein

lize

were determined by minimizing the sum of the squared residucs t=18 min

between the filtrate flux data and the calculations from the cong t=28min

plete model (Eq. [16]) using the method of steepest descent. T 1.0 . : ! : ! L .
yieldedo = 4.1+ 0.2 nPkg %, Ryo = 4.0+ 0.2 x 101 m2, 0 02 04 06 08 1.0
and f'R' = 2.4+ 0.2 x 102 mkg™?, with the standard devia- Fractional Blocked Area, A, . ./A;

tions in the parameter values determined from the optimization ‘ _
routine. The model calculations are in very good agreement witf{!G: 2 Model calculations using the complete model (Eq. [16]) for the
the experimental data for both the filtrate fl and the filtra- normalized protein layer resistance as afunction of cumulative fractional blocke
. xperi . . ! . U}O( : area for 2 g/L BSA filtration through the PCTE membrane at 14 kPa.
tion volume {) over the entire time interval and over the full
range of bulk protein concentrations using this single set of pa-
rameters. The model accurately describes the rapid flux declinel_ . . .
he results from the approximate analytical solution (dotte

seen during the early stages of the filtration as well as the much o ! X
slower rate of flux decline at long times. curvesin Fig. 1) are only slightly below those of the full solution.

Although it is not possible to quantitatively obtain indepengven though Eq. [17]is developed by assuming a uniform (ma

dent values of these fouling parameters, we can obtain rod .m) resistance of the proteir) de_posit over the entire TOUIE
estimates for and Ry based on literature data for BSA. Ho gion of the membrane. To highlight the effect of the inho

and Zydney (12) estimated the fraction of protein present ogeneity in the protein layer resistance over the membra

these BSA solutions as aggregates as 0.0003< 0.0002 us- surface, Fig. 2 shows the calculated values of the protein lay
ing quasi-elastic light scattering. The average diameter of t Istance norm_allzed by the r_e5|stance of a single aggreg

o) as a function of the fractional blocked area at four dif-
e

rotein aggregates was also determined by both light scat o ) . .
P goreg y g rent filtration times. The protein layer resistance at each tin

tering and scanning electron microscopy a36G+ 0.1 um, ; .
g g i ® t was evaluated from Eq. [13] as a functiontgf the time at

yielding Aggg= 1.1+ 0.6 x 107 m? andMagq = 3.0 £ 2.1 x : , :
1017 kg using a simple hard sphere model for the aggr?é‘fh'Ch the region of the membrane surface was first covered |

gates. Substitution of these values into Eqg. [8] gives 2.9 + an aggregate. The area was then relategl by integration of

2.6 m? kg™, which is in good agreement with the best fit valu&d- [14] for the run withG, = 2 g/L andAP = 14 kPa. The
of = 4.1+ 0.2 n? kg~ determined from the filtrate flux data€Sistance of the fouled membranes varies from the maximu

in Fig. 1. The resistance of the initial protein depo$isd) can \t/)alue Ofﬁf’ Elven t.)y Eq. [18] LOE’JO for that region of t;e nr':em-
be estimated from the Kozeny—Carman equation, orane whic Was]u.St covered by an aggregatg att. Atshort ;
filtration times, a significant fraction of the membrane remain

56m unblocked by any protein aggregates, with most of the flow goir
Ry, = Nk [19] through these unblocked areas. For example=a8 min only

6% of the total filtrate flow is through the fouled regions evelr

wheredn,, ¢, andS are the thickness, porosity, and specific suthough 74% of the membrane surface is covered by the prote
face area of the protein deposit. Mochizuki and Zydney (18gposit. Under these conditions, the predictions of the appro:
estimated the specific surface area of a complete BSA depasite model are nearly identical to those of the full model. Th
from dextran sieving measurements @s- 30 A. This gives total variation in the protein layer resistance becomes more pr
Roo = 4 x 10"'m~1 usinge = 0.5 andsy, = 0.36 um, with the nounced at longer filtration times, although the resistance ov
latter simply equal to the size of a single aggregate. This valoeich of the membrane surface is fairly close to the maximui
is nearly identical to the best fit value B determined previ- value. The reason for this is that those regions which are fouls
ously from the filtrate flux dataRpo = 4.0+ 0.2 x 10" m~1). first have the greatest resistance and thus the smallest flux, le
The parameterf’'R’ can also be estimated independently, arnidg to the slowest rate of cake growth (Eq. [10]). The net result|
this will be discussed subsequently. that the cake growth is a self-leveling process, with those regio
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never attains a steady-state value under the conditions of the
experiments.

