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Fouling behaviors in membrane filtration of dilute suspension of polystyrene latex
(PSL) were examined under constant-pressure conditions using diatomaceous ceramic
membranes which are semi-permeable to the PSL. Flux decline behaviors were eval-
uated in consideration of the effect of the solid permeation through the membrane. The
conventional characteristic filtration equation was modified by applying the Kozeny-
Carman equation to the filtrate flow through the membrane pores. In the model, the
porosity and specific surface area of the membrane were represented by unique func-
tions of the solid deposit retained in the membrane pores. The variations of the filtra-
tion rate and filtrate volume with the filtration time were accurately described based
upon the modified characteristic filtration equation. It was revealed that the extent of
the membrane blocking per unit deposit load increased with the decrease in the pore
size of the membrane and with decreasing pressure, but was little influenced by the
suspension concentration. VVC 2009 American Institute of Chemical Engineers AIChE J, 56:

1748–1758, 2010
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Introduction

Clarification of very dilute suspensions containing fine
particles treated with membranes has been developed specifi-
cally to meet the requirement of such water purification
processes as ultrapure water production, drinking water treat-
ment, and effluent polishing. In such cases, the particles are
captured both in the interior of a porous membrane as well
as on its external surface.1 For this reason, one of the critical
issues governing the performance of these filtration processes
may be a significant decay in flow rate for constant-pressure

operation caused by clogging phenomena of membrane pores
arising from particles reaching the membrane.

The blocking filtration model proposed by Hermans and
Bredée2,3 and subsequently systematized by Grace,4 Shirato
et al.,5 Hermia,6 and Iritani et al.7 has been exclusively used
in the analysis of the clogging behaviors of membranes dur-
ing membrane filtration.8–11 For constant-pressure filtration,
four different kinds of filtration modes were compiled into a
common differential equation with two constants, nv and kv.

d2h
dv2

¼ kv
dh
dv

� �nv

; (1)

where h is the filtration time, v is the cumulative filtrate
volume per unit effective cross-sectional membrane area, nv is
the blocking index depending upon the filtration mode, and kv
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is the resistance coefficient. The value of nv is 2, 1.5, 1, and 0
for complete blocking, standard blocking (pore constriction),
intermediate blocking, and cake mode of filtration, respec-
tively, and thus the possible nv-values are restricted. Recently,
several combined models have been developed that used two-
staged mechanisms to describe membrane fouling.12–16 Bowen
et al.17 and Iritani et al.,18 almost at the same time, suggested
that the value of nv in Eq. 1 varied successively during the
course of filtration in dead-end microfiltration of bovine serum
albumin solutions. More recently, Hwang et al.19 also
observed a similar behavior in particulate microfiltration.
Iritani et al.20 derived the same differential equation as Eq. 1
by accounting for the variations of both the porosity and
specific surface area of the membrane during filtration in the
Kozeny-Carman equation. As a result, it was revealed that Eq.
1 may be applicable to an arbitrary nv-value and stems from a
single fouling mechanism. Bolton et al.21 also focused
attention on the Kozeny-Carman equation to develop a fiber-
coating model, in which the fibrous filter becomes plugged as
solids coated the surfaces of fibers.

In each instance, it is implicitly assumed that all solids fil-
tered are retained by the membrane. If not, the solids depos-
ited inside the membrane must be directly proportional to
the filtrate volume to assure the validity of Eq. 1. However,
in practice, there exists some solid leakage through the
membrane, and the sieving coefficient of the solids varies
with a concomitant decline in the flux during the course of
filtration. In depth filtration conducted using a sand filter, the
pressure drop across the granular bed under the constant-rate
condition has been generally related to the solid uptake in
the pores.22–24 Therefore, also in clarification filtration using
the membrane, the flux decline behaviors under the constant-
pressure condition should be analyzed taking into account
the solid uptake in the interior of the membrane or filter
cake.25–27 Although the application of the ingenious depth
filtration approach to standard blocking filtration law has
been recently introduced to analyze the flux decline behav-
iors in membrane filtration, the experimental verification of
the model presented remains insufficient.28 Moreover, the
mainstay of the models describing the clogging behaviors of
membranes currently continues to center around the blocking
filtration model because of the simplicity of the model.

