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ABSTRACT

Filtration characteristics in surface water treatment using tubular microfiltration and ultrafil-
tration membranes made of polypropylene or ceramic were investigated. A series of filtra-
tion experiments were performed to examine the flux behaviors and fouling propensity.
When the initial flux was set to be same, the fouling rates were similar regardless of the
membrane materials and pore size, suggesting that the hydrodynamic effect was dominant
compared with physicochemical interactions between foulants and membranes. Based on
theoretical analysis of critical flux, the major foulants were identified to be colloidal particles
which size ranges from 0.01 to 0.1 μm. To control the membrane fouling, three methods
were compared including (1) periodic backwashing; (2) intermittent operation (periodic
pump stop); and (3) the mixed operation of dead end and cross-flow modes. Considering
the anti-fouling effect and energy consumption, the mixed operation of dead end and
cross-flow modes was better than other operation methods.

Keywords: Ceramic membrane; Tubular membrane; Fouling; Surface water treatment; Critical
flux

1. Introduction

The stringent regulation of drinking water quality
and a decrease in the clean water sources have led to
increased interests in applying microfiltration (MF) and
ultrafiltration (UF) for drinking water production [1].
MF membranes completely reject suspended matters
including pathogenic microorganisms and turbidity
[2,3]. UF membranes can even reject high molecular

weight solutes as well as suspended solids, colloids,
virus, and macromolecules [4,5]. There are many
advantages using MF/UF for drinking water treatment,
including increased quality of product water, reduced
system footprint, flexibility in operation, and reduced
amount of chemicals required for water treatment [6–8].

Currently, hollow fiber MF/UF membranes mod-
ules are widely used for drinking water treatment
[9,10]. Depending on the application, hollow fiber
membranes can be highly practical and cost-effective
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alternatives to conventional chemical and physical
separation processes. They offer a compact, cost-
effective solution for filtering large volumes of liquids
utilizing minimal space and energy [2,9]. However,
hollow fiber membrane modules are sensitive to mem-
brane fouling which leads to a decline in water perme-
ability [9,11]. Accordingly, most hollow fiber
membrane systems are operated under moderate flux
conditions to mitigate fouling [1].

On the other hand, the use of tubular membranes
for drinking water is rather limited due to its higher
cost than hollow fiber membrane systems. However,
tubular membranes are less sensitive to membrane
fouling due to their hydrodynamic conditions [12].
Tubular membranes can be produced from ceramic
materials as well as polymeric materials, allowing the
flexibility of selection for membrane materials. The
footprint of the tubular membranes may be reduced
by adopting monolith design of the modules. Accord-
ingly, a few membrane plants using tubular ceramic
membranes have been constructed and operated.

Although there have been many studies on the use
of hollow fiber MF/UF membranes for drinking water
treatment [13–17], relatively few works have been
done to apply tubular membranes [12,18]. The flux
behaviors and fouling propensity may be quite differ-
ent between hollow fiber and tubular membranes. As
shown in Fig. 1, hollow fiber membranes are operated
below critical flux condition but tubular membranes
are operated near limiting flux conditions. Therefore, a
smaller membrane area is required for tubular mem-
branes than hollow fiber membranes. Due to the dif-
ferences in the hydrodynamic conditions, the
operation strategy for tubular membranes should be
different from that for hollow fiber membranes [12].

The purpose of this study was to evaluate flux
behaviors using tubular MF/UF membranes in surface
water treatment under various conditions. A theoretical

interpretation of fouling propensity was attempted
based on hydrodynamic particle transport model.
Three operation strategies to retard membrane fouling,
including periodic backwashing, intermittent opera-
tion, the mixed operation of dead end, and cross-flow
modes, also were compared in terms of fouling rate.

2. Theory

2.1. Mechanisms of particle transport in cross-flow
membrane system

In a cross-flow membrane, particle transport
depends on two major actions: one action of which is
moving the particles toward the membrane surface
(negative direction) and the other involves shifting
them away from the membrane surface (positive
direction). The negative direction forces include van
der Waals attraction (FA), and permeation drag (Fd),
while the positive direction actions include electrical
double layer repulsion (FR), Brownian diffusion (FB),
shear-induced diffusion (Fs), and lateral inertial lift
(Fl). The gravity and buoyancy forces are equal to zero
assuming that the density of particle is same as that of
the flowing liquid. The rate of momentum of a particle
equals the sum of all the forces imposed on the parti-
cles in a fluid stream along a membrane channel.
Thus, the net force exerted on a particle along the
membrane channel, F, is the sum of all forces noted
above [19,20].