An alternative approach that can be used to analyze the filtra
flux data is to replot the results @t /dV? versusdt/dV as
suggested by Eq. [1]. The required derivatives were evaluate
in terms of the filtrate flux,

dt 1

= 2
dv  JA [20]
2
det _ 1 dJ [21]

dvz —  J3A2dt’

with d J/dt evaluated numerically by differentiating the flux ver-
sus time data in Fig. 1 using IMSL routine DCSDER to take the
derivative of a series of piecewise cubic polynomials that wer
fit to the raw data. The solid curves in Fig. 4 are the model calct
lations based on the approximate analytical solution (Eq. [17
using the same parameter values as in Figs. 1 to 3. At sm;
FIG. 3. Total resistance as a function of time for BSA filtration througtlt/d V, corresponding to short filtration times, the data yield
the PCTE membranes. Solid and dotted curves are model calculations usindithear relationship with slope on the log—log plot equal to 2.(
complete model (Eqg. [16]) and the approximate analytical solution (Eq. [17]}+ 0.1 with a correlation coefficient af? >~ 0.998. The slope
n = 2 is exactly the behavior predicted by the classical por
blockage model. The complete model developed in this stuc
tually predicts a slope slightly less than 2.0 due to the flo
\?:tﬂérough the blocked pores. The initial slope on the log—log plc

Total Resistance, R +R, (x10"' m™)

0 20 40 60 80 100

Filtration Time, t (min)

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 decreaSgs be 2evq|uated analytically by differentiating the logarithm o
to less than 3% after 100 min. This self-leveling phenomenéht/dV* with respect to the logarithm aft/dV:

explains why the simple approximate solution developed with ,

Ry, equal to the maximum resistance provides such accurate pre- d[ |09(%)] [22]
dictions for the filtrate flux. d[|og((f_\t/)] ’

As discussed by Tracey and Davis (6), the filtrate flux data
can be used to examine the underlying fouling mechanism by
replotting the data in terms of the total resistance as given by
Eq. [3]. The results are shown in Fig. 3, with the solid and dotte
curves showing the complete model calculations and appro: C, (glL)

[

mate solutions using the same parameter values asin Fig. 1.~ e 05

total resistance data are clearly concave up during the early stc. =~ 05| | & 1

of the filtration, which is consistent with either a pore blockag m 14 79

or a pore constriction mechanism (6). In contrast, the data s~ 2 2 °

long times are concave down, implying a cake filtration mect% 5 'y e
anism. This general behavior has been discussed previouslye~ 102} .
Tracey and Davis (6). The transition between these two ph% i
nomena, defined by the inflection point in the total resistan("z
versus time plot, occurs at longer times for the experiments wi
lower bulk protein concentration. The model calculations ar  10*
in good agreement with the total resistance data, although t E
numerical solution does tend to underestimate the resistance
long times. Better agreement at long times was attained usi

a slightly larger value off'R'. The model accurately describes "%, e e e
the transition in fouling mechanisms, with the initial flux de-
cline dominated by pore blockage/coverage while the long-ter...
fou!lng is due tO_ the grovv_th of the protein cake Iayer'_The t(_)taIFIG. 4. Flux decline analysis for BSA filtration at different bulk protein
resistance continues to increase even after 100 min of filtidncentrations. Experimental data are from Fig. 1. Solid curves are model c
tion at the highest protein concentration, indicating that the fluxlations using Eq. [17].

