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ABSTRACT

Dynamic membrane has attractive features, compared to the traditional membrane technol-
ogy. This work investigated the performance and filtration process of a dynamic membrane
(DM) at a constant flow rate, which was formed by flocs, produced by river water pollutants
reacting with poly aluminum chloride with a non-woven fabric filter as the support media.
Effluent turbidity was studied as the marker of a dynamic membrane formation, and chemi-
cal oxygen demand (COD) and total phosphorus (TP) were surveyed to evaluate the process
performance. The results showed that the combined coagulation—-dynamic membrane process
is effective in treating polluted river water. The COD and TP removal efficiencies were
obtained in the DM forming process and after formation. The relationship of the running
pressure versus the operation time was used to evaluate the filtration process, according to
the combined models of the membrane fouling. The standard model plays the dominant role
in the first stage of the DM reactor running process, and after it, the intermediate model
plays the leading role.

Keywords: Coagulation; Dynamic membrane; Filtration process; Constant flow rate; Non-woven
fabric filter

1. Introduction

Dynamic membrane filtration has been increas-
ingly used in the wastewater treatment process in
recent years. Usually, the dynamic membrane is
formed by exposing a mounted porous body to a
solution, containing fine particles by a simple filtration
process [1-3]. Compared with traditional membranes,
inexpensive materials, high filtration flux, better
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filtration performance, and easy formation from vari-
ous substances are very attractive features of dynamic
membrane [4,5]. Therefore, it is considered as a substi-
tute for the conventional membrane reactor [6,7].
Coagulation is an effective pretreatment, because it
helps to remove the smallest particles. Thus, a combi-
nation of coagulation and dynamic membrane has
been proposed. Small particles are destabilized and
combined into larger aggregates, during the coagula-
tion process. And it is removed from water, through
the dynamic membrane. The combined process
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successfully integrates the advantages of both coagula-
tion and membrane filtration.

The formation and filtration of particles of the
dynamic membrane are similar to membrane fouling,
resulting from the deposition of particles inside or on
top of the membrane [8]. So, the four classical mem-
brane fouling mechanisms are thus expected to be
able to account for the formation and filtration pro-
cesses of the dynamic membrane at constant flowrate
[8-11]. The four models are: complete blocking model,
intermediate blocking model, cake filtration model,
and standard blocking model. The details of the four
models are as follows: (i) complete blocking model,
assuming that all particles seal off pore entrances, (ii)
intermediate blocking model, assuming that a portion
of particles seals off pores and the rest accumulate on
top of other deposited particles, (iii) cake filtration
model, assuming that particles accumulate on the sur-
face of a membrane, in a permeable cake of increas-
ing thickness that adds resistance to flow, and (iv)
standard blocking model, assuming that particles
accumulate on the walls of straight cylindrical pores
inside membranes. But in actual process, Bolton [8]
and Liu [11] think, only one model is not so ideal in
simulating the real data and the theoretical model.
So, the combined model was proposed as listed in
Table 1.

Some efforts have been made to understand the
formation and filtration mechanisms of the dynamic
membrane, by means of fouling model analysis. Fan
et al. [12] reported actual municipal wastewater with
a self-forming dynamic membrane, formed on a
coarse mesh, and the performance was satisfactory.
The effluent suspended solid concentrations were
undetectable in most cases, and chemical oxygen
demand (COD) and the NH;-N removal efficiencies
averaged 84.2 and 98.03%, respectively. Sharp and
Escobar [13] focused on testing different coagulation
pretreatment techniques to improve membrane filtra-
tion in water separations. They believed that a coagu-
lant-based dynamic membrane has the potential to be

an effective method, to improve UF efficiency in water
separation applications as well as to decrease pretreat-
ment costs associated with the operation. Al-Malack
et al. [14] investigated the effectiveness of a dynamic
membrane made of woven fabric, in treating domestic
wastewater, and the results showed that the
membrane improved the overall performance of the
crossflow microfiltration process. Y. Kiso created a
dynamic membrane, in what they named a mesh
filtration bio-reactor (MFBR) and used it to treat syn-
thetic wastewater. The study revealed that the MFBR
can be used as an alternative advanced wastewater
treatment process [6]. A non-woven fabric filter was
also evaluated as an alternative membrane for solid—
liquid separation, in an activated sludge reactor, and
showed good performance, sufficient for domestic
wastewater treatment [5]. Zhang et al. [15] used the
self-forming dynamic membrane bioreactor, to remove
the contaminants in bleaching the effluent discharged
from the straw pulping process, and the results
showed the dynamic membrane formed normally in
60 min, the COD decreased obviously from 1,344 mg/
L in the influent to 260mg/L in the effluent, and lig-
nin from 390 to 192mg/L.

