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A dynamic membrane bioreactor (DMBR) was developed by substituting dynamic membrane (DM) for the
separation membrane in the submerge membrane bioreactor. The formation mechanism and structure of
dynamic membrane were investigated. Firstly, based on the flux behaviors of dynamic membrane under
constant filtration pressure, the formation mechanism of dynamic membrane was assumed in a creative
way by dividing the formation process of dynamic membrane into four stages, which was then proved by
four classic filtration laws. Furthermore, by the proposed formation mechanism, dynamic membrane from
inner to outer was divided into three layers, namely substrate layer, separation layer and fouling layer.
Moreover, by combining the theory of hydrokinetic boundary layer with the formation mechanism of
dynamic membrane, the methods for calculating the optimum cross-flow velocity on membrane surface
and aeration amount for controlling membrane fouling were provided.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, membrane bioreactor (MBR) system has
attracted considerable attentions, especially in advanced wastew-
ater treatment [1-3]. However, the application of MBR is hindered
by the problem of membrane fouling which brings the decrease of
permeation flux [4-6], as a result, the operation costs of MBR pro-
cesses are increased with the necessity of cleaning and replacing
fouled membranes. Thus, various techniques were introduced to
reduce membrane fouling in MBR process [7-9].

Moreover, it is known that the fouling cake forming on the
membrane surface not only causes flux reduce and resistance
increase, but also enables the separation membranes to reject
smaller objects, such as virus, inorganic ions and so on [10]. Thus,
a new kind of membrane, made up of common silk and fouling
cake, has been developed to actively utilize the separation abil-
ity of fouling cake. Based on the fact that the silk with large pores
of 50-500 wm has no separation ability, while sludge in reactor is
actually rejected by the fouling cake which looks like a new sep-
aration membrane added onto the silk, this kind of membrane is
thus called dynamic membrane or second membrane [11]. Dynamic
membrane not only has almost all characteristics belonging to com-
mon membranes, but also has some distinct features, such as low
expenditure, low energy consumption and high flux and so on. The
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dynamic membrane bioreactor (DMBR)is a kind of submerge mem-
brane bioreactor in which the separation membrane is substituted
by dynamic membrane.

According to the increasing characteristics of membrane resis-
tance in MBR, the formation process of filtration cake on
micro-membrane surface could be divided into blocking stage,
transition stage, and cake filtration stage [12]. However, due to the
variability of dynamic membrane, the formation mechanism and
structure of dynamic membrane in DMBR still have not been com-
pletely understood [13]. By far, there are few theories or models
about dynamic membrane formation process. So the characteristic
and structure of dynamic membrane in DMBR were investigated.
The objective of this research was to construct a theory regard-
ing the formation process of dynamic membrane, and develop
models for calculating the optimal cross-flow velocity on dynamic
membrane surface and optimal aeration amount for membrane
cleaning.

2. Blocking filtration laws

The formation of dynamic membrane is a complex process
including many physicochemical and microbiological mechanisms,
such as internal deposition, pore blocking and cake formation [14].
But in each formation stage, the separation characteristics and
structure of dynamic membrane could be well expressed by one
main mechanism. Thus, four classic filtration laws (Table 1) orig-
inally developed by Hermia for dead-end filtration [15,16], were
used to explain the flux behaviors under constant filtration pres-
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Table 1 Table 2
Empirical dead-end filtration equations. Quality of feed wastewater.
Law Description Equation Analysis items Values
Cake filtration Deposit of particles larger than the t/V=aV+b COD (mg/L) 78-126
membrane pore size onto the NH4*-N (mg/L) 9-19
membrane surface TP (mg/L) 1-3
Complete blocking Occlusion of pores by particles —In(J/Jp)=at+b Turbidity (NTU) 56-84
with no particle superimposition Temperature (°C) 15-24
Intermediate blocking Occlusion of pores by particles 1/J=at+b pH 6-8
with particle superimposition
Standard blocking Deposit of parities smaller than the t/V=at+b

membrane pore size onto the pore
walls, reducing the pore size

where Vis the cumulative volume of permeate at time t; J is the flux; Jy is the initial
flux; and a and b are the model parameters. The linear coefficients, a and b, of the
cake filtration model can be related to physical quantities by Eqs. (1) and (2):