O

dt/dV (sim®)
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The required derivatives can be evaluated using Eqgs. [20] and
[21] and the approximate expression for the flux (Egs. [17] and
[18]) to give the following expression for the initial slope, i.e.,

n evaluated at = O:

Rﬁ] f/R/
Ro | RRnt R o 2

Equation [23] gives = 1.94 + 0.03 using the best fit values of
the model parameters for BSA. This result is in good agreement
with the experimental data. Note that Eq. [23] is strictly valid at

t = 0, while the slope determined experimentally is actually an
average value over the first few time points in the filtration.

The results in Fig. 4 display a distinct maximum in the plot of
d?t/dV? versugdt/dV at an intermediate filtration time at each
bulk protein concentration. This type of maximum was also seen
by Bowenet al.(7) in their study of BSA filtration through track-
etched polycarbonate membranes, although they provided no
quantitative explanation for this behavior. The height of the max-
imum increases with increasing bulk protein concentration, al-
though the location of the maximum value for all five runs occurs
at dt/dV ~ 7.5 x 10’ s/m?, corresponding taJ/Jy =~ 0.09.
Thus, the maximum value a@f’t/dV? occurs when the mem-
brane surface is more than 90% covered by the protein ag-
gregates. At very long times, i.edt/dV > 2 x 10° s/m® or
J/Jo < 0.04, the model predicts that?t/dV? approaches a
constant, i.e., the slope becomes equal to zero. This behavior
corresponds to the classical cake filtration model. The asymp-
totic value ofd?t /d V2 increases linearly with increasing protein
concentration due to the increase in the rate of cake growth as
given by Eq. [10]. The experimental data for the 5 and 2 g/L
BSA solutions do show a nearly constant, or slightly decreasing,
value ofd?t/d V2 at very long times (between 1 and 10 h of fil-
tration), although there are large uncertainties in the evaluation
of the derivatives under these conditions due to the very slow
rate of flux decline at long filtration times. Longer time data
would be needed to see the cake filtration behavior for the runs
with lower protein concentrations.

It is interesting to note that the transition between the pore
blockage and cake filtration models results in a negative slope
on the plot ofd?t /d V2 versugdt/d V for the BSA filtration data.
This behavior is very accurately described by our new fouling
model, even though this result cannot be even qualitatively ex-
plained by any of the classical fouling models, all of which yield
n > 0. The decrease id’t/dV? reflects the large reduction in
the rate of flux declinedJ/dt) that occurs during the transi-
tion between the pore blockage and cake filtration mechanisms,
with d J/dt decreasing much more rapidly thanduring this
transition period.

A more traditional approach to examine the fouling mecha-
nism is to plot the filtrate flux data in an appropriate linearized

a

Time/Volume, 'V (min/ml) Filtrate Flux, J (x10* m/s)

Time/Volume, t/'V (min/ml)

N
T

-
T

0
0

0.5

FIG. 5.

form developed by rearranging the expressions for the classi¢g|; 4tions

300

50 100 150 200 250

Filtration Volume, V (ml)

25 50 75 100

Filtratration Time, t (min)

Flux decline data for BSA filtration at different bulk protein con-
97 8 g plotted in accordance with (a) the pore blockage model, (b) the ce
pore blockage, pore constriction, and cake filtration models (14ration model, and (c) the pore constriction model. Experimental data are fro

Figure 5 shows the results, with the solid curves representing tig 1. Solid curves are model calculations using Eg. [17].
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model calculations given by Eq. [17] using the parameter va
ues determined previously. The classical pore blockage moc  10°
(Fig. 5a) predicts that a plot of the filtrate flug)(versus filtra-
tion volume ) is linear, in good agreement with the data af
short times where the flux is dominated by the pore blockacs
mechanism. However, at long times the flux data shows signil &
cant deviation from linearity due to the flux through the blocke(™,
pores. The classical cake filtration model (Fig. 5b) predicts thi3 10+ L
a plot oft/V should be linear i, in good agreement with the g '
data at long filtration times (largé). However, a simple linear
fit to the data yields a non-zero intercept on the volume axiig
which is physically unrealistic. The classical pore constrictiot
model (Fig. 5c¢) predicts thaf V is linear witht, a result which
is in surprisingly good agreement with the BSA data, particu
larly at low protein concentrations. This behavior could easil
be misinterpreted as indicating that the fouling occurs by a pol
constriction mechanism, even though the results from Figs. 160 : . . . : .
and 4 clearly indicate that fouling occurs first by pore blockag
and then by cake formation. Our new fouling model provide:
a very good description of the filtration data on all three plots
with the model calculations also appearing highly linear whe=
plotted ag/V versug (Fig. 5¢). The linearity of the model and =
data using this form arises from the transition between the pu
pore blockagen( = 2) and cake filtrationr{ = 0) mechanisms
during the filtration experiment.

