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ABSTRACT

This study presents a closed-loop process for forming pre-coated dynamic membrane used in
membrane bioreactor. Powder-activated carbon (PAC) particles are suspended by using
axial-flow agitator whilst simultaneously deposited upon the filter medium by cross-flow fil-
tration. The revolution speed of agitator is varied in the range of 150–450 rpm. Computational
fluid dynamic is used to calculate velocity and shear rate adjacent to membrane surface. The
force balance of the particles considers the driving force of dynamic membrane formation,
drag force due to negative pressure-driven of suction pump, lift force due to mechanical mix-
ing, and adhesive force due to particle–particle interactions. The effect of two major terms
including drag and lift forces on the porosity of dynamic membrane is systematically investi-
gated. The lower drag force results in the higher porosity of dynamic membrane. The results
also show that the denser dynamic membrane is formed when the lift force becomes lower.
The porosity of dynamic membrane is ranged from 0.38 to 0.46 while the thickness of
dynamic membrane is altered between 100 and 500 μm. A dimensionless immobilized param-
eter is derived to predict the formation of pre-coating dynamic membrane. The results
obtained from modeling show that dynamic membranes formed at higher values of immobili-
zation parameter have a more cohesive structure. The results obtained from the experiments
and the model reveal that the thickness of 400 μm of PAC layer is considered as a stability
threshold thereafter the structure of dynamic membrane becomes loose and unstable. The
rejection capacity of dynamic membrane is also evaluated at different thicknesses by using
Formazin solution. The results reveal that the turbidity of filtrate decreases with increasing
the thickness of dynamic membrane. The results display that rejection capacity of pre-coating
dynamic membrane is comparable to that of microfiltration membrane.
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1. Introduction

Membrane bioreactor (MBR), integrating separation
process and biological degradation, has widely been

used as a proven technology in treating both domestic
and industrial wastewater [1,2]. The formation of cake
layer so-called fouling upon the surface of conven-
tional polymeric membranes makes a substantial
drawback for industrially widespread application of
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MBRs [3,4]. Dynamic membrane technology represents
a promising substitution for conventional membrane
bioreactor, which owns the merits of flexible and
cheap materials, easy for cleaning, and good antifoul-
ing property [5,6]. Chu et al. [7] showed that dynamic
membrane bioreactor exhibited excellent operation
performance and could be considered as a feasible
and potential approach to wastewater treatment. The
concept of the dynamic membrane formation is based
on the continuous deposition of the suspended parti-
cles upon the external surface and or onto the porous
media as well as membrane and filter medium. Two
well-known methods, pre-coating and self-forming,
are ordinarily established in order to create the
dynamic membrane in MBRs [8]. The pre-coating
dynamic membrane is being created when a porous
medium is submerged in a bioreactor and the solid
particles dispersed into the liquid phase gradually
deposit upon the porous surface. The self-forming
dynamic membrane is created by substances such as
colloids and high molecular weight organics which
exist in the liquor to be filtered. Most of studies
related to dynamic membrane bioreactor have been
established in the mechanism and performance of self-
forming dynamic membrane for wastewater treatment
[9–14]. But there has been limited information about
mechanism and process of pre-coating dynamic mem-
brane. Chu et al. [15] investigated the pre-coating pro-
cess for formation of bio-diatomite dynamic
membrane bioreactor under a constant water head.
They also evaluated the pollutant removal mecha-
nisms in a bio-diatomite reactor to purify the micro-
polluted surface water [16]. In earlier studies especial
attention has been received to the thickness of pre-
coating dynamic membrane [8,17]. Chu et al. [18]
investigated the characteristics of bio-enhanced pow-
der-activated carbon (PAC) dynamic membrane reac-
tor for municipal wastewater treatment. They showed
that the dynamic membrane formed on the stainless
steel mesh filter could effectively reject the suspended
solids. However, the porosity of dynamic membrane
can mostly influence the performance of dynamic
membrane bioreactor. The architectural feature of the
pre-coating dynamic membrane such as porosity is in
close association with its specific resistance and thus,
directly related to the membrane permeability in an
MBR. In the present study, a reliable in situ pre-coat-
ing technique is presented by using both mesh filter
medium submerged in bioreactor and PAC mechani-
cally suspended throughout bioreactor. In particular,
addition of PAC to MBR brings about some positive
effects including prevention of particle deposition on
the membrane surface [19], formation of a less
compressible cake or gel layer [20], adsorption of