HChc
A= ——n 1
2A2 TMP 1
_ _MRm
b= TMPA 2)

where p is the permeate viscosity, o is the specific cake resistance, Ry, is the
hydraulic resistance of the membrane, TMP is the trans-membrane pressure, A is
the membrane surface area, G, is the concentration of sludge and A is the slope of
the best fit of the linear equation: t/V=f(V). Furthermore, the membrane characteris-
tics of voidage, compressibility and height in each phase of the dynamic membrane
formation process could be computed out by Eq. (3) and Kozeny Model described
as Egs. (4) and (5):

ac = oy TMP" 3)
180(1 —¢
= ( : ) (4)
prdged
Reg3d?
Sc= Cipz (5)
45(1 —¢)

where «a, is a constant, n is the compressibility factor, the higher the n, the more
compressible the cake is. ¢ is the voidage of the cake, §. is the height of the cake, p; is
the density of the wet cake, dp is the diameter of particles, Rc is the cake resistance.

sure. All models imply a dependence of flux decline on the ratio of
the particle size to pore diameter [15].

3. Methods and materials
3.1. Experimental system and analysis

The experimental system used in this test is showed in Fig. 1.
The DMBR system consists of a fully mixed biological reactor, a
plate-frame membrane module, aeration system and feed pump.

The biologic reactor with a working volume of 7.5 L was manu-
factured from polyethylene and divided into three parts, namely
left, right and middle parts, by barrier plates in the reactor. On
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Fig. 1. Diagram of DMBR system.

the bottom of the left and right parts, several aerators called lat-
eral aeration were set for aeration. On the bottom of the middle
part, several aerators called underside aeration were also set. When
reactor worked normally, the lateral aeration was operated to pro-
vide dissolved oxygen for microorganism, mix the sludge and water,
produce cross-flow on the membrane surface and accelerate the cir-
cular flow. While the dynamic membrane was fouled so seriously
that the reactor was not workable, the lateral aeration was then
stopped whereas the underside aeration was operated to remove
membrane fouling by strong gas—water multiphase flow.
Membrane subassembly used in this study is similar to
plate-frame membrane. The height and surface area of membrane,
made of silk with apertures of 0.1 mm, were 0.1 m and 0.01 m2,
respectively. The permeated water passed through the membrane
surface and then effused from reactor. Different from conven-
tional MBRs, the DMBR could be continuously operated for several
months until the membrane resistance reached the limited level.

3.2. Methods

The analysis items including pH, DO, COD, NH,4*-N, turbidity and
MLSS were carried out according to the standard methods issued
by the China National Environmental Protection Agency [17]. The
degree of membrane fouling was calculated using the following
resistance model:

_ TMP
I

where J is the permeation flux (m3/m?2s), 1 is the kinetic viscosity
of the activated sludge in reactor (Pas).

(6)

3.3. Source of wastewater

This test was feed with the municipal raw sewage, which was
screened through 1.0 mm punch holes. The quality of influent is
showed in Table 2.

4. Results and discussions
4.1. Hypothetical mechanism for dynamic membrane formation

As a kind of filtration cake, the formation process of dynamic
membrane should be similar to that of the fouling cake on micro-
membrane and could also be divided into several stages. When
MLSS was 7450 mg/L, membrane flux was about 20L/m? h in the
first 2 min and was then shortened to 4-10L/m? h for prolonging
the durations of each stage. The increasing process of dynamic
membrane resistance with operation time is showed in Fig. 2.
Results indicate that the formation process of dynamic membrane
could be divided into four stages.

4.1.1. Stage 1: substrate formation

Membrane resistance decline occurred in this stage. Due to the
large apertures of silk, small sludge particles, colloids and solutes
could pass through silk and flow out in the effluent, while large
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Fig. 2. Variation of membrane resistance with operation time.

sludge floc attaching to silk surface could be removed by cross-flow.
Thatis, only the sludge with the size similar to silk aperture could be
retained through filling into silk holes. Consequently, the hydropho-
bicsilk is changed to be hydrophilic by the deposition of hydrophilic
sludge [18,19], leading to the decline of membrane resistance.
According to the analysis, the mechanism underlying substrate for-
mation in this stage should belong to standard blocking model.