Figure 6 shows the effect of the transmembrane pressure drg
on the filtrate flux and filtrate volume during the stirred cell
filtration of 2 g/L BSA solutions. The initial flux increased ap-ic 4,
proximately linearly with increasing transmembrane pressul
(AP) since these membranes were incompressible at the Ic
pressures<£55 kPa or 8 psi) used in these experiments. The ini

F

Itrat:

105

120

80

Volume, V (m

tial rate of flux decline was quite rapid, particularly at the highe 0 ' : : : . ; .
transmembrane pressure drops. The flux decreased to less t 0 20 40 60 80 100
10% of its initial value within 5 min of filtration at 8 psi com- Filtration Time, t (min)

pared to more than 40 min of filtration at 0.8 psi. This caused

the flux atAP = 0.8 pSi to become Iarger than that at any ofthe FIG.6. Effectoft_rans_,membrane pressure onthefiltrate_ﬂux(top) and filtrat
. . . volume (bottom) during filtration of 2 g/L BSA solutions. Solid curves are mode

other pressures fdrbetween 15 and 30 min. At long filtration _, . ations using Eq. [17].

times, the filtrate flux differed by less than 40% over the 10-fold

range of transmembrane pressure drops. The total filtrate volume

was greatest for the run at the highest transmembrane pressiareR,, and R are shown in Fig. 7 as a function of the trans-

although the dependence\dfon A P was very nonlinear. Thus, membrane pressure. The initial resistance of the protein depo

at the end of the 100 min filtration, the filtrate volume for theanged from 3 x 10 to 4.0 x 10'* m~! with no significant

run with AP = 2 psi was only 27% greater than that for the rudependence on the transmembrane pressure. In contrast, the

atAP = 0.8 psi. cific resistance of the protein lay&, evaluated from the best

The solid curves in the top and bottom panels of Fig. ft values of f’R" assuming thaf’ = 0.0003 (solid circles), in-

represent the model calculations from the approximate solreases with increasing transmembrane pressure. This incre

tion using the value o& determined from the data in Fig. 1in R’ is likely due to the compressibility of the BSA deposit,

(¢ = 4.1+ 0.2 n? kg™1). The best fit values of the parametersvith the packing density of the BSA increasing with increasing

Rpo and 'R’ were determined at eachP by minimizing the pressure.

sum of the squared residuals between the experimental data ifthe compressibility of the protein deposit was evaluated ir

Fig. 6 and the model calculations. The corresponding calcutdependently by measuring the steady-state saline flux throu

tions using the complete model (Eg. [16]) were nearly indistira heavily fouled membrane as a function of the transmembra

guishable from the results for the approximate analytical solpressure. The total resistand&{+ R,) was calculated using

tion (Eq. [17]) and were thus left off the graph. The best fit valudsy. [3]. The protein layer resistance was obtained by simpl
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saline flux measurements (day 1

saline flux measurements (day 2

108 b

10

100

Transmembrane pressure, AP (kPa)

deposit thenf’ would be greater thafi, causing the resistance
determined from the filtrate flux data usirig= f to be much
greater than that evaluated from the saline flux measuremer
The increase in the specific resistance with increasing trar
membrane pressure was completely reversible. Data obtain
after soaking the membrane overnight (squares) showed nee
identical values of the steady-state saline flux over the enti
pressure range.