F ¼ p
6
d3pqp

dvp
dt

¼ FR � FAð Þ þ FB þ Fs þ Flð Þ � Fd (1)

where dp is the particle diameter; ρp is the density of
particle; and vp is the particle transport velocity.

Dividing Eq. (3) by 3πηdp, the particle transport
equation can be transformed into the form composed
of corresponding velocities.

1

18

d3pqp
g

dvp
dt

¼ vR � vAð Þ þ vB þ vs þ vlð Þ � J (2)

where η is the dynamic viscosity of the feed; vA is the
velocity induced by van der Waals attraction; vA is the
velocity induced by electrical double layer repulsion;
vA is the Brownian diffusion velocity (FB); vs is the
shear-induced diffusion velocity; vs is the lateral iner-
tial lift velocity; J is the permeate flux. At a steady state
(dvp/dt = 0), the above equation can be simplified to:

Jss ¼ vi þ vB þ vs þ vlð Þ (3)
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Fig. 1. Comparison of general operation conditions for
hollow fiber and tubular membrane modules.
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where vi is the interaction-induced migration velocity
and can be expressed as a difference between repul-
sive and attractive interaction (vR− vA). Jss is the
steady state flux, which is governed by surface
interaction migrations (a) and hydrodynamic back-
transport (b). Each of the back-transport velocities
may be calculated as the following equations:

vi ¼ DB

d
ln

VB

d

� �
(4)

vB ¼ 0:807D2=3
B s1=3w

L1=3
ln

Cw

Cb

� �
(5)

vs ¼ 0:807D2=3
s s1=3w

L1=3
ln

Cw

Cb

� �
(6)

vl ¼ 0:577
r3p
l2

U2
m

m
(7)

where DB represents the Brownian diffusion coeffi-
cient (=kBT∕6πμr2p); Ds the shear-induced diffusion
coefficient (=0.03 r2pτw); δ the boundary layer thickness;
VB the potential barrier between particle and mem-
brane; Cw the particle concentration at membrane
surface; Cb the particle concentration at bulk solution;
L the membrane length; l the channel height; ν the
kinematic viscosity of the dispersing medium; Um

the maximum flow velocity at channel entrance; rp the
radius of particle. Thus, the steady state flux can be
estimated from Eq. (3) since the steady state flux
corresponds to the critical flux at which no additional
particle deposition takes place with time.

3. Materials and methods

3.1. Feed water

Raw water samples used in this study were col-
lected from Han River, Pungnap intake (the water
supply source for Seoul, Korea). Samples were stored
in a refrigerator without any chemical pretreatment
before being used in the test system. The pH, DOC,
and turbidity of the samples did not change signifi-
cantly during storage. Some key water quality
characteristics are presented in Table 1.

3.2. Membranes

A few MF and UF membranes were tested for sur-
face water treatment. Both polymeric and ceramic

membranes were used. Details on these pretreatment
processes are given in Table 2.

3.3. System operation

The configuration of the experimental apparatus
with a cross-flow filtration is shown in Fig. 2. The
system consists of a feed tank with a total working
volume of 10 L, a vane pump for the recirculation of
retentate, and a tubular membrane module. The trans-
membrane pressure inside the module was regulated
to a desired value using the back pressure valve. The
fluid velocity through the membrane channel was
adjusted by controlling the speed of the pump motor
with an electrical inverter (Goldstar Starverter-G,
Korea). The retentate and permeate from the MF/UF
loop were returned to the feed tank to maintain a con-
stant working. The permeate was collected in a reser-
voir on the electronic balance, and the data were
collected on a personal computer. The feed water was
maintained at a temperature of 25˚C by a water jacket
in order to minimize the effect of temperature on the
filtration results.

3.4. Analytical methods

TOC, ion concentration, and suspended solid con-
tents for raw water and membrane permeate were
analyzed using the procedures described in the Stan-
dard method [21]. Particle size and the distribution of
solids present in the feed water and retentate were
measured using a light scattering instrument (Malvern
MasterSizer/E, UK). The zeta potential of solids in the
feed water was analyzed with a zeta potential
analyzer (Coulter Delsa 440SX, USA).

4. Results and discussion

4.1. Effect of membrane materials on flux decline

Fig. 3 shows flux vs. time behaviors during the
cross-flow filtration of untreated raw water. Four
different membranes with a similar pore size were
compared, including Zr–C ceramic membrane
(0.14 μm), polypropylene membrane (0.2 μm), Zr–Al
ceramic membrane (0.1 μm), and Al ceramic membrane
(0.1 μm). The cross-flow velocity was set to be 1.2 m/s.
The initial flux was adjusted to be similar (ranging from
225 to 275 L/m2 h) by applying different transmem-
brane pressures. Since the Zr–C membrane has lower
water permeability, a higher pressure (1.0 bar) was
applied. For the other membranes, the transmembrane
pressure of 0.2 bar was applied. Although different
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membranes were used, the flux behaviors seem to be
similar. The initial flux was over 200 L/m2 h but the
final flux after 800 min was approximately 75 L/m2 h,
indicating that the hydraulic resistance increases by 2.7
times.