In the present article, the behaviors of flux decline and
solid permeation in membrane filtration of monodisperse pol-
ystyrene latex (PSL) are examined under the constant-pres-
sure condition using diatomaceous ceramic membranes from
an experimental viewpoint. From the practical standpoint, a
modified blocking filtration model is presented as a simpli-
fied model for describing the flux decline behaviors in con-
sideration of the solid uptake in the membrane pores. The
effects of the average porosity (or pore size) of the mem-
brane, the applied filtration pressure, and the suspension con-
centration on the flux decline behaviors are quantified based
upon the model presented.

Experimental

Materials

The particles employed in the experiments were monodis-
perse PSL with a particle diameter of 0.522 lm (variation

within �0.089 lm) (Dow Chemical Japan), whose true den-
sity was 1060 kg/m3. The particles were suspended in ultra-
pure water prepared with an ultrapure water system for labo-
ratory use (Puric-R, Organo). The mass fraction s of solids
in the suspension ranged from 1 � 10�6 to 1 � 10�5.

Diatomaceous ceramic membranes of 4.7-mm thickness
and 25.0-mm diameter with a symmetric structure having
various porosities, kindly supplied by Showa Chemical
Industry, were used for all experiments. According to the
manufacturer’s report, the membranes were produced by sin-
tering the compact of the diatomaceous filter aids, Radiolite
#700 (Showa Chemical Industry), and the porosity of the
membrane was varied by changing the molding pressure.
The porosity of the membrane was calculated from the
measurements of the bulk volume and the weight of the
membrane using the value of the true density of the mem-
brane material. The true density of the powder obtained by
pounding the membrane in a mortar was measured by the
pycnometer and was calculated to be 2350 kg/m3. It was
used as the true density of the membrane material. The pore
size distribution of the membrane was measured with a mer-
cury intrusion porosimeter.

Experimental apparatus and technique

A schematic diagram of the experimental apparatus for
membrane filtration is illustrated in Figure 1. A self-pro-
duced, unstirred batch filtration cell with an effective mem-
brane area of 3.14 cm2 was used in this research. The filtra-
tion cell consisted essentially of a stainless steel cylindrical
vessel, equipped with a porous support on which the diato-
maceous ceramic membrane was placed.

Dead-end membrane filtration experiments were per-
formed under conditions of constant pressure ranging from
98 to 392 kPa controlled by a reducing valve by applying
compressed nitrogen gas after the PSL suspension was intro-
duced into both the filtration cell and the acrylic feed sus-
pension reservoir. The filtrate was collected in a filtrate

Figure 1. Schematic diagram of experimental apparatus.
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reservoir placed on an electric balance connected to a perso-
nal computer to collect and record the filtrate mass vs. filtra-
tion time data. The weights were converted to volumes using
filtrate density correlations. The filtrate reservoir was
replaced every increment of the filtrate volume ranging from
400 to 1000 cm3, to sample the filtrate and measure the PSL
concentration in the filtrate. As a result, it is possible to
depict the plot of PSL concentration in the filtrate vs. the fil-
trate volume per unit membrane area at good intervals. The
PSL concentration in the filtrate and the bulk suspension was
measured spectrophotometrically by reading the absorbance
at a wavelength of 306 nm by using the depletion method
and a specific calibration curve obtained with PSL suspen-
sions of known concentrations. Most filtration experiments
were performed in twice and showed good reproducibility
with the errors within several percent.

Prior to the filtration test, the hydraulic permeability of
the membrane itself was determined by permeating the pure
water through the membrane under conditions of various
pressures.

To obtain the average specific filtration resistance aav of
the filter cake, dead-end microfiltration experiments were
also performed using mixed cellulose ester microfiltration
membranes (Millipore) with a nominal pore size of 0.45 lm,
making it essentially impermeable to PSL particles used in
this research.

