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ABSTRACT

In this study, a model equation was derived for a submerged, hollow-fiber

microfiltration (MF) membrane under constant flux. The validity of model

equation was examined in two aspects: different feed water concentration

and membrane pore size. When the concentration of starch solution (feed

water) was varied from 1.5 to 9.0 g/L, the model equation predicted trans-

membrane pressure (TMP) variation at the precision of 99% within that
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ORDER                        REPRINTS

range of concentration. In the cases of a different nominal membrane pore

size (0.1 and 0.4mm), it was capable of predicting TMP variation in a

good manner. From experimental TMP data, it was ascertained that differ-

ent pore sizes of membrane hardly affected filtration time. At the same

time, TMP, flux, and total resistance distributions along the membrane

length, which cannot be measured directly, could be calculated using

the model equation.

Key Words: Submerged type; Constant flux; Model equation; Hollow

fiber; Transmembrane pressure.

INTRODUCTION

As we come to the 21st century, a brilliant industrial era, factors causing

contamination of potable water quality become manifold and a conventional

water treatment system cannot satisfy all the new stringent regulations needed

to produce drinking water of good quality. Therefore, a water treatment

system using a membrane process has come forth as one way of advanced

drinking water treatment in place of conventional water treatment system

using the typical coagulation–sedimentation–disinfection processes.

Membrane processes appear to be well suited to meet these more stringent

requirements since they are capable of removing suspended solids and micro-

organisms and pathogens, such as Giardia and Cryptospordium, in a reliable

and cost-effective fashion,[1,2] which cannot be fulfilled by the old-fashioned

processes. Among them, submerged microfiltration has several potential

advantages compared to cross-flow membrane processes, which were used

widely in times past, such as compactness of system, easiness of operation,

and small capital cost. Furthermore, it reduces the energy consumption by

the recirculation pump used in a cross-flow microfiltration process.[3]

Although it has many advantages over a conventional water treatment

system, the membrane process has a critical problem to be solved, that is,

the fouling of the membrane surface causing increase of transmembrane

pressure (TMP), even though many studies have been attempted. So, it is a

very important affair to predict TMP variation, if the TMP profile of some

operations can be expected approximately, it would be greatly helpful to

economical and effective process operation. There are several studies of

membrane fouling phenomena in the case of a dead-end type,[4] constant-

pressure driven filtration of water.[5] However, there are few studies of

modeling of membrane fouling mechanisms in the case of the submerged

type, hollow-fiber filtration under constant flux operation. Moreover, they

Lee et al.1834
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are at the level of developing model equations and just fitting experimental

data so that they cannot predict experimental results under other conditions.

Because of this, the aim of this study was to elucidate the principle of the

membrane fouling mechanism and develop a useful model equation to predict

TMP variation caused by fouling under constant flux operation based on the

work of Hermia[5] and Fujita.[6] As a representation of organic matter existing

in water, potato starch solution was used as a feed water. TMP profiles for

different concentrations of feed solution and different nominal membrane

pore sizes were evaluated to check the possibilities of applying a model

equation to analyze and predict the real fouling phenomenon.

THEORETICAL ANALYSIS

Governing Equations

Typical hollow fiber in a submerged membrane module is characterized

by internal and external diameters (Di and Do), fiber and potted lengths

(L and Lp), as shown in Fig. 1. Both ends of a fiber are potted while the insides

are open. Hence, the permeate (J, v), by suction from the surface to the inside

of a hollow fiber, can flow through the inside of a fiber. As the hydrodynamic

behavior is symmetrical on the longitudinal center of a fiber, only the half of a

fiber with one side sealed was used, which is shown in Fig. 1.

The governing equations for pressure (p), flow velocity (v), and permeate

flux (J) based on the mass, energy balance, and Darcy’s law,[6] were proposed

as follows.