Above researches indicate the use of the dynamic
membrane in wastewater, and there are still some
works which focus on the micro-polluted surface
water treatment [16-18]. Chu et al. [7,16] used bio-
diatomite dynamic membrane reactor for micro-pol-
luted surface water treatment, the results showed it is
advantageous in high filtration flux, long filtration
time, and excellent solid-liquid separation capacity,
and Pollutants could be removed effectively by the
reactor. But, they believed that the removal of pollu-
tants was mainly ascribed to microbial degradation
and the membrane alone; PAC-diatomite absorption
was much less effective in removing pollutants.

In the present study, however, polluted river water
(In China, once the river water quality fails to reach
the quality set by the water environment function
division, we can say the river water is polluted) was

Table 1

Summary of the five combined models at constant flow rate

Model Equations Parameters
Cake-complete P/Py = (1/(1 — Kpt))(1 — (KJ2/Kp) In(1 — Kpt)) K. (s/m?),Ky, (s71)
Cake-complete P/Py = (1/(1 = Kpt))(1 — (KJ3/Kp) In(1 — Kpt)) Kc (s/m?), Ky, (s71)
Cake-intermediate P/Py = exp(KiJot)(1 + (KcJo/Ki)(exp(KiJot) — 1)) K. (s/m?),K; (m™1)
Complete-standard P/Py =1/[(1 — Kpt)(1 + (KJo/2Kp) In(1 — Kpt))?] Ky (s7'),Ks (m™)
Intermediate-standard P/Py = exp(KiJot)/(1 — (Ks/2K;) (exp(KiJot) — ]))2 Ki (m™),Ks (m™)

Cake-standard P/Py = ((1 = KqJot/2)

2L KJ3H)

Ke (s/m?),Ks (m™)
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first coagulated in the reactor to form relatively large
aggregated particles, which were subsequently sepa-
rated from the water by undergoing dynamic mem-
brane filtration. The formation of a dynamic
membrane was evaluated, according to the effluent
turbidity at constant flow rate. The performance of the
pollutants removal was also investigated. The com-
bined blocking models were used to identify the filtra-
tion process at constant flow rate, based on the
individual model fitting parameters.

2. Materials and methods
2.1. Modeling

In this section, the five combined models of mem-
brane fouling models are summarized, based on the
Refs. [8,10,11] in Table 1 at constant flow rate.

2.2. Dynamic membrane reactor

Fig. 1 shows the experimental setup used in this
study. The reactor was made of organic glass, and its
effective volume was 24L. The membrane module
was constructed from polyvinyl chloride boards,
bolted together with wire netting, and with a non-
woven fabric filter on two sides. The water flowed
through the fabric, and out the effluent pipe. The reac-
tor was divided into two parts by a clapboard, placed
10cm above the bottom of the reactor. To the left of
the clapboard, the coagulant was mixed with raw
water by aeration through the perforated tube. In the
running process, left aeration mixed the coagulant
with the raw water, while right aeration idled until

C. Xu et al. | Desalination and Water Treatment 52 (2014) 102-110

membrane backwashing was needed. These two
aeration pipes worked in turn. The left aeration
caused the water to move clockwise around the clap-
board in the reactor, except during membrane back-
washing. Because of the lowest water level above the
horizontal effluent pipe, the effluent is passively dis-
charged and no effluent pump is needed, unlike typi-
cal membrane bioreactors. In the running process the
initial membrane flux is 100L/(m?h), the intake peri-
staltic pump was set to this constant rate until the
membrane was needed to backwash. In this constant
flux, AH was varied from 0 to 8cm. When AH
reaches 8 cm, the dynamic membrane needed to back-
wash. After backwash is finished, a whole run cycle
ended. There is a ruler outside of the reactor, the
transmembrane pressure (TMP) can be easily read out
through scale difference.

General characteristics of the membrane are listed
in Table 2.

There is a float in the bottom pot with markers for
the time that the water level indicates.

2.3. Analyses

Raw water was derived from a polluted river
(QuanFu River, Jinan, China). It was fed to the reactor
after simple sedimentation. Based on the characteris-
tics of the sampling river, and early monitoring of our
group, CODg,, total phosphorus (TP), and turbidity
were monitored regularly by manual sampling of the
influent and effluent. All the analyses were conducted
according to Chinese NEPA Standard Methods [19].
Turbidity was measured with a portable turbidity-
meter (HACH 2100P).
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1. Storage tank for raw water 2. Intake peristaltic pump 3. Coagulant peristaltic pump 4. Storage

tank for coagulant 5. Air supply pump 6. Effluent pipe 7. Air supply pump 8. Reactor 9.