membrane foulants such as soluble extracellular poly-
meric substances [21,22], promotion of the perfor-
mance of MBRs in terms of the quality of treated
water [23], and pretreatment of micropolluted surface
water to produce drinking water [24]. The model is
also proposed to predict condition of PAC particle
deposition based on the forces associated to a sus-
pended particle that is sufficiently close to a stationary
particle in the dynamic membrane layer. Three forces
including lift force due to mechanical mixing; drag
force due to pump suction; and adhesive force due to
particle–particle interactions are taken into account in
prediction of deposition of PAC particles in the accu-
mulated particle layer. Since computational fluid
dynamics (CFD) is a powerful tool to estimate the
characteristics which cannot be measured experimen-
tally, so in this study CFD simulation is implemented
to determine the velocity and the shear rate distribu-
tion near the dynamic membrane surface. The
validation of the model is performed according to the
experimental data obtained during formation of
pre-coating dynamic membrane.

2. Materials and methods

2.1. Experimental setup

The schematic diagram of experimental setup and
the pre-coating dynamic membrane formed are illus-
trated in Fig. 1. Bioreactor is a rectangular Plexiglas
vessel and has a 0.17m width, 0.2 m length, and 0.5 m
height. The suspension of PAC particles throughout
the volume of bioreactor is ensured by a down-flow
axial agitator driven by a DC electromotor with a digi-
tally monitored speed controller. Monofilament mesh
filter made of polyester is used with average pore size
of 30 μm. A rectangular holding frame made of poly-
ethylene is constructed to tightly support filter for no-
leakage. The filter medium with its holding frame is
vertically placed in the center of bioreactor. The pres-
sure drop across the filter medium is measured by a
high accurate sensor installed in the filtrate line as
close as possible to the filter module. The sensor is
connected to the on-board controller and analog to
digital card (I/O module) in order to transmit the dig-
ital signals to a PC for data gathering and acquisition.
Data are collected and recorded on dedicated log
sheets during the experiments. A peristaltic pump
which operates at constant flux of 150 (L/m2 h) is
used to suck and recycle the water back to the bioreac-
tor. The rate of filtrate is timely monitored by the use
of a calibrated flow meter. PAC particles with average
mean diameter 100 μm are used to form the pre-coat-
ing dynamic membrane. The concentrations of PAC
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particles suspended into the volume of bioreactor are
between 0.25 and 1.1 g/L. The rate of PAC dosage is
sufficient to form the pre-coating dynamic membrane
at different thicknesses. Prior to use PAC particles in
experiments, they are rinsed by using distilled water
to remove any fines and dried in the oven at 105˚C.
The detail characteristics of commercial PAC particles
are presented in Table 1. In order to compare the
capacity of dynamic membrane in rejecting matter
with conventional membrane used in MBR systems, a
flat sheet microfiltration membrane made of polyvinyl-
idene fluoride (PVDF) is used with mean pore size
0.20 μm.

2.2. Field emission scanning electron microscopy

The surface of dynamic membrane layer formed
on the mesh filter with corresponding cross-section
structure is observed with the help of a scanning elec-
tron microscopy (S4160, Hitachi, Japan). The boundary
between the filter and the dynamic membrane is read-
ily distinguishable, so the thickness of the PAC layer
is easily determined. When forming the dynamic
membrane, the suction pump is stopped and the per-
meate valve is normally closed to prevent the back

flow of the filtrate due to built-up back pressure. The
sample of pre-coating dynamic membrane is precisely
obtained and accurately fixed to the welfare of the
SEM. When separating the piece of PAC particle layer
from the mesh filter, especial attention must be given
to preserving the origin of the microstructure. A coat-
ing of gold by a sputter is set on the sample in order
to increase surface resolution.