4.1.2. Stage 2: separation layer formation

Membrane resistance began to increase, and the increasing rate
of resistance became quicker and quicker. In this stage, sludge con-
stituents are accumulated not only on the silk surface, but also
on previous deposition layer. Because the formed layers are thin-
ner than the hydrodynamic boundary layer of cross-flow therefore
the influence of cross-flow on sludge layer is not obvious, a sludge
monolayer called separation layer is thus able to form by removing
the sludge with multilayer structure. At the initial period of this
stage, a large number of solutes, colloids and small sludge particles
could pass through separation layer, indicated by broken sludge
bits and high COD content in effluent. However, by accumulating
more and more sludge constituents, the aperture of separation layer
becomes smaller and smaller, resulting in the ability of dynamic
membrane in retaining particles, colloids, virus and even some
solutes at last [10]. Thus, in this stage, the mechanism of sepa-
ration layer formation should be abided with complete blocking
model.

4.1.3. Stage 3: fouling layer formation

Increasing rate of membrane resistance became very quick and
membrane resistance reached the maximum at the end of this
stage. Because the aperture of the dynamic membrane formed
in previous stages becomes small enough to retain all sludge
components, the sludge layer in this stage could be formed by
accumulating solutes, colloids and sludge. Especially, when the
influence of the cross-flow on the dynamic membrane becomes
intense at the end of this stage, most of large deposited sludge par-
ticles are removed, companying with the increase of the solutes and
colloids content in dynamic membrane. All those resulted in high
membrane resistance. Finally, the resistance of dynamic membrane
increases to a steady state at the end of this stage whereas the flux
decline rate is further depressed.

4.14. Stage 4: filtration cake formation

Membrane fouling rate decreased and reached the steady state.
Since the height of dynamic membrane in this stage is already
higher than that of hydrodynamic boundary layer, cross-flow plays
important roles in further formation process of dynamic mem-
brane and particles deposition are then greatly reduced. In this
stage, another important factor influencing membrane resistance
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Fig. 3. Linear fitting of the obtained data in phase 1 with standard blocking law.

is the layer compaction which could increase filtration resistance
and decrease permeability. Although sludge layers have been com-
pacted by TMP throughout whole process, its effect becomes far
more relevant in stage 4, because a large amount of particles are
now being pressurized for a long time. When the permeation drag
of the suspended solids is decreased to the back transport velocity,
the flux reaches the steady state.

4.2. Testifying hypothetical mechanism

Asdiscussed above, according to the increasing characteristics of
membrane resistance with operation time, the formation process of
dynamic membrane could be divided into several stages. Moreover,
it was found that the resistance of dynamic membrane formed in
each stage was much smaller than that formed in the next stage, for
several magnitude orders. Therefore, as calculating the resistance
of sludge layer formed in each stage, the influence of former layers
could not be taken into account. Hence, it is feasible to estimate
the filtration model of dynamic membrane in each stage through
fitting the experimental data with the four classic filtration laws.
When the MLSS is about 7000 mg/L and kinetic viscosity is about
1.17 x 103 Pass, the linear fittings of experimental data in each stage
with classic filtration laws are illustrated in Figs. 3-6.

As shown in Fig. 3, the filtration mode in the initial 1 h is well
fitted to the standard blocking law, which indicates that substrate
formation process is the deposition of particles smaller than the
membrane pore into silk holes.

As shown in Figs. 3 and 4, during the period of 1.0-2.0h, the
standard blocking law abided by dynamic membrane filtration is
gradually substituted by the complete blocking law. The filtration
model of dynamic membrane is perfectly according with the com-
plete blocking law in the period of 1.8-3.5 h, which indicates that
separation layer is formed in this stage by monolayer deposition of
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Fig. 4. Linear fitting of the obtained data in phase 2 with complete blocking law.



H. Liu et al. / Chemical Engineering Journal 148 (2009) 290-295 293

6.00

5.00

1/J (h.m?/1)

y = 0.4424x - 1.7547
R*=0.9947

000 1 1 1 1 1 ]
0.00 3.00 6.00 9.00 12.00 15.00 18.00

t (h)

Fig. 5. Linear fitting of the obtained data in phase 3 with intermediate blocking law.