Figure 1. Permeation flow through the hollow-fiber membrane.
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For a differential element (dx), the energy balance coupled with the

Hagen–Poiseuille equation becomes

pþ
rv2

2
¼ ð pþ dpÞ þ

rðvþ dvÞ2

2
þ
32mv

D2
i

dx ð1Þ

where p is the pressure, Di is the inner diameter of hollow fiber membrane,

g is the gravitational acceleration, r is the density of the fluid that passes

through the lumen, m is the viscosity of the fluid, and x is the distance

from the sealed end (SE) of the fiber. This equation is the basic governing

equation for the model.

Assuming that the square of differential term [r(dv)2/2] is negligible,

dividing Eq. (1) by dx, the pressure gradient along the x direction, dp/dx, is
expressed as:

dp

dx
¼ ÿrv

dv

dx
ÿ
32mv

D2
i

ð2Þ

from the mass balance in the differential volume, the relationship between v

and u is

p

4
D2

i ðvþ dvÞ ÿ
p

4
D2

i v ¼ pDoJdx ð3Þ

where J is the permeate flux and Do is the outer diameter of the fiber.

Simplifying Eq. (3) and dividing it by dx, the velocity gradient along the x

direction is obtained.

dv

dx
¼

4DoJ

D2
i

¼ a1J ð4Þ

Using Eqs. (2) and (4), the pressure gradient along the x direction is

dp

dx
¼

32mv

D2
i

ÿ
rDoJ

8m
ÿ 1

� �

ð5Þ

rDoJ/8m has the maximum value of 2.602 � 1023 and this value can be

neglected. Thus, the pressure gradient in a hollow fiber is expressed as:

dp

dx
¼

32mv

D2
i

¼ ÿa2v ð6Þ

The permeate flux J is expressed by Darcy’s law

J ¼ kð po ÿ pÞ ð7Þ

Lee et al.1836
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where k is the hydrodynamic permeability and po is the atmospheric pressure.

For a constant flux operation, the average flux Javg is expressed as:

Javg ¼
vfD

2

4DoL
¼

vf

a1L
ð8Þ

and the velocity of fluid at the end of the membrane vf should be constant.

Besides, when the fluid reaches the potted area of membrane, there is no

velocity variation but only pressure loss occurs, which can be calculated

using the Hagen–Poieuille equation.

pp ¼ pf ÿ
32mvfðLp þ LtÞ

D2
i

¼ pf ÿ a2vfðLp þ LtÞ ð9Þ

where pp is the pressure at the exit of membrane module, pf is the pressure at

the beginning of potted area, Lp is the length of potted area, and Lt is the length

of tubing between the end of potted area and where the pressure gauge is

located.

Filtration Model

There are several kinds of filtration models to explain the fouling mech-

anism, such as complete blocking, standard blocking, intermediate blocking,

and cake filtration models.[4,5] Among them, a standard blocking model can

fit our experimental results well. We developed a model equation of a constant

flux operation based on the standard blocking model. In deriving the standard

blocking model, it is assumed that pore volume decreases proportionally to

filtrate volume by particle deposition on the pore walls. The membrane

is assumed to consist of a set of pores of constant diameter. The length of

the pores also being assumed constant, the decrease of pore volume will be

equal to the decrease of pore section. A brief sketch of a cylindrical pore is

shown in Fig. 2.

A mass balance on solid particles yields,

N�ðÿ2prdrÞl ¼ CdVF ð10Þ

where r is the radius of decreased pore, N� is the total number of pores, l is the

pore length, C is the volume of particles deposited by unit volume of filtrate,

and dVF represents the unit filtrate volume.

Hollow-Fiber Microfiltration Membrane 1837
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Integrating this relation, we obtain

N�pðr20 ÿ r2Þl ¼ CVF ð11Þ

making use of Hagen–Poiseuille’s equation to find the initial flow rate

Q0 ¼ N� p

8

r40p

ml

� �

ð12Þ

Figure 2. A schematic diagram of a cylindrical pore. (a) Uniform membrane pores

and foulants inside the pores. (b) Magnified picture of one pore.
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although time passes, other conditions, except pore radius, are constant,