Results and Discussion

Pore size of membrane

The pore size distributions of membranes measured by
using a mercury intrusion porosimeter are shown in Figure
2, where V is the total volume of pores smaller than an arbi-
trary diameter dm, and Vt is the total volume of all pores. In
the figure, the data are plotted for the membranes with the
different porosities e0 obtained by changing the molding
pressure in the manufacturing process of membranes. As the

porosity decreases, the pore size distribution tends to shift to
smaller values. This suggests that the pore size of the mem-
brane is changed by the control of the porosity of the mem-
brane. Although the pore size shows relatively broad distri-
butions, the median size falls within the range of 3 to 6 lm
in each instance. Since the size of PSL employed in this
research is one order of magnitude less than the pore size of
the membrane, it is anticipated that filtration of dilute sus-
pension is governed by the mechanism of depth filtration.

In Figure 3, the average diameter dm,av of the pores of the
membrane is plotted against the porosity e0 of the mem-
brane. The median size of the pores determined from Figure
2 is compared with the equivalent diameter of the pores
evaluated from the pure water permeation test. The Kozeny-
Carman equation for describing the flow through a porous
medium is written as

u ¼ e30
k0S20 1� e0ð Þ2 �

p

lL
; (2)

where u is the permeation rate of water through the membrane,
S0 is the effective specific surface area of the membrane, p is
the applied pressure, l is the viscosity of permeate, L is the
effective thickness of the membrane, and k0 is the Kozeny
constant, which can be approximated by the value of 5.0 for
granular beds of particles of irregular shape.29 On the basis of
the concept of the hydraulic radius that is very useful for
nondescript geometry, the equivalent diameter dm,av is related
to both the specific surface area S0 and porosity e0 by

dm;av ¼ 4e0
S0 1� e0ð Þ : (3)

The specific surface area S0 is eliminated between Eqs. 2
and 3 to give

Figure 2. Pore size distributions of membranes with
different porosities.

Figure 3. Relation between average diameter dm,av of
pores of membrane and intrinsic porosity e0
of membrane.
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dm;av ¼ 4
lk0Lu
e0p

� �1=2

: (4)

Thus, from Eq. 4 it is possible to calculate the equivalent
diameter dm,av by use of the measurements of the water per-
meation rate u. It can be seen from the figure that the equiv-
alent diameter evaluated from the hydraulic permeability is
in fairly good agreement with the median size of pores
measured by the mercury intrusion porosimeter. Conse-
quently, the conclusion is reached that the average pore size
is well evaluated from the water permeation test. It should
be noted that the diatomaceous ceramic membranes show
relatively high porosities ranging from 0.6 to 0.7 among
inorganic membranes. This may be attributed to the high po-
rous structure of the diatomaceous earth used as the raw
materials of the membrane.

Results and discussion based upon classical approach

Four types of plots of dv/dh vs. v, (dv/dh)1/2 vs. v, dh/dv
vs. h, and dh/dv vs. v are shown for the membrane with the

porosity e0 of 0.637 in Figure 4, based upon the raw filtra-

tion data of the cumulative filtrate volume v collected per

unit effective membrane area vs. the filtration time h. If the
filtration mechanism is controlled by the complete blocking

law corresponding to nv ¼ 2 in Eq. 1, then the plots of dv/
dh vs. v should show a linear fit. However, there is a definite

curvature in the plots on the whole as shown in Figure 4a,

and hence the complete blocking law cannot be applied to

explain the flux decline behaviors during filtration. Similarly,

plots of (dv/dh)1/2 vs. v in Figure 4b for the standard block-

ing law (nv ¼ 1.5 in Eq. 1), dh/dv vs. h in Figure 4c for the

intermediate blocking law (nv ¼ 1), and dh/dv vs. v in

Figure 4. Four types of plots concerning blocking filtration laws.