It is interesting to note that the difference in mem-
brane materials does not affect the flux behaviors. The
polypropylene membrane was more hydrophobic than
ceramic membranes. The zirconia and aluminum also
have different surfaces properties. However, the fouling
rates were almost identical if the initial flux and cross-
flow velocity were maintained constant. This suggests
that membrane fouling due to physicochemical interac-
tions between foulants and membrane materials was
less important than that due to hydrodynamic effects
such as particle deposition and cake formation.

4.2. Effect of pore size and molecular weight cutoff on flux
behavior

In Fig. 4, the Zr–C membranes with different pore
size or molecular weight cutoff were compared. The
cross-flow velocity was set to be 1.2 m/s and the ini-
tial flux was adjusted to be same. The results were
similar to the previous experiments. The flux
decreases from 230 to 75 L/m2 h after 800 min. Again,
the pore size and molecular weight cutoff did not
affect the flux behavior. If the fouling occurs by pore
blocking, the fouling propensity between MF and UF
should be different. Accordingly, it seems that the
pore blocking is not a dominant mechanisms for mem-
brane fouling. Instead, the formation of cake layer by
particle deposition is likely to be more important.

Table 1
Water quality parameters for raw water samples

Minimum Maximum Average

SS (mg/L) 3.5 7.5 5.5
Turbidity (NTU) 2.0 9.0 5.0
TOC (mg/L) 1.5 3.1 2.3
UV254 (cm

−1) 0.023 0.053 0.043
SUVA (m−1L/mg) 1.5 1.8 1.7
THMFP (μg/L) 66 72 70
HPC (CFU/100 mL) 4.0 × 104 6.0 × 104 5.0 × 104

Ca (mg/L) 10 20 10.5
Mg (mg/L) 3 4 3.3
Fe (mg/L) 0.0 0.06 0.05
Mn (mg/L) 0.0 0.02 0.01
Average zeta potential (mV) −9.5 −11.3 −10

Table 2
Summary of the tubular MF and UF membranes

Type Maker Trade name Pore size Material Permeability (L/m2/h/bar)

Microdyne MD020TP2N 0.2 μm Polypropylene 1,500
Microfilter SCT Membralox A200 0.2 μm Alumina 1,500

SCT Membralox Z100 0.1 μm Zirconia skin 1,500
Alumina support

Techsep Carbosep M14 0.14 μm Zirconia skin 400
Carbon support

Ultrafilter Techsep Carbosep M3 MWCO Zirconia skin 200
150,000 Carbon support

Techsep Carbosep M8 MWCO Zirconia skin 190
50,000 Carbon support

10080 H. Cho et al. / Desalination and Water Treatment 57 (2016) 10077–10085



4.3. Estimation of critical flux

Although tubular membranes are operated above
the critical flux, it is important to measure critical flux
to estimate fouling potential of the feed water. Accord-
ingly, two approaches were applied to measure the
critical flux including flux step method and calculation
of back-transport velocity. Fig. 5 shows the results of
the flux step method for experimental determination
of the critical flux. The transmembrane pressure was

increased stepwise and the changes in flux with time
were measured. Although the starting flux was rela-
tively low (40 L/m2 h), the flux decline occurred from
the beginning. These results suggest that the critical
flux was lower than 40 L/m2 h.

The theoretical calculation of the critical flux based
on particle back-transport velocity was also attempted.
In Eqs. (4)–(7), particle transport is expressed as a
function of hydrodynamic back-transport and perme-
ation drag (flux) because the diffusion coefficients (DB

and DS) and potential barrier (VB) are dependent on
the particle radius, rp. As described above, the net
back-transport velocity of a particle is the sum of
various velocity components, including Brownian
diffusion, shear-induced diffusion, and lateral migra-
tion. Fig. 6 shows the profiles of the back-transport
velocities with different particle sizes and fluid veloci-
ties, indicating the particle transport and deposition is
greatly dependent on its size. The net particle
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Fig. 2. Schematic diagram for tubular membrane system.
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back-transport velocity exhibited a minimum at a
particle diameter of approximately 0.2 μm, although it
is somewhat changeable with the variations in fluid
velocity. Based on this calculation, the theoretical
critical flux was 35 L/m2 h.