Q

Q0

¼
r

r0

� �4

¼ 1ÿ
KsbVF

2

� �2

¼
J

J0
ð13Þ

where

Ksb ¼
2C

plN�r20
ð14Þ

from Eqs. (7) and (13), we can obtain

J ¼ J0 1ÿ
KsbVF

2

� �2

¼ k0ð po ÿ pÞ 1ÿ
KsbVF

2

� �2

ð15Þ

where Q is the flow rate, Q0 is the initial flow rate, J is the permeate flux, J0 is

the initial permeate flux, r0 is the initial pore radius, and Ksb is the standard

blocking model constant. Equation (15) is the general form of a standard

blocking model equation. Equation (15) is coupled with Eq. (7) to yield the

hydrodynamic permeability k as a function of VF or time.

k ¼ k0 1ÿ
KsbVF

2

� �2

ð16Þ

As VF is the function of time, Eq. (16) shows the time-dependence of k, which

contains the fouling effect of standard blocking as time passes.

Calculation Method

As there are three unknowns (p, v, J) to solve simultaneously, three

equations [Eqs. (4), (6), and (7)] are needed. For Eqs. (4) and (6), two

boundary conditions about v and p are needed. At the beginning of

membrane module (x ¼ 0), the fluid velocity is zero. When the operation is

a constant flux operation, the velocity of the fluid at the end of the membrane

(vf) is constant, which is obtained from Eq. (8), i.e., when x is L, v ¼ vf. As

one more condition about p is needed, the initial TMP (x ¼ 0) is supposed

with an appropriate value. Then, putting the assumed initial TMP into Eq.

(7), we can obtain the flux (J) of the differential volume. This flux is used in

Eq. (4) to yield the velocity increment, which is used to get the pressure

gradient, which is, the start of the calculation at the next differential

volume. When the terminal exit velocity (vf, x ¼ L) is obtained in this cal-

culation, that value and vf obtained from Eq. (8) are compared to check the

suitability of the presumed initial TMP value. When the two values are
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D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

different, a new initial TMP is assumed again, based on the relationship of p

and v, iteration is repeated when the two velocities come into the error

tolerance range. Then, we can conclude that the initial TMP is assumed

precisely. This value automatically becomes the other condition about press-

ure. With this assumed initial TMP value and the initial velocity, flux (J)

and the gradient of velocity (v) and pressure (p) of differential membrane

module (dx) are calculated to the end of membrane module at certain

fixed time. k of each differential volume is calculated from the standard

blocking model equation using the obtained flux of that differential volume.

The acquired k values become the initial k values of each differential

volume at the next differential time. In this course, the best-fitting Ksb

value of a given experimental TMP data curve is the one that makes the

value of 12 r2 near zero. This process can be aided by MATLAB software.

EXPERIMENTAL

Materials

A potato starch was chosen as a solute of feed solution because its particle

size is proper to cause standard blocking for fiber microfilteration (MF)

membranes. It was used a representative model for organic matter in raw

water or wastewater. For the experiment about variation of the concentration

of feed water, a different mass of potato starch was mixed with ultra pure

water, 1 L of 18MV cm, made in a distillatory apparatus (Barnstead,

USA) to yield different concentrations of starch solution (1.5–9.0 g/L).
Under the same condition of feed water, 0.1- and 0.4-mm nominal pore size

hollow fiber membranes (manufactured by Mitsubishi Rayon, Japan) were

used to investigate the dependence of Ksb on the different pore size.

The specifications of the two membranes are listed in Table 1. As the

outer diameters of two membrane are not equal, each module has different

Table 1. Specifications of hydrophilic polyethylene hollow fiber membranes.

Membranes 0.1-mm membrane 0.4-mm membrane

Surface area (At) 60 cm2 60 cm2

Outer diameter (Do) 410mm 540mm

Inner diameter (Di) 270mm 360mm

Fiber length (L) 10.0 cm 10.0 cm

Potted area length (Lp) 2.0 cm 2.0 cm

Lee et al.1840
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number of fiber stands so as to have same total area (60 cm2). Forty eight

strands of fiber are assembled in 0.1-mm membrane; and 36 strands are in a

0.4-mm membrane. The length of the membrane module was 10 cm, and

total area of the module was 0.006 cm2. The one side of membrane module

was sealed with epoxy (SE), and suction was performed through the other

side [potted end (PE)].