(a) dv/dh vs. v; (b) (dv/dh)1/2 vs. v; (c) dh/dv vs. h; (d) dh/dv vs. v.
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Figure 4d for the mode of cake filtration (nv ¼ 0) are also

found to be nonlinear. It is of interest to note that the experi-

mental data over the course of depth filtration cannot be

expressed by only a single blocking filtration law. Therefore,

these plots are inconvenient for data analysis and model

identification. Thus, according to the conventional analysis,

it must be concluded that the governing filtration mechanism

gradually changes with the progress of filtration.17–19 Only

for a short-term experiment may the experimental data be

elucidated by a single blocking filtration law. This situation

is similar to results in the data analysis of the previous

investigators,30–32 who have employed only a single blocking

filtration law. The plots of dh/dv vs. v for cake filtration

represent the increase-resistance behavior to flow during the

filtration process. It can be seen from the figure that the

filtration resistance increases markedly due to the internal

deposition compared with the initial membrane resistance

expected from the value of dh/dv at the commencement of

filtration, as filtration proceeds.

The logarithmic plots of d2h/dv2 vs. dh/dv corresponding
to Eq. 1 for a variety of membranes with different initial
porosities e0 are shown in Figure 5 as the characteristic fil-
tration curve of the blocking filtration law. In the calcula-
tion, the term (d2h/dv2) can be evaluated by the stepwise
difference quotient of the raw data of the reciprocal filtra-
tion rate (dh/dv) vs. the filtrate volume v per unit mem-
brane area, for instance, as shown in Figure 4d. Therefore,
there is some scatter in the results due to the stepwise dif-
ferentiation of the raw data. The plots in each run show a
convex curve with the exception of the case when porosity
is 0.7. The slope of the curve gradually decreases with the
increase of dh/dv in accordance with the progress of filtra-
tion. This means that the filtration behavior during depth
filtration cannot be described by only a single blocking fil-
tration law.

Variation of particle retention by membrane with time

Spectrophotometric analysis of filtrate samples affords the
data of the solid uptake in the porous structure of the mem-
brane. Figure 6 shows the observed rejection R with PSL
plotted as a function of the filtrate volume v per unit effec-
tive membrane area, for the experimental runs described in
Figure 5. The rejection R is defined as

R ¼ 1� c

s
; (5)

where c and s are themass fraction of PSL particles in the filtrate
and the bulk suspension, respectively.A relatively high rejection
at the onset of filtration may be attributed to the adsorption of
PSL particles within the microporous structure of the mem-
brane. Thereafter, the rejection R increases remarkably with the
progress of filtration. This can be expected because the pore size
decreases steadily owing to the particle deposition inside a
porous membrane, leading to the improvement in the ability to
capture the particles. This trend becomes pronounced with the
decrease in the initial porosity e0 of themembrane used, which is
associated with the decrease in the initial pore size dm,av of the
membrane. Therefore, there is a distinct dip of rejection at the
initial stage of filtration for the cases of e0 ¼ 0.622 and 0.595.
Almost perfect rejection was eventually attained up to porosities
as high as 0.637.

When particles are far smaller than the size of pores of a
membrane, the flux decline may be caused by the deposition
of particles trapped within the internal structure of the mem-
brane. In other word, as particles are deposited, the pores
become constricted, thereby significantly reducing the per-
meability of the membrane. Therefore, the flux decline
behavior must be analyzed in view of the variation with

Figure 5. Logarithmic plots of d2h/dv2 vs. dh/dv.

Figure 6. Variation of rejection R of membrane with fil-
trate volume v per unit effective membrane
area.
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time of the particle accumulation within the pores of the
membrane. The mass r of particles accumulated within the
pores per unit membrane area referred to as the specific de-
posit is related to the rejection R by

r ¼ qs
qs � qs þ qep

� �
s

Zw

0

Rsdw; (6)

where qs is the density of solids, q is the density of the liquid,
ep is the void ratio of the assemblages of the solid particles
accumulated within the pores, and w is the filtrate mass per
unit effective membrane area. As a satisfactory approximation
for very dilute suspension where s ranges from 1 � 10�6 to
1 � 10�5 in this investigation, Eq. 6 may be simplified by

r ¼
Zw

0

Rsdw: (7)