18
16 F 2 i
& ik y = 0.0403x + 1.1694
S
= R®=0.7048
€12t
L
08 I
06 1 1 1 ]
10 11 12 13 14

v

Fig. 6. Linear fitting of the obtained data in phase 4 with cake filtration law.

sludge particles. Furthermore, by analyzing the pollutants content
in effluent (Table 5), it is found that the holes of the meshy silk have
already been blocked to be small enough to reject almost all sludge
components. That is, the separation ability of dynamic membrane
in this stage has been comparable to that of micro-membrane and
ultra-membrane, and the sludge layers formed in following stages
should belong to membrane fouling with little contributions to the
improvement of membrane separation ability.

Though dynamic membrane has been reliable to separate efflu-
ent after particles depositing into silk holes and pores occluded
on silk surface, sludge particles keep on depositing on dynamic
membrane surface. In the period of 5.0-7.0 h, the filtration mode
of dynamic membrane is well fitted to the intermediate blocking
law (Fig. 4). Moreover, it is found that the resistance of dynamic
membrane increases most quickly in this stage, implying that it is
important to restrain the sludge layer deposited by intermediate
blocking law.

At last, the experimental data were tried to fit with cake filtra-
tion law (Fig. 5). It is found that throughout the duration of runs,
just the filtration mode of dynamic membrane during the period
of 11.0-14.0 h could be described by the cake filtration law, which

Substract

indicated that filtration cake is formed in this stage by depositing
of particles larger than the membrane pore.

4.3. Characteristics of dynamic membrane formed in each stage

4.3.1. Cake compressibility

The . values of filtration layers formed in stages 1-4, calculated
according to the standard blocking law, complete blocking law,
intermediate law and cake filtration law, are 1.25 x 10'>,1.95 x 101>,
7.22 x 10> and 3.53 x 10" m/kg, respectively. Based on the estab-
lished formation mechanisms, the sludge layer in stage 1 is formed
by particles deposition into silk holes and thus could be considered
as incompressible. That is, n and o values in stage 1 could be con-
sidered as zero and ac,, respectively. Then, the n values of stages
2-4 are calculated out as 0.0158, 0.0597 and 0.0374, respectively. It
is obvious that the relatively low compressibility of cake is formed
in stage 2, while higher compressibility is obtained for stage 3 than
stage 4.

Different cake compressibility of the sludge layers formed in
each stage might be induced by the shifts of formation mechanisms.
As mentioned above, the sludge layer formed in stage 2 is a particles
monolayer with few compressible voids in the vertical direction
of dynamic membrane surface, resulting in low compressibility. In
stage 3, the sludge layer is formed by one particle depositing onto
another, producing huge compressible void and inducing the largest
nvalue. Basically, the sludge layer formed in stage 4 should have the
highest compressibility. However, because the height of dynamic
membrane in stage 4 is already larger than that of hydrodynamic
boundary layer, the loose components in dynamic membrane could
be removed by cross-flow while the compact structure is accumu-
lated, resulting compressibility reduce in stage 4.

4.3.2. Voidage and height of filtration cake

The voidage value (&) of filtration cake formed in stage 4 is cal-
culated by Eq. (4) as about 0.162, larger than that of alginate cake
on micro-membrane surface, from 0.078 to 0.078 [16]. Moreover,
the height of filtration cake is also calculated by Eq. (5) as about
41.07 mm, which is much larger than the value of 10-20 mm mea-
sured by the ruler installed vertically against membrane surface.
This difference might be contributed by the influence of cross-flow
on membrane surface.

4.4, Structure of dynamic membrane

Based on the results analyzed above, dynamic membrane from
inner to outer could be divided into three layers (Fig. 7):

e Substrate layer made up of silk and large particles with diameter
of about 0.1 mm.

e Separation layer made of sludge particles whose size is decreased
from inner to outer, and the separation ability of this layer is
comparable to micro-membrane.

e Fouling layer made up of sludge particles, solutes and colloids.