Operation of Submerged Microfiltration System

A brief schematic of the experimental setup is shown in Fig. 3. The feed

solution was mixed by a magnetic stirrer at 750 rpm for 10min before suction

started. The operation was in a total-recycle mode, operation flux was fixed at

100 LMH in all concentrations, and a transducer connected to an IBM PC

measured the increase of TMP. When the TMP was 30 kPa, the limit of

the recommended operating pressure, suction was stopped. One Ksb deter-

mines one theoretical fitting curve. Therefore, with these TMP data, we can

Figure 3. A schematic diagram of an experimental device.
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choose Ksb which fits each experimental TMP datum curve best by least

squares method using MATLAB software.

Resistance Analysis

A resistance R is expressed as:

R ¼
P

ðm � JÞ
ð17Þ

where P is a TMP, m is a viscosity of permeate, and J is a flux. Putting TMP

data of distilled water at a fixed flux (100 LMH) into Eq. (17), we can acquire

an Rm value. With the membrane of completed experiment, Rt is obtained,

then removing cake layer gives Rt2 Rc resistance. Finally, Rf can be obtained

by Rt2 Rc2 Rm.
[7,8]

When the particle size of the potato starch solution was measured by

Mastersizer (Malvern, UK), it showed a typical bipeak size distribution. It

is very feasible that standard blocking should occur according to the particle

size distribution of submicrometer range. But also, there is another peak of

size range (10–30mm) that may form a cake layer on the membrane surface.

So the significance of cake filtration effects was checked in this experiment by

calculating Rc (cake resistance) and Rf (fouling resistance) and comparing

their sizes, as shown in Table 2.

For the cases of 0.1- and 0.4-mm membranes and 3.0 g/L starch filtration

system at 100 LMH, Rf is about 45% of total resistance, but Rc is about 2% of

total resistance. Rc is merely 4–5% of Rf, so a standard blocking mechanism

was dominant in this experimental system, and the cake filtration mechanism

was negligible.

Table 2. Various resistances.

0.1-mm membrane 0.4-mm membrane

Rm (m21) 2.71 � 1011 2.01 � 1011

Rt (¼Rmþ Rfþ Rc) (m
21) 5.08 � 1011 3.96 � 1011

Rt2 Rc ( ¼ Rmþ Rf) (m
21) 4.96 � 1011 3.87 � 1011

Rc (1/m) 1.13 � 1010 8.43 � 109

Rf (1/m) 2.25 � 1011 1.86 � 1011

Rm/Rt (%) 53.4 50.8

Rc/Rt (%) 2.2 2.1

Rf/Rt (%) 44.4 47.0

Rc/Rf (%) 5.00 4.53

Lee et al.1842
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Measurement of Pore Size Distribution

In general, pore size of a membrane has a wide distribution. Also the

shape of pores is very irregular. So it is quite difficult to measure an accurate

pore size. Many techniques are available for the measurement of porosity:

mercury penetration, gas adsorption or permeation, and combined methods

of “bubble” and solvent permeability.[9] Among them, the last method, called

the “bubble pressure” method (or liquid–liquid porosimetry), can evaluate the

pore size by measurement of the pressure necessary to force a gas or a liquid

through the water-swollen membranes.[9,10]

For 0.1- and 0.4-mm MF membranes, the pore sizes can be measured

under low operating pressure by the liquid–liquid porosimetry method

using two immiscible liquids A and B. It was assumed that hydrophilic MF

had cylindrical pores and pore size distribution as shown in Fig. 4. The

upper section of the measurement cell was filled with an alcoholic mixture

(A), and the lower was connected with a reservoir, filled with distilled

water (B), and a pressure with which liquid B can push liquid A in the very

pore is expressed as:

r ¼
2d

P
ð18Þ

where r is a pore radius, d is an interfacial tension, and subscripts (1, 2, 3,. . .)