2.3. Porosity measurement

The porosity of dynamic membrane formed is
determined by using two methods, direct and optical.
In direct method, the mass of bare mesh filter is deter-
mined prior to PAC deposition. The mass of PAC
layer is calculated by subtracting two obtained masses,
the mass of PAC layer with mesh filter and the mass
of bare mesh filter. The volume of the PAC layer is
determined by dividing the mass to bulk density of
PAC. Total volume of dynamic membrane is deter-
mined by measurement of the height of PAC layer
using SEM. Porosity is measured by dividing pore
volume obtained to total volume of dynamic mem-
brane. In the optical method, the SEM images taken
from the cross-sectional view of dynamic membrane is
analyzed using Image J 1.46 software. This software
utilizes the contrast between two phases, pores and
PAC part, in the SEM Image. Fig. 2(b) shows the
scanned image of the cross-sectional view of dynamic
membrane obtained from SEM observation, Fig. 2(a).
As shown in Fig. 2(b), pore areas are extracted using
Image J software (blue lines). The porosity based on
area fraction for the dynamic membrane is then deter-
mined. The porosity value obtained from direct and
optical methods becomes 0.405 and 0.401, respectively,
for dynamic membrane with thickness 300 μm.
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Fig. 1. (a) process flow diagram: (1) Bioreactor vessel; (2) Axial agitator; (3) DC electrical motor; (4) Filter module; (5)
Level switch; (6) Permeate valve; (7) Inlet pump valve; (8) Permeate pump; (9) Outlet pump valve; (10). Computer sys-
tem; (11) Flow indicator; (12) Pressure transmitter; (13) I/O module; (14) Flow transmitter; (15) Control valve, (b) dynamic
membrane formed by PAC deposition on mesh filter medium.

Table 1
The characteristics of PAC

Specification Unit Quantity

Mean particle size mm 0.1
Iodine number mg/g 950
Surface area, BET (N2/77˚K) m2/gr 1,055
pH – 6–8
Ash content %wt 2–3
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2.4. CFD simulation

Since the bioreactor is equipped with the mesh fil-
ter and the agitator, so the multiple reference frame
(MRF) model as well as Navier-Stokes method with
k-ε turbulence model is applied. The MRF method
simulates the flow for fixed position of the agitator rel-
ative to the vessel [25,26]. In this method the solution
domain is divided into two regions, namely, inner and
outer region. For the inner region the continuity and
the momentum equations are solved in rotating frame-
work as well as agitator and for the outer region those
equations are solved in the stationary framework as
well as mesh filter [27]. The assumptions required for
CFD simulation using Fluent 6.3.26 software and the
numerical implementation has been explained in
detail at the study which has been previously done
[28].

3. Theoretical modeling

The conditions under which pre-coating dynamic
membrane is formed are based on some assumptions
to be expressed as following:

(1) The dynamic membrane is growing in the
z-direction as shown in Fig. 3.

(2) The particle size of PAC is equal to 100 μm and
the shape of PAC is imagined as spherical parti-
cle with smooth external surface.

(3) The spherical particles suspended through the
volume of the bioreactor are assumed to be
mono-dispersed.

(4) The fluid flow around each stationary particle in
the PAC deposit layer is assumed to be identical.

(5) The effect of filter surface on the adhesive forces
including Van der Waals and electrostatic forces
is assumed to be negligible.

(6) The mechanisms of the filtration are assumed to
be the surface straining and the cake filtration.

(7) The dynamic membrane is considered as an

incompressible layer and a cubic structure as
shown in SEM images, Fig. 4.