In Figure 7, the specific deposit r calculated from Eq. 7
by using the rejection data shown in Figure 6 is plotted
against the filtrate volume v per unit effective membrane
area. It is indicated that the lower porosity of the membrane
produces more severe clogging of particles. The specific de-
posit r varies nonlinearly with the filtrate volume v for the
experimental runs described in Figure 5 as a consequence of
the variation of the rejection R with time. The rate of
increase of the specific deposit with respect to v generally
increases with the increase in v. As the filtration process
continues, the plots approach a straight line with the slope of
qs closely in accordance with the material balance of cake
filtration approximated by

dr ¼ sdw ¼ qsdv: (8)

This clearly indicates that all the particles filtered are
retained by the membrane during the course of cake filtration

in accord with common knowledge. It should be noted that
the distinct breakthrough of particles in effluent was not
observed at the transient stage of depth to cake filtration.

Results and discussion based upon newly
developed approach

In the previous paper,20 a theoretical background of the
characteristic filtration Eq. 1 was developed in consideration
of the variation of the porosity e and specific surface area S
of the membrane during filtration in the Kozeny-Carman
equation represented by

dv

dh
¼ e3

k0S2 1� eð Þ2 �
p

lL
; (9)

where e and S are described by Ref. 20.

e ¼ e0 � Kvv ¼ 1� Kvv

e0

� �
e0; (10)

S2 1� eð Þ2¼ 1� Kvv

e0

� �b

S20 1� e0ð Þ2: (11)

The coefficient Kv represents the bulk volume of the layer of
particles deposited inside a porous membrane caused by unit
filtrate volume per unit effective membrane area. Note that the
term Kv appearing in Eqs. 10 and 11 is identical to the term K
used in the previous article.20 The power index b in Eq. 11 is a
constant depending upon the mode of the morphology of the
deposit assemblages, and it is identical to the index b used in
the previous article.20 The index b is defined by Ref. 20.

Ds

Ds0

¼ D

D0

� �b

; (12)

where Ds is the representative diameter of pores on a wetted
perimeter basis, D is the representative diameter of pores on a
flow cross-sectional area basis, and the subscript 0 indicates
the value of the clean membrane. Substituting Eqs. 10 and 11
into Eq. 9 and differentiating the result with respect to the
filtrate volume v, Eq. 1 was derived, as shown in more detail
elsewhere.20 However, Eq. 1 is not satisfactory as it was
implicitly assumed in the analysis that the amount of the
particle accumulation within the pores of the membrane varies
linearly with the filtrate volume.

In this article, the general framework underlying the model
presented in the previous paper20 is extended to account for
the variation with time of the amount of the particle accumula-
tion within the pores of the membrane. Replacing the filtrate
volume v in Eqs. 10 and 11 by the specific deposit r, one
obtains

e ¼ e0 � Kr ¼ 1� Kr
e0

� �
e0; (13)

S2 1� eð Þ2¼ 1� Kr
e0

� �b

S20 1� e0ð Þ2; (14)

where K is the bulk volume of the layer of particles deposited
inside a porous membrane caused by unit specific deposit.

Figure 7. Variation of specific deposit r with filtrate
volume v per unit effective membrane area.
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Note that the power index b in Eq. 14 is identical to b in Eqs.
11 and 12. Substituting Eqs. 13 and 14 into Eq. 9, one obtains

dh
dv

¼ 1þ Nrð ÞM dh
dv

� �
0

; (15)

where M ¼ b – 3, N ¼ –K/e0, and (dh/dv)0 is the initial
reciprocal filtration rate corresponding to the hydraulic
resistance of the membrane itself. Differentiating Eq. 15 with
respect to the specific deposit r, the modified form of the
characteristic filtration Eq. 1 is expressed as

d dh=dvð Þ
dr

¼ k
dh
dv

� �n

; (16)

where k (¼MN(dh/dv)1=M0 ¼ (3 – b)K(dh/dv)1=ðb–3Þ0 /e0) is the
resistance constant of the specific deposit basis, and n [¼(M –
1)/M ¼ (b – 4)/(b – 3)] is the blocking index.