mean various sizes of pores. When the pressure is increased from DP1 to DP2,

Figure 4. A draft of pore size distribution measurement.
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the number of pores that liquid B displaced liquid A and with sizes between r1
and r2 can be expressed as:

n12 ¼
mLDP3

12

2pd4
Q12 ð19Þ

where m is a fluid viscosity and L is a thickness of the dense layer of

membrane, DP12 ¼ (DP1þ DP2)/2, n12 and Q12 represent the difference

of pores and flow rate when the pressure is increased from DP1 to DP2. By

putting pressure and flow rate data into Eqs. (18) and (19), size distribution

of membrane pores can be measured. At this moment, the data had an

S-shaped curve (refer to Fig. 5). It initially increased curvedly when liquid

A in the pores was replaced with liquid B but increased straightly, by

Hagen–Poiseuille equation after liquid B filled all pores of membrane.

To get N� value, the liquid–liquid porosimetry method[9,10] was adopted.

The experimental data reported are related to the following pairs of liquids

recommended by some investigators in a study of biological membranes:[11]

distilled water—mixture of isobutanol, methanol, and water (5 : 1 : 4 v/v)
(d ¼ 0.8 dyne/cm).

TMP and flux data used for the method are shown in Fig. 5. Throughout

the liquid–liquid porosimetry method, the number of pores and pore size dis-

tribution data can be known. The data are listed in Tables 3 and 4. Through the

calculation for N�, it was found that r0 values are somewhat different from the

values reported by the maker. This is resulted from the fact that the r0 values

calculated by a liquid–liquid porosimetry method are based on the assumption

that pores have a cylindrical form. So, as r0 values are used for calculation of

standard blockingmodel that assumesmembrane pore is a cylindrical form, it is

Figure 5. TMP vs. flux data used in the liquid–liquid porosimetry method.
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reasonable that r0 values calculated by liquid–liquid porosimetry method

should be chosen as r0 of membranes with pores that are postulated to be a

cylinder.

RESULTS AND DISCUSSION

Composition of Standard Blocking Constant

The standard blocking constant (Ksb) is expressed as Eq. (14).[5] That

equation means that Ksb is proportional to C and is in inverse proportion to

r0
2. If the model equation reflects reality well, then it can be predicted that

when the concentration of feed water or the initial membrane pore radius is

changed, Ksb will be changed as defined in Eq. (14). Thus, there are two

Table 3. The number of pores and pore size distribution calculated by liquid–liquid

porosimetry method of 0.1-mm membrane.

Pore diameter (mm) Number (�1015, per cm2) Fraction (%)

0.17–0.21 4.638 57.3

0.21–0.23 1.094 13.5

0.23–0.25 1.125 13.9

0.25–0.32 0.932 11.5

0.32–0.37 0.184 2.3

0.37–0.47 0.088 1.1

0.47–0.77 0.032 0.4

0.77–1.20 0.003 0.04

Mean diameter: 0.22mm Total number: 8.095 � 1015 Total percentage: 100%

Table 4. The number of pores and pore size distribution calculated by liquid–liquid

porosimetry method of 0.4-mm membrane.

Pore radius (mm) Number (�1014, per cm2) Fraction (%)

0.34–0.37 8.810 44.3

0.37–0.40 4.517 22.7

0.40–0.42 3.046 15.3

0.42–0.56 2.605 13.1

0.56–0.84 0.738 3.7

0.84–1.05 0.107 0.5

1.05–1.81 0.045 0.2

Mean diameter: 0.41mm Total number: 1.987 � 1015 Total percentage: 100%

Hollow-Fiber Microfiltration Membrane 1845
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kinds of experiment, one is about the change of concentration of feed water, the

other involves the difference of the initial pore radius. The Ksb value that defines

one curve was obtained by the least squares method with MATLAB software.

Figure 6 shows the experimental TMP increase curve with time course (circle

dots for 0.1mm, stars for 0.4mm) and with fitting curves (line) that were

obtained by the least squares method in each pore size case. TMP profiles

Figure 6. Experimental TMP data and fitting curves. Starch concentration of (a) 1.5 g/L
(b) 2.0 g/L, (c) 3.0 g/L, (d) 4.0 g/L, (e) 6.0 g/L, and (f) 9.0 g/L.
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were obtained when the maximum TMP reached 30 kPa at constant flux (100

LMH). Starch concentration varied from 1.5 to 9.0 g/L and 0.1- and 0.4-mm

membranes were used at each concentration of starch solution.