Fig. 7. Diagram of dynamic membrane structure.
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4.5. Application of dynamic membrane formation mechanisms

4.5.1. Optimum cross-flow rate

Based on the theory of hydrokinetic boundary layer, it is known
that there is a hydrodynamic boundary layer on the membrane
surface when liquid flows along the membrane surface, and the
influence of cross-flow on the dynamic membrane surface is very
limited when the height of dynamic membrane is less than that
of hydrodynamic boundary layer. Moreover, the height of hydrody-
namic boundary layer could be controlled by adjusting cross-flow
rate when other parameters, such as viscosity of the mixture,
temperature and so on, are kept immobile. Thus, the height of
hydrodynamic boundary layer could be adjusted to an optimum
spectrum, which includes the filtration layers to ensure the separa-
tion ability of dynamic membrane but excludes the fouling layer to
reduce the membrane resistance. Furthermore, based on the estab-
lished mechanism, the optimum height of hydrodynamic boundary
layer should be equal to the height of the separation layer and could
be obtained by adjusting cross-flow velocity.

When the cross-flow is provided by the lateral aeration, mixed
liquor in reactor is Newton liquid and flow pattern of cross-flow
is laminar flow. The optimal cross-flow rate on the dynamic mem-
brane surface could be obtained by the following method deduced
by the theory mentioned above.

4.5.1.1. Calculating the height of hydrodynamic boundary layer. The
height of hydrodynamic boundary layer could be calculated by the
model of the plate-laminar-flow hydrodynamic boundary:

(04
8§ =5.477 Uo (7)
where § is the height of the hydrodynamic boundary layer, v is the
permeate kinematic viscosity, Uy is the rate of the flow in front of
the membrane, x is the smallest distance in the direction of the
cross-flow between the point with flow rate of Uy and the front top
of the membrane.

4.5.1.2. Calculating the height of dynamic membrane. By combin-
ing Egs. (4) and (5), the height of dynamic membrane (§) could
be described as below:
_ 4TMP
acdJupa(1 —¢)
where «. is the specific cake resistance, ¢ is the voidage of the
dynamic membrane and p, is the density of the mixture in the
reactor.

(8)

4.5.1.3. Optimum cross-flow rate. According to the theoretical anal-
ysis above, the optimum cross-flow rate could be calculated by the
following equation:

1.9vxa2)? 2 p2(1 - &)

U
0 TMP?

(9)

4.5.2. Optimum aeration gas amount for controlling membrane
fouling

When dynamic membrane is fouled so seriously that the reac-
tor is not workable, the gas-liquor multiphase flow provided by
underside aeration is necessary to remove membrane fouling.
The optimum aeration amount could be calculated by following
method.

4.5.2.1. Calculating Reynolds number of turbulent flow. The cross-
flow provided by underside aeration is not laminar flow now, but
turbulent flow. The characteristics of the turbulent flow could be

Table 3
The maximal velocity of the air bubble in the water with one kind of gas.

Scope The maximal velocity of air The range of Reynolds number
bubble
2R%(pr—pg)g
Zone 1 Uso = IJEJT Re<2

Zone 2 Vke =

2 < Re < 4.02G; %2
0.76 ( Pf 0.52 1.28
0.33¢g (M[ ) Rb

Zone3  Ux=135(c/psRy)"%° 4.02G;%2" < Re <
3.106;°% or 16.32G9144 < Re <
5.75
Zoned  y, =118(go/pp)025 (1181s  3.10G;%%° <Re
usually substituted by 1.53) 5.75<G;

where Re is the Reynolds number, U is the maximal velocity of air bubble and Rey,,
G1, G, could be calculated by Eqs. (12)-(14):

207 UsoR
Rey = Vb (12)
Hs
4
gu
=L (13)
pPro
gRiVL o2
G= 2o (14)
[oa

described by Reynolds number and skin friction coefficient, both of
which could be calculated out by the model of calculating the height
of turbulent flow boundary layer (Eq. (10)) and Prandtl-Karman
model (Eq. (11)):

57[) _ 5v2 10
D Re\/]F (o)
1

—— =4.0lg(Re+/f) - 0.4 (11)
7 i

where §}, is the height of the flow boundary layer, D is the equivalent
diameter (D =4r, r is hydraulic radius), Re is the Reynolds number
according with equivalent diameter and fis skin friction coefficient.