If the correlation of the specific deposit r and the filtrate
volume v is experimentally obtained, then the derivative
d(dh/dv)/dr may be calculated from the stepwise difference
quotient using the raw data of dh/dv vs. v. The logarithmic
plots of d(dh/dv)/dr vs. dh/dv calculated by utilizing the data
of the solid uptake in Figure 7 are shown in Figure 8 as the
newly developed characteristic filtration curve. Of particular
interest, when comparing the data shown in Figures 5 and 8
is the shapes of the curves. For each porosity, the plots in
Figure 8 show a linear relation with the same slope of 2.35
in accord with Eq. 16 except for the last part of filtration, in
sharp contrast to the results shown in Figure 5. For instance,
the data for the porosity e0 of 0.595 shown in Figure 8 show
a very strong linear relationship (the coefficient of determi-
nation R2 [ 0.99). In contrast, the R2 value drops to 0.81
when the data are plotted in the manner shown in Figure 5.
Thus, Eq. 16 provides a much better description of depth fil-

tration behaviors than Eq. 1. The value of K in Eqs. 13 and
14 is determined from the logarithmic plots of d(dh/dv)/dr
vs. dh/dv based upon Eq. 16, and it ranges from 389 to 532
m2/kg.

Once the limiting capacity of pores has been reached due
to deposition of particles over a long time, the formation of
a filter cake on the membrane surface occurs, and conse-
quently the particles accumulate on the surface of the perme-
able cake. For the case where filtration is cake-controlled,
the value of n drops to zero toward the end of the curve af-
ter the transitory period19,33 as indicated in the figure, and
then Eq. 16 reduces to

d dh=dvð Þ
dr

¼ kc; (17)

where kc is the value of d(dh/dv)/dr during the cake filtration
period and is indicative of the specific filtration resistance of
constant-pressure cake filtration. The value of kc obtained
from the horizontal line in the figure is 5.6 � 103 s cm/g, and
it is roughly comparable with the value of 5.1 � 103 s cm/g
determined from the dead-end microfiltration experiment
conducted using the retentive microfiltration membrane with
the pore size of 0.45 lm. The value of dh/dv at the critical
point making the transition from depth to cake filtration
depends upon the porosity of the membrane, and it is
determined from the linearity of the plots of r vs. v during
the cake filtration period. As shown in Figure 7, the specific
deposit rt at the transition point (shown as T. P. in the figure)
increases with the increasing porosity of the membrane. It was
also clarified that the deposited solid volume at the transition
point was considerably smaller than the initial pore volume of
the membrane. For instance, the percent ratio is 0.239 percent
in the case of the initial porosity of 0.595.

In Figure 9, the filtration rate (dv/dh) is plotted against
the filtrate volume v per unit effective membrane area for
membranes with different initial porosities e0. The solid

Figure 8. Logarithmic plots of d(dh/dv)/dr vs. dh/dv.

Figure 9. Relation between filtration rate (dv/dh) and
filtrate volume v per unit effective membrane
area.
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curves on this figure during blocking filtration are the cal-
culations obtained based upon Eq. 15 and the relation
between r and v shown in Figure 7, using the initial
value of the reciprocal filtration rate, (dh/dv)0, and the val-
ues of k and n. The values of k and n are determined
with the use of Eq. 16 from the straight lines in Figure 8.
The transition point from blocking to cake filtration was
determined from the onset of linearity of the plots shown
in Figure 7, and the flux decline behaviors during cake fil-
tration were evaluated with the aid of the value of kc
determined from the data of the cake filtration experiment
conducted using the retentive microfiltration membrane.
The calculations are in excellent agreement with the ex-
perimental data throughout the course of filtration.

To evaluate the variation of the filtrate volume v with
time during blocking filtration, Eq. 15 can be integrated by
numerical methods, using the relation between r and v
shown in Figure 7. In Figure 10, the experimental data
shown in Figure 9 are replotted in the form of the volume v
filtered vs. the filtration time h. The experimental data are
compared with the calculations during blocking and cake fil-
tration, good agreement being observed.