Flux and TMP Distribution

The permeate flux and pressure distribution within a hollow fiber were

calculated numerically using the standard blocking constant obtained from the

regression analysis of experimental data. Flux distribution, TMP distribution,

and total resistance (Rt) at fixed time along the hollow fiber membrane are

shown in Figs. 7–9, respectively. Each curve was obtained at fixed time

intervals, which started from 1/6 time of total suction time, which is needed

for TMP to reach 30 kPa, to whole suction time (6/6 time), i.e., operating

time (t) is expressed as dimensionless time, u ¼ t/T, where T is the total suction

time. Suction was executed at the PE (x ¼ L position) and the opposite side

(SE, x ¼ 0 position) was sealed with epoxy. According to the results, shown

in Fig. 8, TMP increases from SE to PE at each fixed time. Because suction

was performed at PE, more strong pressure is applied to that side of membrane.

Figure 7. Flux distribution along the membrane length: (a) a 0.1-mm membrane,

1.5 g/L starch concentration; (b) a 0.1-mm membrane, 4.0 g/L starch concentration;

(c) a 0.4-mm membrane, 1.5 g/L starch concentration; and (d) a 0.4-mm membrane,

4.0 g/L starch concentration.
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However, the pressure differences of both sides were very similar, irrelevant to

time. It is because at the pressure gradients that are needed to pull the fluid a

constant flux of 100 LMH are the same at any time. Consequently, flux of

the PE side was higher than the opposite side at the initial time of operation.

As time passes, however, fouling of PE side became more extreme due to a

higher TMP and the flux of the PE side becomes lower than that of SE side.

On the other hand, the opposite SE side, where the applied pressure was rela-

tively low, yielded lower flux at the beginning of the operation, however, the

flux of SE side increased gradually to make up for the flux decline of PE side

to maintain the average flux, 100 LMH (see Fig. 7). These can be explained

on the whole with Rt values, which stand for the total resistances, as shown

in Fig. 9. Rt of the PE side is always higher than the SE side and as time passes,

the difference of filtration resistance between PE and SE sides grows bigger

and mean value of Rt increases in size, the rate of Rt increment becomes faster.

TMP profile resembles filtration resistance trend. Therefore, change of flux

pattern would reflect TMP variation as mentioned. Mean values of Rt at each

time course are shown in Fig. 10. From these computational calculation data,

we can find the approximate distribution of TMP, flux, and filtration

resistance along the membrane length, which cannot be measured directly by

Figure 8. TMP distribution along the membrane length: (a) a 0.1-mm membrane,

1.5 g/L starch concentration; (b) a 0.1-mm membrane, 4.0 g/L starch concentration;

(c) a 0.4-mm membrane, 1.5 g/L starch concentration; and (d) a 0.4-mm membrane,

4.0 g/L starch concentration.
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experiment. Although they may not offer accurate values, these computational

calculations may be used to optimize the operation conditions. It is also

interesting that in flux data, all six curves cross at one point, that is, the average

flux of the operation (100 LMH). In addition, that point is just the same as

x ¼ 5.8 cm regardless of feed concentration or membrane pore size.

Effects of Starch Concentration

To investigate the effect of starch solution concentration on the standard

blocking constant, the experiments were carried out under various starch

concentrations. There exists a linear relationship between Ksb and the concen-

tration of feed water, as is seen in Fig. 11. However, the graph has a positive

y-interception in both different pore size cases. The positive y-interception

means an increase of Ksb compared with the case when there is no interception,

i.e., membrane fouling occurs more rapidly than when we expect it according to

the model equation alone. Being of y-interception reflects real errors that cannot