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

R = k(AP)S, [24]

wherek is a constant related to the size and shape of the par
cles within the deposit. The cake compressibilgyyaries be-
tween zero for an incompressible layer to a value of 1 for
very highly compressible layer. The best fit valuekainds
were determined by simple linear regression of the data in
bottom panel of Fig. 7 yielding = 0.82 andk = 3.0 x 10’ m
kg~1(m? N~1)%82 with r? = 0.96. The compressibility coeffi-
cient for the BSA deposit is quite high. For example, Opon
and Zydney reported a value of 0.43 (17). These discrepanci
could reflect differences in the BSA preparations used in the
experiments, or they could be due to differences in the expe
imental procedures used to evaluate the specific protein lay
resistance.

The filtrate flux data at the different applied pressures hay
been replotted in Fig. 8 a¥’t/dV? versusdt/dV. The solid

1014 T L R L | T

FIG.7. Initial protein layer resistance (top) and specific protein layer resis 1013 +
tance (bottom) as a function of transmembrane pressure. Filled circles repres E
the values obtained by fitting the flux data in Fig. 6. Triangles and squares are dg=~ [
from steady-state saline flux through a fouled membrane at different pressur E
The solid line is linear regression based on Eq. [24]. E

o 10171 E
5 g
subtracting off the membrane resistané®,), which was as- “Z AP (psi)
sumed to be unaffected by the filtration. Results are shown e 03
the open symbols in the bottom panel of Fig. 7. The specif ~ 10"} : g

resistance was evaluated using Eq. [12] with the mass of t

protein deposit equal to 0.15 mg as determined by direct weig

ing of the clean and fouled membrane. The resistance evalua .
10

from the saline flux measurements was in very good agreeme¢ 106
with the best fit value determined directly from the filtrate flux
data. This good agreement usifig= f =0.0003 indicates that
the growth of the protein deposit in these experiments was du

107

dvdv (s’'m®)

108

10°

EIG. 8. Flux decline analysis for BSA filtration at different transmembrane

almost entirely to the deposition of the large BSA aggregatespltssures. Experimental data are from Fig. 6. Solid curves are model calculati
the monomeric BSA were able to add significantly to the proteising Eq. [17].



398 HO AND ZYDNEY

curves are the model calculations using Eq. [17] with the specifitmulations withR" # 0 are similar to those seen previously in
resistance of the protein layer evaluated from Eq. [24] using tR&gs. 4 and 8. The maximum value @ft/dV? increases with
best fit values ok ands. The data at short times (i.e., smalincreasingR’, and the location of the maximum is shifted to a
dt/dV) are again highly linear with a slope equal to 2, consistehigher value ofdt/dV. Thus, as the specific resistance of the
with the pore blockage model. Note that the data obtained at tteke layer increases, the onset of the cake filtration mechani:
higher transmembrane pressures start at lower valugsydV  occurs at a lower flux (i.e., at a highét/d V). This seemingly
due to the higher initial flux. The data and model again shavounterintuitive behavior arises because the flux through tt
a distinct maximum ird?t/d V2 due to the transition betweenblocked pores decreases rapidly when the specific cake res
the pore blockage and cake filtration fouling mechanisms. fance is large. The net result is that more of the flow occur
contrast to the data in Fig. 4, the location of the maximum shiftisrough the open pores, with the rate of flux decline determine
to a higherdt/dV (lower J) with decreasing pressure, althougtby the rate of pore blockage out to a larger valudoidV cor-
the maximum value ofi*t/dV? again occurs betweedy Jo = responding to a smaller filtrate flux. The asymptotic value o
0.05 and 0.1. The shift in the location of the maximum causeit /d V2 obtained at very long times is directly proportional to
the curves fod?t/d V2 to cross at an intermediate time, beforeR’ since the flux in this region is determined entirely by the cak
decaying to a constant value dft/dV? at very long times filtration mechanism. The behavior when the specific cake resi
where the fouling is dominated by the growth of the proteitance is zero is somewhat different. The valuedZfdV? still
cake layer. The weak dependence of the asymptotic valuesbbw a maximum, but there is no longer any asymptotic cak
d?t/dV? on the applied pressure is a direct result of the hidfiitration behavior at very long times. Instead, the filtrate flux
degree of compressibility of the protein deposit. approaches a true steady-state value given by Eq. [6] but wi
The effects of the specific protein layer resistance on th® = Ry, over the entire membrane. The presence of a stead
flux decline behavior are examined in more detail in Fig. $tate flux caused?t/dV? to approach zero at a finite value
Calculations are shown for the complete model (Eq. [16]-ef dt/dV. This behavior will occur whenever the flux attains
solid curves) and the approximate solution (Eq. [17]—dottesl steady-state value irrespective of the underlying mechanis
curves) for several values & with o = 4.1+ 0.2 m?kg™!, and thus provides a very convenient graphical approach for d
Roo = 4.0+ 0.2 x 10" m™%, and f’ = 0.0003 as determined termining the existence of a steady-state flux in any membrar
previously. The results for the complete and approximate solerocess.
tions are identical at very short times and for sniRilsince the
flux is dominated by pore blockage and the initial resistance of
the protein deposit under these conditions. Some discrepancies CONCLUSION
are seen at larg®’, with the approximate solution overpredict-