Based upon the resistance-in-series model in filtration
developed from Darcy’s law,34 the filtration rate (dv/dh) is
given by

dv

dh
¼ p

lRt

¼ p

l Rm þ Rp þ Rc

� � ; (18)

where Rt is the overall filtration resistance, Rm (¼ p(dh/dv)0/l)
is the intrinsic resistance of the membrane, Rp is the resistance
of the membrane clogging and Rc is the resistance arising from
the cake formation. In general, the increase in the filtration
resistance during filtration is brought about by the capture of
the particles inside a porous membrane, or on its surface. On
the condition that the cake resistance Rc is negligible in the
period where the membrane blocking dominates, Eq. 15 can be
substituted into Eq. 18 to obtain

Rp ¼ 1þ Nrð ÞM � 1
n o

Rm r � rt: (19)

In the subsequent cake filtration period, the resistance
(Rp þ Rc) added by the specific deposit r can be given by

Rp þ Rc ¼ 1þ Nrtð ÞM � 1
n o

Rm þ aav r� rtð Þ r � rt;

(20)

where aav represents the average specific filtration resistance
of the filter cake deposited on the membrane surface.35

In Figure 11, the resistance (Rp þ Rc) is plotted against
the specific deposit r. The solid curves represent the

Figure 10. Variation of filtrate volume v with filtration
time h.

Figure 11. Relation between filtration resistance (Rp 1
Rc) and specific deposit r.

Figure 12. Effect of porosity of membrane on coeffi-
cient |N| for specific deposit r in Eq. 15.

The error bars represent the 95% confidential interval.
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calculations obtained using Eqs. 19 and 20. The value of aav
used in the calculations is determined from the cake filtration
experiment conducted using the retentive microfiltration
membrane with the pore size of 0.45 lm. The calculations
compare favorably with the experimental data. The curve is
concave upward during the blocking filtration period, and
thus the increase in the clogging resistance becomes pro-
nounced with the progress of filtration. Subsequently, in the
cake filtration period, the resistance increases in direct pro-
portion to the specific deposit r, and the proportional con-
stant corresponds to the average specific filtration resistance
aav of the filter cake.

The effect of the porosity e0 of membranes on the coeffi-
cient |N| for the specific deposit r appearing in Eq. 15 is
shown in Figure 12, in which the absolute value of N is used
to avoid a negative sign. The term |N| (¼K/e0) indicates a
measure of the degree of the membrane blockage per unit
deposit load, and it increases with lower porosity of mem-
branes, probably because of not only the decrease of e0 but
also the increase of K in the term |N|. It can be, therefore,
concluded that the lower porosity is responsible for more
severe blocking of the membrane.

Figure 13 describes the dependence of the applied filtra-
tion pressure p on the coefficient |N|. The increase in the
pressure p causes the coefficient |N| to be lower, and thus
the membrane fouling per unit specific deposit becomes
moderate as the pressure p increases. The possible reason is
that the value of K appearing in the definition of |N|
decreases with increasing pressure because of the deposit
assemblages with denser structure formed under higher pres-
sure.

The effect of the suspension concentration s on the coeffi-
cient |N| is shown in Figure 14. Experimental data clearly
suggest that the coefficient |N| is relatively independent of

the suspension concentration s. It can be inferred that the
extent of the membrane fouling is little influenced by the
suspension concentration s the specific deposit r being
equal.

In this article, the single-component system of PSL was
tested to validate the model presented. As the next step, it
becomes extremely important to extend the range of applica-
tion of the model into the actual complicated foulants. As
the rejection R (or the specific deposit r) is largely influ-
enced by the particle size, we believe that the model consid-
ering the specific deposit in the analysis of flux decline
behaviors will be also of considerable benefit for the descrip-
tion of filtration behaviors of the polydisperse particle mix-
ture. As the future issue, it will be necessary to carry out the
experiments using the mixture of PSL. It would appear that
the results obtained by particle mixture experiments provide
new insight into the refinement of the model.