be explained by the model alone, such as diminution of pore radius, which

can make the rate of blocking pores more rapid, induced by membrane pore

Figure 9. Total resistance distribution along the membrane length: (a) a 0.1-mm

membrane, 1.5 g/L starch concentration; (b) a 0.1-mm membrane, 4.0 g/L starch con-

centration; (c) a 0.4-mm membrane, 1.5 g/L starch concentration; and (d) a 0.4-mm

membrane, 4.0 g/L starch concentration.
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distortion resulting from TMP on pores. Faster pore blocking also can be

caused by bigger foulants than normal foulants, which brings internal standard

blocking. In fact, the particle size of starch solution has a distribution, a slight

cake layer was found after completion of the operation. There may be another

blocking mechanism, such as cake filtration and complete blocking. The

membrane pores are not accurately in cylindrical form, so it is hard to say

that the equation stands for a real system perfectly and indispensable errors

may occur. These errors can be assembled in just one additional simple term,

which takes the form of an interception of a graph.

Figure 11. Ksb vs. concentration of the starch solution.

Figure 10. Mean values of Rt at each time course.
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Therefore, if two KsbS are given at two different concentrations, a line can

be obtained, where the KsbS of another concentration are accurately known

without laborious experiment. Ksb of the target concentration can be known

by just reading the graph, then, the approximate time when the operation

should be terminated can be easily expected.

Effect of Pore Size

Ksb is inversely proportional to r0
2, as expressed in Eq. (14). Therefore, it is

easily predicted that the Ksb ratio has a value near 1/16 when the initial pore

radius (r0) becomes four times larger. However, a real value of Ksb ratio

obtained from experimental results is about 1, which is much different from

our simple expectation. It is attributed to the fact that other conditions, such

as number of pores (N�) and the length of a cylindrical pore (l) of two mem-

branes are not same, all conditions should be treated in calculation. If the

model equation represents a real fouling mechanism in a good manner, the

left side of Eq. (14), which is acquired by putting the Ksb value that is obtained

by TMP curve fitting, should be identical to the right side of Eq. (14), which

can be obtained by using real membrane characteristics data.

The ratio of Ksb slopes can be written as:

ðslope of KsbÞ4
ðslope of KsbÞ1

¼
2C4=pl4N

�
4 r

2
04

2C1=pl1N
�
1 r

2
01

¼
C4

C1

�
l1

l4
�

N�
1

N�
4

�
r201
r204

¼
l1

l4
�

N�
1

N�
4

�
r201
r204

ð20Þ

In Eq. (19), C4 ¼ C1 because the comparison is performed under the same

concentration of feed water.

l1

l4
�

N�
1

N�
4

�
r201
r204

¼ Rcal ð21Þ

ðslope of KsbÞ4
ðslope of KsbÞ1

¼ Rfit ð22Þ

where subscripts 1 and 4 stand for each pore size (1 for 0.1mm and 4 for

0.4mm membranes, respectively). Rcal and Rfit mean ratio of calculation

values based on the experimental measurement values and ratio of values

obtained by fitting, respectively.

l and r0
2 values are given by the membrane maker (Mitsubishi Rayon).

Indeed, l was measured from scanning electron microscopic (SEM) images of

a cross-section of hollow fiber (Fig. 12). To get an SEM image, a clean
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cross-section of membrane was needed. So, the hollow fibers were stitched into

a cork, fixed by a fixative, such as Colloidon, then cut into slices.[12] It is clear

that the hollow fiber membranes used in this experiment had no skin layer (con-

firmed by personal communication with Mitsubishi Rayon).[13] Therefore, the

difference of the outer radius and inner radius replaces the length of skin

Figure 12. Scanning electron microscope of cross-sectional images of (a) a 0.1-mm

hollow fiber membrane and (b) a 0.4-mm hollow fiber, membrane (outer sparse texture

is a cork).
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layer for calculation of l, 68.0mm for a 0.1-mm membrane and 88.6mm for a

0.4-mm membrane from the SEM images (see Fig. 12).