4.4. Effect of cross-flow velocity on flux behavior

Since the hydrodynamic effect is important in the
tubular MF/UF membranes, the cross-flow velocity
significantly affects the fouling propensity. Fig. 7
shows the results of MF experiments using polypropy-
lene membranes under various cross-flow conditions.
The applied pressure was set to 0.2 bar. It is evident
from the graph that the final flux increases with an
increase in cross-flow velocity. At low cross-flow
velocities, the flux decrease to 50 L/m2 h after
500 min. At higher cross-flow velocities, the final flux
was higher than 100 L/m2 h even after 600 min. These
results confirm the importance of cross-flow velocity
in the tubular membrane systems.

The different fouling behaviors can be explained
by comparing the critical flux values at different cross-
flow velocities. As illustrated in Fig. 8, the minimum
value for the back-transport velocity increases with
increasing the cross-flow velocity. In other words, the
critical flux increases with cross-flow velocity. How-
ever, it should be also noted that the critical flux can-
not be sufficiently high even above the cross-flow
velocity of 2.1 m/s. Considering the energy consump-
tion to create high cross-flow velocity, it is not likely
to completely control fouling by increasing the cross-
flow velocity. Therefore, different approaches to
reduce fouling and reduce energy consumption are
required. 4.5. Comparison of means to reduce membrane fouling

Three types of the strategies to control membrane
fouling were compared: periodic backwashing, inter-
mittent operation; the mixed operation of dead end;
and cross-flow modes. Fig. 9 illustrates the concept of
backwashing, intermittent operation, and the mixed
operation. In backwashing, the deposited foulants are
removed by reversing the permeate flow. In the inter-
mittent operation, the foulant layers are depressurized
when the pump stops. In the mixed operation, the
cake layers formed in the dead end mode are washed
out in the cross-flow filtration mode.

Fig. 10 shows the results of filtration with periodic
backwashing. Without backwashing, the fouling rate
was relatively high. As the backwash interval
decreases, the fouling rate was reduced. The average
flux increased by 20–40% with periodic backwashing
at 1 bar. However, it should be also noted that
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frequent backwashing leads to lower recovery of
permeate as well as higher energy consumption. For
instance, the backwashing for 0.5 min at 1 bar in every
12 min results in a reduction in permeate recovery by
20%. Accordingly, the increase in net flux by applying
backwashing in this case was not significant.

Fig. 11 shows the effect of backwashing pressure
on the flux. The period of backwashing was set con-
stant at 24 min (filtration) and 0.5 min (backwashing).
When the pressure was set at 0 bar, the pump stopped
and no additional pressure was applied for backwash-
ing. It is evident from the figure that the flux increases
with an increase in backwashing pressure. The pump
stop (backwashing at 0 bar) did not show any effect.
This suggests that the intermittent operation by pump
stop is not effective to increase flux in this case.

In Fig. 12, the results of the mixed operation of
dead end and cross-flow filtration modes were shown.
The flux increases significantly with the application of
the mixed operation method. The fouling rate was
even lower than that of cross-flow filtration, implying
that the foulant layers are continuously removed by
applying two different filtration modes. Since the
energy consumption of the dead end filtration mode is
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Fig. 9. Two operation modes (a) cross-flow filtration with
periodic backwashing and (b) mixed operation of dead
end and cross-flow modes.
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lower than cross-flow filtration mode, the mixed
operation mode seems to be effective in terms of
energy consumption and fouling control.

5. Conclusion

In this work, the flux behaviors of tubular MF/UF
membranes were investigated under various condi-
tions. The following conclusions were drawn:

(1) Under similar hydrodynamic conditions
including initial flux and cross-flow velocity,
the fouling rates were similar regardless of
membrane materials. This suggests that the
hydrodynamic effect is more important that
physicochemical interactions between foulants
and membrane surface.

(2) The difference in pore size or molecular
weight cutoff did not affect the fouling rate
under same initial flux and cross-flow veloc-
ity. This suggests that the major fouling
mechanism is not pore blocking but cake
formation.

(3) The effect of cross-flow velocity on fouling
rate could be interpreted by applying the con-
cept of the critical flux. The particles ranging
from 0.01 to 0.1 μm seem to be the main rea-
son to cause fouling.

(4) Three types of the strategies to control mem-
brane fouling were compared, including peri-
odic backwashing, intermittent operation; the
mixed operation of dead end; and cross-flow
modes. Although periodic backwashing was
effective, it may lead to increased energy con-
sumption and lower recovery. Although the
intermittent operation was relatively ineffec-
tive, the mixed operation method was found
to be efficient to reduce both fouling and
energy consumption.
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