ing d2t /d V2 since it underestimates the flux at any tim@he Although protein fouling during microfiltration has been stud-

ied quite extensively over the past 20 years, none of the existir
models has been able to explain the complex range of phenome
observed experimentally. The theoretical model developed
this study provides a much more complete and rigorous descri
Curve R (x10™ mkg™) tion of the fouling behavior. The initial flux decline arises from
0 g N pore blockage by the physical deposition of large protein aggr:
83 gates on the membrane surface. Unlike most prior pore blocka
models, these aggregates are assumed to allow some fluid fl
through the blocked pores, with the resistance to flow over ea
blocked region increasing with time as additional protein is con
vected to the membrane surface. The model thus explicitly a
counts for the spatial variation in the protein layer resistance ov
the membrane surface, with those regions that were fouled fir
having the greatest total hydraulic resistance to filtration. Th
10 ¢ 3 model thus provides a smooth transition from the pore block
age to cake filtration behavior during the course of the filtratior
1 eliminating the need to use completely separate mathematic
100 L ] L descriptions in these fouling regimes. A simple approximate s
106 107 108 100 lution which ignores this spatial variation in the protein layer re
3 sistance was also developed and shown to be in very good ovel
d/dV (s/im’) agreement with predictions of the more complete solution du
FIG.9. Effect of specific cake resistanc®'j on the flux decline. The solid to the self-leveling behawor inherentin the Cake growth proces
and dotted curves are model calculations using the complete model (Eq. [16])T N€ Model calculations were shown to be in excellent agre:
and the approximate solution (Eq. [17]) for differeRit ment with experimental data for the constant pressure filtratic

10" ¢ T T T T T

1013 |

B OON -

1012 t

d*t/dv? (sim®)
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of bovine serum albumin solutions over a range of bulk proteir,, Resistance of the clean membrane!m
concentrations and transmembrane pressures. The specificRg- Resistance of the protein deposit;
sistance of the protein deposR’§ was a strong function of the Roo Resistance of a single protein aggregate! m
transmembrane pressure due to the highly compressible natgre  Specific protein layer resistance, m/kg
of the protein deposit. Previous studies have demonstrated tgat Compressibility coefficient for protein layer
the specific resistance (11) and degree of protein aggregation€9) Specific surface area of the protein, m
are also functions of the solution conditions, e.g., pH and ionic  Filtration time, s
strength, due to intermolecular electrostatic interactions. V  Total collected filtrate volume,
The model was also able to explain the observed maximumgn  Pore blockage parameter?fig
aplotofd?t/dV? versusdt/dV, a phenomenon whichhasbeerr  Membrane porosity
observed previously but which has never been explained mecha- Membrane thickness, m
nistically. Although the three model parameters were evaluated
from the flux decline data, they each have a clear physical mean- ACKNOWLEDGMENTS
ing. Thus, in principle these parameters could all be evaluated
from independent measurements of the physical characteristicBﬁiS work was supported in part by a grant from the National Science Foul
of the protein aggregates and the resulting protein deposit. ERo-
perimental results for the BSA system yielded parameter val-
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