Membrane module 10. Baffle plate 11 and 12. Perforated aeration pipe 13 and 14. Gas flowmeter

15. Sludge withdraw pipe 16. Water level sensor

Fig. 1. Schematic diagram of the lab-scale experimental system.



C. Xu et al. | Desalination and Water Treatment 52 (2014) 102-110 105

Table 2
General characteristics of the membrane reactor

Configuration Plate membrane

Non-woven fabric filter
(polyester fibre), dacron mesh
(polyester fibre)

0.025m?

Material

Cross-sectional area per
membrane module

Hydrophilicity Non-woven fabric filter
(hydrophilic), dacron mesh
(hydrophilic)
Number of membrane 3
modules
Dacron mesh pore size 150 pm
Non-woven fabric filter 450 g/m?
weight
Dacron mesh weight 25g/m?
Size of each membrane 0.11m x 0.11m

module

2.4. Jar test procedures

Coagulation experiments were carried out using
jar test apparatus (DC-506 laboratory stirrer). Waste-
water (1,000ml) was dosed with commercial liquid
coagulant. During coagulant addition, the solutions
were first stirred rapidly at 200rpm for 1min,
followed by slow stirring at 40rpm for 40min and
10 min sedimentation. The samples were taken from
an outlet located 2cm below the surface of the
water. Polyaluminum chloride (PAC, ALOs; 30%),
polyaluminum ferric chloride (PAFC, AlLO;>=7.0%,
Fe’* > 6.0%), and polyferric sulfate (PFS, Fe’* > 10%)
were first used as the tested coagulants, during
experiments. Based on the coagulation results, PAC
was then selected and its optimal dose is 100 mg/L.

3. Results and discussion
3.1. System performance in pollutants removal

Turbidity in the effluent decreased dramatically
over each running cycle, regardless of the initial influ-
ent turbidity (Fig. 2). A steady turbidity of the effluent
indicates the build-up of a dynamic membrane. Gen-
erally, 5 NTU in effluent indicates the formation of a
dynamic membrane [20]. When the turbidity in the
influent was 149 NTU and 162 NTU, 5 NTU effluent
was obtained after 50min of operation. When the
influent turbidity was low (60 NTU, 18 NTU and 43
NTU), merely 10 min was needed to reach an effluent
turbidity of 5 NTU. Based on the results, 50 min is
generally needed to form a dynamic membrane, and
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Fig. 2. Effluent turbidity over running cycles. (Inset:
expanded view, 0-60 min, RWT—raw wastewater
turbidity.)

if there is low turbidity in influent, less time is
needed. This may be related to the marker of the
dynamic membrane formation. At a different raw
water quality, the same dosage of PAC, when there is
lower turbidity in the influent, little time is needed to
reach the 5 NTU in effluent.

When PAC is dosed into raw water, it is
hydrolyzed immediately into many ionic species,
including the monomers AI**, AI(OH)**, AI(OH)*, Al
(OH);(am), and AI(OH) 4, as well as a dimer
(AL(OH),)*", a trimer (Al3(OH),)°", and the tridecam-
er (Al;304(OH),4)"" [21]. These cationic species adsorb
negatively charged particles, decrease or neutralize
the electric charge on suspended particles or zeta
potential, destabilize the colloidal materials and cause
the small particles to aggregate into larger settleable
flocs. Because the water level in the reactor was
higher than the effluent pipe, water was discharged at
the hydraulic pressure. When these flocs pass through
the non-woven fabric filter supported on the wire
netting, most flocs stayed on the filter and the
dynamic membrane was formed in a short time. Since
a large pore size filter (100 pm) was used, fine flocs
were discharged with the raw water at the initial
stage, which can explain the high turbidity in the
effluent at the initial stage. After the formation of a
dynamic membrane, the membrane can accumulate
fine particles, and the pollutants are removed.

Fig. 3 shows organic matter removal in terms of
COD over several running cycles, when PAC was
used as coagulant. The COD removal efficiency is
above 65% after 10 min, independent of the different
initial influent COD, and after 60min, the COD
removal of all the samples was above 70%.
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According to Fig. 4, TP removal is as high as
expected, based on the jar tests with no significant dif-
ference at different influent phosphorus concentra-
tions. After the formation of a dynamic membrane,
the removal efficiency of TP is above 80% with efflu-
ent concentrations less than 0.7mg/L TP at 100 mg/L
PAC, and all the effluent TP concentrations were
lower than 1mg/L TP. It is generally assumed that
orthophosphate is removed by the precipitation of
phosphate with the metal ion, while the total phos-
phorus is removed by a more complicated combina-
tion of interaction and adsorption with the flocculated
particles [22,23].