Conclusions

The behaviors of flux decline and solid permeation in con-
stant-pressure membrane filtration of very dilute suspensions
were examined by a combination of PSL suspensions and
the semi-permeable, diatomaceous ceramic membranes, vary-
ing porosities of the membrane, filtration pressures, and sus-
pension concentrations. The modified characteristic filtration
equation describing the rate of change in the filtration resist-
ance of the clogged semi-permeable membrane was afforded
by accounting for the variations of both the porosity and
specific surface area of the membrane caused by the capture
of the solids within the membrane pore structure in Kozeny-
Carman equation, through the introduction of the specific de-
posit. The variations of the filtration rate and filtrate volume
with the filtration time were adequately described based

Figure 13. Effect of applied filtration pressure p on
coefficient |N| for specific deposit r in
Eq. 15.

The error bars represent the 95% confidential interval.

Figure 14. Effect of suspension concentration s on
coefficient |N| for specific deposit r in
Eq. 15.

The error bars represent the 95% confidential interval.
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upon the modified characteristic filtration equation. As a
result, it was clarified that the gradual decrease in the filtra-
tion flux rate with time occurred due to the capture of solid
particles onto the surfaces of pores in the membrane. For
depth filtration examined in this paper, it was also shown
that the extent of the membrane blocking per unit deposit
load increased with the decreasing porosity (leading to the
decrease in the pore size) of the membrane and with
decreasing filtration pressure, while it was unaffected by the
suspension concentration. Future studies using the mixture of
PSL will be needed to apply the model to more complicated
systems.

Acknowledgments

This work has been partially supported by a Grant-in-Aid for Scien-
tific Research from the Ministry of Education, Culture, Sports, Science
and Technology, Japan. The authors acknowledge with sincere gratitude
the financial support leading to the publication of this article. The
authors also express their sincere appreciation to Showa Chemical Indus-
try for their generous contribution of the diatomaceous ceramic mem-
branes employed in this research.

Notation

c ¼ mass fraction of solids in filtrate
D ¼ representative diameter of pores of flow cross-sectional area

basis, m
Ds ¼ representative diameter of pores of wetted perimeter basis, m
dm ¼ pore size of membrane, m

dm,av ¼ average diameter of pore of membrane, m
ep ¼ void ratio of assemblages of solids accumulated within pores
K ¼ bulk volume of layer of particles deposited inside porous

membrane caused by unit specific deposit, m2/kg
Kv ¼ bulk volume of layer of particles deposited inside porous

membrane caused by unit filtrate volume per unit effective
membrane area, m�1

k ¼ constant in Eq. 16, kg�1 mnþ1 s1–n

k0 ¼ Kozeny constant
kc ¼ specific filtration resistance of constant-pressure cake filtration

in Eq. 17, m s/kg
kv ¼ constant in Eq. 1, mn–2 s1–n

L ¼ effective thickness of membrane, m
M ¼ constant in Eq. 15
N ¼ constant in Eq. 15, m2/kg
n ¼ constant in Eq. 16
nv ¼ constant in Eq. 1
p ¼ applied pressure, Pa
R ¼ rejection
Rc ¼ cake resistance, m�1

Rm ¼ intrinsic resistance of membrane, m�1

Rp ¼ resistance of membrane clogging, m�1

Rt ¼ overall filtration resistance, m�1

S ¼ specific surface area of membrane, m�1

s ¼ mass fraction of solids in bulk suspension
u ¼ permeation rate of water through membrane, m/s
V ¼ total volume of pores smaller than diameter dm, m

3

Vt ¼ total volume of all pores, m3

v ¼ cumulative filtrate volume per unit effective membrane area,
m3/m2

w ¼ filtrate mass per unit effective membrane area, kg/m2

Greek letters

aav ¼ average specific filtration resistance of filter cake, m/kg
b ¼ constant in Eq. 11
e ¼ porosity of membrane
h ¼ filtration time, s
l ¼ viscosity of permeate, Pa s
q ¼ density of liquid, kg/m3

qs ¼ density of solids, kg/m3

r ¼ specific deposit, kg/m2

Subscripts

0 ¼ initial value
t ¼ value at transition
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