With the N� values listed in Tables 3 and 4, and the length of pore (l), the

value of Rcal can be calculated,

Rcal ¼
ð68:0mmÞ

ð88:6mmÞ
�

ð8:095� 1015Þ

ð1:987� 1015Þ
�

ð0:22mm=2Þ2

ð0:41mm=2Þ2
¼ 0:90

and the values of Rfit are shown in Fig. 13, which contains ratio data of Ksb of

0.4mm to Ksb of 0.1mm, calculated at each concentration of starch solution

with use of the real Ksb values obtained by least squares fitting. It was

found that Rfit has a range of 0.88–0.94, as shown in Fig. 13. This results

from the fact that Ksb values are not exactly on the linear line but have little

differences at each concentration. Because new membranes were used at

each concentration, the characteristics of the membranes could not be exactly

the same (i.e., different pore sizes, pore numbers, and pore length), which can

affect Ksb value composition and Ksb itself cannot fully satisfy real TMP

profile (r2 values of linear regression are not exactly 1.). Considering these

factors, it can be said that extent of errors is acceptable. Furthermore, the

order of Ksb is so large that some extent of deviation of the Ksb value from

the regression line hardly affects the regression line.

If all Ksb values fall exactly in one regression line, Rfit will have only one

value, which is the ratio of the slopes of two cases (770251/846829 ¼ 0.91).

This value differs from Rcal(0.90) by only 1%. Therefore, it can be said that the

Ksb value can be predicted with the use of Rcal. The approximate pattern of TMP

increase can also be known easily using Rcal in the case when the initial pore size

of membrane is different. The fact that theKsb ratio is near 1 means that in case of

Figure 13. Ratio of Ksb (0.4mm) to Ksb (0.1mm) at each concentration of starch

solution.
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hollow fiber MF membranes that are on sale in markets, membranes of different

pore size do not have much different filtration times at the same feed

concentration.

CONCLUSION

The filtration characteristics and possibilities of TMP variation prediction

in submerged microfiltration were examined in the case of different feed

concentrations and different initial membrane pore sizes, both theoretically

and experimentally. The following conclusions are drawn.

1. In case of submerged-type microfiltration of starch solution, with an

Rf much bigger than Rc, we can conclude that there is little effect of

cake filtration but the internal fouling mechanism (standard blocking)

is dominant. TMP variation prediction model developed based on the

standard blocking model equation was confirmed to quite accurately

estimate the TMP profile of various feed concentrations and different

pore sizes.

2. Distribution of TMP, flux, and total resistance along the membrane

length at each time course, which can be measured hardly directly

by way of experiments, were estimated and figured out respectively,

from the computational calculation based on the model developed.

From the figures, we could find that the flux of the potted area close

to a suction pump was initially higher than the opposite side of

membrane. However, total resistance of potted area was always higher

than the opposite side, as time passed by, the flux of PE area became

lower than the opposite side, i.e., the flux inversion phenomenon

occurred, which was not expected. Also, TMP distribution along the

membrane length could give us information that the potted area of

membrane is more fouled and should be cleaned further than the

other part. That may lead to more effective and economical operation.

NOMENCLATURE

C Volume of particles deposited by unit volume of filtrate (—)

D Fibre diameter (m)

d Pore diameter (m)

g Gravitational acceleration (m sec22)

J Permeate flux (m sec21)

k Hydrodynamic permeability (sec21)
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L Fiber length (m)

l Pore length (m)

Lp Length of potted area (m)

Lt Length of tubing between the end of potted area and where the

pressure gauge is located (m)

n Number of pores (—)

N� Total number of pores (—)

p Pressure (Pa)

pf Pressure at the exit of membrane module (Pa)

pp Pressure at the beginning of potted area (Pa)

Q Flow rate (m3 sec21)

r Radius of decreased pore (m)

v Average velocity (m sec21)

VF Filtrate volume (m3)

R Resistance (m21)

Rf Fouling resistance (m21)

Ksb Standard blocking model constant (m23)

r2 Coefficient of determination (—)

r Density of the fluid that passes through the lumen (kgm23)

m Viscosity of the fluid (Pa sec)

d Interfacial tension (Pam21)

Subscripts

0 Initial

avg Average

c Cake

i Inner

m Membrane

o Outer

t Total
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