4.5.2.2. Calculating the velocity of air bubble on membrane surface.
The maximal velocity of air bubble on the surface of membrane in
aeration process could be calculated by the models listed in Table 3.

4.5.2.3. Calculating the flow velocity on membrane surface. It is
known that in the gas-liquor multiphase flow, the velocity of the
liquor flow is slower than that of the gas flow. There is arelationship
between the liquor flow velocity (vL) and gas flow velocity (vg),
and the value of vg/uy could be calculated out by the following
equation:

pa (15)

S:1+7(1—M)G

where s is the value of vg/uy, p’ is the density of the liquor, a is
the coefficient involving pressure and conduit diameter, G is the
mass flux and M is the weight of the dry activated sludge with unit
volume.

Table 4

Performance of DMBR with MLSS of about 3000 mg/L.

Indexes COD (mg/L)  Turbidity (NTU) NH4*-N(mg/L) TP (mg/L)
Influent 134.6 89.6 28.0 1.9
Effluent 28.2 3.2 2.1 0.5
Removal rate (%) 77.9 96.3 91.7 72.6
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-ll’-:':flsrfnance of DMBR with MLSS of about 7450 mg/L in an operation cycle.

Time (min)

5 15 30 120 240 480 720 1500
Effluent COD (mg/L) 135.8 80.6 75.6 46.8 - 30.3 - 325
Effluent turbidity (NTU) 78 60 56 16 5 2.5 2.1 2.0

4.5.2.4. Calculating the optimum aeration amount. By deducing Eq.
(12), R, could be calculated from the following equation:

Rep pug
= 16
20fUso (16)

When the liquor is viscous, the volume of a single gas bubble
could be calculated by Davison-Schuler model:

B 4 \ /4 151Qq 3/4
w=(57)" | 2] )

b

(p3 — pg

Based on the established mechanisms, the model for calculating
the optimum aeration amount could be built up as follows:

- 1/4]3/4
Qg:zg(/;awpg) BﬂRﬁ(;n) ] (18)

where Vy, is the volume of the air bubble, p3 and pg are the density
of the liquor and gas, respectively, Qg is the aeration gas amount
and Ry, is the equivalent radius of the air bubble.

4.6. Performance of DMBR system

In this study, the test could be divided into two stages, namely
low MLSS and high MLSS. At low MLSS of about 3000 mg/L,
dynamic membrane have been continuously operated for several
months without membrane cleaning and perfect separation ability
of dynamic membrane could be obtained within 30 min, which has
been reported in our previous work [20]. Moreover, when MLSS is
about 3000 mg/L, DO is 2.0-3.0 mg/L and pH is 6.0-7.0, the average
performance of DMBR within 1 month is showed in Table 4.

In order to describe the formation process of dynamic mem-
brane more visually, the MLSS was improved for shortening the
operation cycle of dynamic membrane. When MLSS is about
7540 mg/L, COD and turbidity in influent are 215.5mg/L and
150.0 NTU, respectively, DO is 2.0-3.0mg/L and pH is 6.0-7.0, the
performance of a typical operation cycle of about 25h is showed
in Table 5. It is found that COD and turbidity contents in the efflu-
ent reach stable after 5 h, implying that the complete formation of
dynamic membrane at high MLSS of 7540 mg/L required 5 h, much
longer than that of low MLSS. Therefore, in the system of DMBR, it
is very important to control MLSS within an effective range.

4.7. Conclusion

Dynamic membrane is formed during the filtration process
and varies with the operation time. Thus, it is difficult to express
the formation mechanisms of dynamic membrane by mathemat-
ical model. Based on the flux behaviors under constant filtration
pressure, the formation mechanisms of dynamic membrane was
developed by dividing formation process into four stages, which
was then testified by the four classic filtration laws. Moreover,
dynamic membrane from inner to outer was divided into three
layers, namely substrate layer, separation layer and fouling layer.

Then, by combining the established mechanisms with the the-
ory of hydrokinetic boundary layer, the method for calculating
the optimal cross-flow rate on the dynamic membrane surface
was developed, and the model for calculating the optimal aeration
amount to control membrane fouling was built up.
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