The three forces including lift due to mechanical
mixing, drag due to negative pressure-driven filtra-
tion, and adhesive due to particle–particle interactions
are taken into account in prediction of PAC particle
deposition upon the mesh filter. The adhesive force
plays a significant role in attaching the particles to
dynamic membrane layer, specifically for fine particles
with diameter less than 100 μm [29]. Fig. 3 shows the
forces acting on the particle B that becomes very close
to the stationary particle A. The particles settled in the
dynamic membrane layer are also under a stress cre-
ated by the filtrate flow. The drag force acted on a
particle existing in the dynamic membrane can be
approximated by following equation [30]:

FD ¼ kd2l
u

d
(1)

when k value is equal to 3π, it becomes valid for a vis-
cous fluid flow around a single particle. Neesse et al.
[29] estimated the quantity of k approached to unit for
filter media. The total drag force acting on particle A
at a specific layer of the dynamic membrane, (δ = L–Z),
is assumed as below:

F
ðAÞ
d ¼ kdlu

d
d

� �
(2)

δ is assumed to be equal to two mono-layers of PAC
particle at the external surface of dynamic membrane.
In addition to drag force, the pressure drop across the
dynamic membrane can be expressed by following
equation [31]:

DP � ð1� eÞfðeÞ L
d2

lu (3)

Fig. 2. (a) SEM image of dynamic membrane, (b) pore areas extracted by using Image J software.
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where f(ε) refers to the porosity function of the
dynamic membrane and is defined as below [32]:

f eð Þ ¼ 1� eð Þmen (4)

A lift force exerted on a particle due to mechanical
agitation is defined as following equation [33]:

FL;Sa ¼ 6:46qmrd
2 Gl

q

� �0:5

(5)

Mei [34] proposed the following approximate expres-
sion for the shear lift:

FL;Me

FL;Sa
¼ 0:0524

Gd

vr
Rep

� �0:5

(6)

The velocity and mean shear are determined by using
the CFD simulation as before mentioned. As can be
inferred from Eq. (6), the lift force exerted on a
particle is a function of mixing intensity as well as the
rotation speed of agitator. When the particles are
dispersed in the continuous phase the adhesive forces
declare its being as three main forces of Van der
Waals, attractive or repulsive electrostatic, and
liquid bridge [35]. Two solid particles molecularly
establish attractive forces collectively known as van
der Waals:

Fig. 3. (a) deposition of PAC on the surface of mesh and the flow patterns, (b) deposition of PAC on the dynamic
membrane and the forces acting on a PAC particle depositing.

Fig. 4. (a) deposition of PAC particles onto the yarns of mesh filter, (b) surface of the dynamic membrane formed, (c)
dynamic membrane formed at thickness of 100 μm, and (d) dynamic membrane formed at thickness of 200 μm.
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FA ¼ AR1R2

6 R1 þ R2ð ÞH2
(7)

where A is Hamakar constant and its value is approxi-
mately ranged to 20–25 (J × 10−20) for water and car-
bon and H is 0.4 nm [36]. The energy of the inter
particle force can be written as below:

E ¼ FA
d

(8)

For activated carbon suspended in tap water, the
order of magnitude for E becomes 1 × 10−3 N/m. The
immobilization parameter, Im, as the ratio of the body
forces and the adhesive force is defined as below:

Im ¼ FD � FLj j
FA

¼ kdlu d
d

� �� FL;Me

�� ��
Ed

¼ klu
E

d
d

� �
� FL;Me

�� ��
Ed

(9)

with substituting Eqs. (3) and (4) into Eq. (9), the other
state of the immobilization parameter becomes as fol-
lows:

Im ¼ k
DPd2

EL

1

1� eð Þmþ1en
L

d

� �
1� zð Þ � FL;Me

Ed
(10)

where the value of m and n indices is assumed to be
equal to 1 and –ε, respectively. The dimensionless
term FD:A ¼ DPd2

EL demonstrates the force equilibrium
due to fluid friction and intraparticular forces at the
certain particle. The second term of Eq. (10) also
demonstrates the effect of lift force due to flow field
created by mechanical mixing. As inferred from
Eq. (10), the porosity of dynamic membrane depends
upon the parameters such as pressure drop across
the layer of dynamic membrane, specific surface
energy of particle, thickness of dynamic membrane,
particle size, and the intensity of mechanical mixing.
It can be resulted that Eq. (10) encompasses of two
main terms: (1) the ratio between drag force and
intraparticular force which is defined as drag dimen-
sionless parameter, ImD and (2) the ratio between lift
force and intraparticular force, which is defined as lift
dimensionless parameter, ImL. The Eq. (10) can be
ordered as below:

Im ¼ ImD � ImL (11)

4. Result and discussions

4.1. The velocity and shear rate calculated by CFD
simulation

The predicted liquid velocity vector fields for two-
phase (PAC–water) are shown in Fig. 5(a). Fig. 5(b)
and (c) depicts the velocity and shear rate contours on
a vertical surface with a 1mm distance from dynamic
membrane, respectively. The local vertical velocity
profiles at distances 100–1,000 μm from the center of
the membrane surface are represented in Table 2. As
shown in Table 2, the local flow velocity increases
slightly with distance from the dynamic membrane. It
can be attributed to interaction between dynamic
membrane surface and liquid phase in close proximity
to membrane. The velocity profiles range from 0.116
to 0.122, 0.263 to 0.268, and 0.353 to 0.359 (m/s) for
rotation speed of agitator 150, 300, and 450 rpm,
respectively. The mean flow velocity and shear rate
values obtained from the CFD simulation are applied
to calculate the lift force exerted on particle.

4.2. Pre-coating dynamic membrane formation

Dynamic membrane is gradually formed by ran-
domly deposition of suspended PAC particles on the
mesh filter surface. The rotational speed of agitator
varies at three values 150, 300, and 450 rpm upon
which the just-complete suspension of PAC particles
is performed. The SEM images are obtained to exam-
ine the dynamic membrane formation. As shown in
Fig. 4(a), at the early stage of dynamic membrane for-
mation, one layer of particles is almost formed on the
surface of mesh filter and the spatial structure of first
deposition layer is approximated to be in cubic form.
The cross-section views obtained from SEM observa-
tion also display that the dynamic membranes are
formed at different thicknesses including 100, 200, 300,
400, and 500 μm. The variations of pressure drop with
prolonged pre-coating time are shown in Fig. 6. The
results show that when developing the first layer of
dynamic membrane at early stage of filtration, the
TMP is moderately increased. Then, further develop-
ment in the dynamic membrane formation results in
higher TMP. The pre-coating time, which is defined as
the interval between the time of start-up and the time
when the TMP reaches stable and no significant
change in TMP happens, is between 56 and 144min in
this study (dash line in Fig. 6). Before the pre-coating
time, the thickness of dynamic membrane increases
continuously, thus leading to increase in filtration
pressure. The relationship between TMP and the
thickness of dynamic membrane is also shown in
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Fig. 7. The TMP increases sharply in lower thickness
(≤300 μm) and then increases slightly in higher thick-
ness (>300 μm) of dynamic membrane. The inflection
point on curve is about 300 μm. The difference in the
trend of TMP variations can be due to the porosity
and the morphology of dynamic membranes.

4.3. Effect of drag and lift forces on the porosity

The dimensionless term, FD.A, as mentioned before
is used as the representative of drag force to evaluate
the effect of drag force owing to suction of permeate
pump on the structure of dynamic membrane as well

as the porosity of dynamic membrane. Fig. 8 shows
the variations of the porosity of dynamic membrane
with the term, FD.A, at various rotational speeds of agi-
tator. As shown in Fig. 8, while this dimensionless
term increases the porosity of dynamic membrane
decreases. It can be said that the lower drag force
results in the higher porosity of dynamic membrane,
thereby occurring the looser dynamic membrane. It
can also be concluded that the exerted drag force pro-
vides the stability of pre-coating dynamic membrane.
In addition to Eq. (6), Sweeny’s correlation [37] is used
to calculate the lift force exerted on the particle. Fig. 9
compares the values of lift force obtained from Mei’s

Fig. 5. (a) Liquid velocity vector fields for single-phase and (b), (c) the velocity and shear rate contours on a surface.

Table 2
Local velocity magnitudes at distances ranging from 100 to 1,000 μm from the center of the membrane surface

Distance from center of
dynamic membrane (μm) 100 200 300 400 500 600 700 800 900 1,000

Velocity (m/s) N = 150 rpm 0.116 0.116 0.117 0.117 0.118 0.119 0.120 0.121 0.121 0.122
N = 300 rpm 0.263 0.264 0.264 0.265 0.266 0.266 0.267 0.267 0.268 0.268
N = 450 rpm 0.353 0.354 0.354 0.355 0.356 0.356 0.357 0.358 0.359 0.359
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and Sweeny’s correlations. Data obtained comes very
close to each other with a linear regression slope of
0.91. The variations of the porosity of dynamic mem-
brane with lift force are shown in Fig. 10 at different
thicknesses of dynamic membrane. Lift force exerted
on the particle strictly depends on the rotational speed
of agitator. By increasing the speed of agitator, the
mixing intensity increases so that the lift force on PAC
particles increases. The denser dynamic membrane is
formed when the lift force becomes lower. It can be
resulted that the lift force on a particle affects the sta-
bility of pre-coating dynamic membrane.

4.4. Effect of the thickness of pre-coating dynamic
membrane on the porosity

The porosity of dynamic membrane varies with
thickness as illustrated in Fig. 11. The minimum

porosity which is equal to 0.38 occurs at the thickness
of 100 μm of dynamic membrane. As can be seen from
Fig. 11, no significant change in the porosity is
observed for the dynamic membrane with the thick-
ness less than 400 μm. The porosity of dynamic mem-
brane increases slightly with increasing the thickness
till 400 μm and thereafter the porosity increases shar-
ply with the thickness more than 400 μm. It can be
resulted that the pre-coating dynamic membrane
becomes denser at low thickness; therefore, it is looser
at high thickness. The thickness of 400 μm can be con-
sidered as a threshold upon which the structure of
dynamic membrane becomes unstable.

4.5. Immobilization parameter

As mentioned in Eq. (10), the dimensionless
immobilization parameter encompasses of two major
terms including the ratios of lift and drag forces over

Fig. 8. Variation of porosity of dynamic membrane with
drag force at different agitator revolution speeds.

Fig. 9. Lift forces calculated by using Mei’s equation (FL,
Me) and Sweeney’s correlation (FL,Sw).

Fig. 10. Variation of porosity of dynamic membrane with
lift force at various thicknesses.

Fig. 11. Variation of porosity of dynamic membrane with
the ration of thickness to particle diameter (L/d) at
different agitator revolution speeds.
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adhesive force. This parameter can be expected to be a
theoretically appropriate criterion in order to predict
the conditions of stable formation of the pre-coating
dynamic membrane. Dynamic membrane which is
formed at higher value of immobilization parameter
(Im > 1) has a more cohesive structure; consequently it
becomes more stable. As shown in Fig. 12, increasing
the lift force due to mixing intensity decreases the
value of immobilization parameter. On the other hand,
the increase in the drag force due to shear stress of
suction pump increases the value of the dimensionless
parameter. It can be resulted that the dynamic mem-
brane is steadily formed when the value of the immo-
bilization parameter becomes more than unit. This
parameter gets a value less than one for the dynamic
membrane formed at the thickness of 500 μm at the
revolution speed of 450 rpm, leading to weak structure
of dynamic membrane. Experimental observations
show that dynamic membrane formed at thickness of
500 μm is easily deformed under small shear.

4.6. Filtration capacity of PAC pre-coated dynamic
membrane

A standard polymeric solution, Formazin solution,
prepared according to ASTM standard method [38] is
used to evaluate the filtration capability of the
dynamic membrane forming on the mesh filter. Fig. 13
presents the turbidity effluent of the bare mesh filter
and dynamic membranes when filtering the standard
polymeric solution. As shown in Fig. 13, the mesh fil-
ter has low capacity to retain the suspended particles
of Formazin solution and the filtrate quality of the
bare mesh reaches 95 NTU. The results show that the
presence of PAC layer as pre-coated dynamic

membrane improves the effluent quality. Notwith-
standing the lower porosity obtained from the higher
thickness of dynamic membrane, the filtrate quality
improves when the thickness of dynamic membrane
increases. It means that both porosity and thickness of
dynamic membrane influence the filtration capacity in
rejection of the particulate matter. As shown in
Fig. 13, the filtrate turbidity of dynamic membranes
decrease with filtration time at the beginning stage of
filtration, then it reaches constant. At the end of filtra-
tion time, the effluent turbidity gets values less than
3 NTU and 1 NTU for dynamic membrane with thick-
ness equal to 100 μm and more than 100 μm, respec-
tively. The field observation also shows that the thin
layer of milk-white on the external surface of the
dynamic membrane is built-up at the early stage of fil-
tration due to Formazin deposition. To compare the
performance of pre-coating dynamic membrane with
conventional membrane, a flat-sheet PVDF microfiltra-
tion membrane with average pore size 0.4 μm is used.
The results reveal that rejection capacity of pre-coating
dynamic membranes is comparable to that of PVDF
microfiltration membrane (as shown in Fig. 13).

5. Conclusions

An in situ process is presented for formation of the
pre-coating dynamic membrane. The dynamic mem-
brane is formed at different thicknesses by deposition
of mechanically suspended PAC particles on the mesh
filter. The deposition of PAC particles on the mesh fil-
ter depends upon three main forces acting on a parti-
cle. The porosity of dynamic membrane as a function
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Fig. 12. Variation of immobilization index with the ration
of thickness to particle diameter (L/d) at different agitator
revolution speeds.

Fig. 13. The variations of filtrate turbidity at different
thicknesses of dynamic membrane.
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of drag and lift forces is obtained. The results reveal
that the porosity of dynamic membrane decreases
with increasing drag force due to pump suction and
with decreasing lift force due to mixing intensity. The
dimensionless immobilization parameter is theoreti-
cally derived to predict the formation of pre-coating
dynamic membrane. This parameter can appropriately
determine the possibility of the formation of pre-coat-
ing dynamic membrane and its stability. The results
demonstrate that higher value of immobilization
parameter results in more stable structure of the pre-
coating dynamic membrane. The results also reveal
that the thickness of 400 μm is expected to be a thresh-
old upon which the structure of dynamic membrane
becomes unstable. In this case, the immobilization
parameter value reaches unit. The results from the fil-
tration of Formazin solution reveal that the dynamic
membrane at higher thicknesses has better capacity in
rejecting particular matters than lower thicknesses.
The results also show that no significant change in
rejection capacity is observed for the thicknesses of
dynamic membrane more than 200 μm. The future
study will be to characterize dynamic membrane
formed by deposition of PAC on mesh filter in terms
of required pre-coating time, the stages formation of
dynamic membrane, intrinsically hydraulic resistance
of dynamic membrane, pore size, and morphology of
dynamic membrane.

List of symbols
FD — drag coefficient (N)
K — constant coefficient (–)
U — liquid velocity (m/s)
D — particle diameter (m)
L — final thickness of dynamic membrane (m)
Z — dynamic membrane in z-direction (m)
z — dimensionless parameter of thickness (Z/ L)
ΔP — pressure drop across dynamic membrane (Pa)
m, n — exponents of porosity function (–)
FL,Sa — Saffman’s lift force (N)
FL,Me — Mei’s lift force (N)
FL,Sw — Sweeny’s lift force (N)
νr — relative particle-liquid velocity (m/s)
G — mean velocity shear of Saffman’s equation (1/s)
Rep — Reynolds number of PAC particle (–)
FA — attractive force between two particles (N)
A — Hamakar coefficient (J)
R1, R2 — radii of two particles (m)
H — distance between two particles (m)
E — energy of inter particle force (N/m)
Im — immobilization parameter (–)
ImD — drag immobilization parameter (–)
ImL — lift immobilization parameter (–)
FD.A — ratio of fluid friction and inter particle forces (–)

Greek letters
δ — specific layer of dynamic membrane (m)
μ — liquid viscosity (Pa s)
ε — porosity of dynamic membrane (–)
ρ — liquid density (kg/m3)
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