Fig. 5 shows the relationship of water head, flux,
and TMP of DM with the running time; it revealed
that after 12h operation, the flux of DM is almost
zero, TMP of DM is almost 0.0037m™!, and water
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Fig. 3. COD removal over running cycles.
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Fig. 4. Total phosphorus removal over multiple running
cycles.

head reaches the set value (8cm). This, maybe, can
explain why after 16h operation, the COD and TP
removal efficiencies decreased; the reason may be
related to the broken-off or drop-out part of the
formed dynamic membrane, because DM is needed to
be backwashed.

3.2. Coagulation—dynamic membrane filtration process

The experimental results are presented, which
were conducted under the initial membrane flux
100L/(m?h), when non-woven fabric filter was used
as the support media of dynamic membrane. The data
of pressure as a function of time, are plotted in black
line in Fig. 6 and the dashed curves are the fitting
curves of the typical models in the filtration of the
dynamic membrane.

Fig. 6 shows that there are two distinct stages in
the whole operating period. In the first period lasting
for about 10h, the pressure increasing rate is about
4.72pa/h, then there is a shaping pressure increase.
The second period was prolonged to 10h, and the
pressure increasing rate was about 113.9pa/h. The
similar pressure jump phenomenon has been observed
by other studies [24,25]. The pressure jump may be
related to the local flux increase, with the decrease of
available filtration area over the operating time. The
decrease of available filtration area is caused by
blocking-pore blocking or/and inner adsorption. To
identify the dynamic membrane filtration, the experi-
mental data are fitted by the cake model, intermediate
model, standard blocking model, and complete model.
Fig. 6 represents the results. The fitting error and
parameters were summarized in Table 3. But from the
value of RSS (sum of squares of difference between
data and fit values), none of these models fitted the
experimental well.
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Fig. 6. Pressure as function of time when non-woven fabric
filter as the support media and the cake model, the
intermediate model, the standard model and the complete
model fitting curves in the filtration of the dynamic
membrane.

Table 3

Fitting error and model parameters for the cake model, the
intermediate model, the complete model and the standard
model in the filtration of dynamic membrane when non-
woven fabric filter as the support media

Model RSS Fitting parameters
Cake 8.27E5 K. 4.24E2s/m?
Intermediate 2.18E4 K;0.1062m™!
Complete 3.59E5 Ky 0.0460 s7!
Standard 1.37E5 K 0.0622m™"

And the combined models were also applied to
the whole experimental period (Fig. 7). The fit error
and parameters are summarized in Table 4. The fitting
results showed that the combined models fit the data
worse. So, these results shows that in the whole
experimental period, single fouling mechanism or the
single combined model is not suitable for the dynamic
membrane filtration process.

Because of the existence of the two distinct stages
in the whole operating period, based on the pressure
changes, the fouling models are evaluated according
to the relationship between running pressure and
time. So, to further identify the dominant filtration
mechanisms of the dynamic membrane, the typical
models of membrane fouling were applied to two dis-
tinct stages: portion of the running pressure vs. time
plots. Figs. 8 and 9 show the experimental data, and
the fitting curves of the combined model, in the first
period, and in the second period, respectively. Fitting
error and model parameters are shown in Tables 5
and 6.
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Fig. 7. Pressure as function of time using a non-woven
fabric filter as the support media and the cake model.
Fitting results of the combined models for the filtration of
the dynamic membrane.

Table 4

Fitting error and model parameters for the five combined
models for the filtration of the dynamic membrane using
non-woven fabric filter as the support media

Model RSS

Fitting parameters

Cake-complete 5.56E4 K, 0.0383 s '; K. 8.1111s/m?

Cake-intermediate 2.24E4 K; 0.0971m™'; K. 2.99555/m?

Complete-standard 2.35E5 K, 0.0377 s\ Ks 241E—4m ™!

Intermediate- 5.71E4 K; 0.4105m '; Ky —1.71E—4m !
standard

Cake-standard 3.37E5 K, 0.0898m%; K. 1.9954 s/ m?>
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Fig. 8. In the first period the running pressure as a
function of time using a non-woven fabric filter as the
support media. Fitting curves of the combined models for
the dynamic membrane filtration.
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Fig. 9. In the second period the running pressure as a
function of time using a non-woven fabric filter as the
support media. Fitting curves of the combined models for
the filtration of the dynamic membrane.

Table 5
Fitting error and model parameters for the five combined
models for the filtration of the dynamic membrane using a
non-woven fabric filter as the support media in the first
period

Model RSS Fitting
parameters
Cake-Complete model 4128 K. -50.10s/m>
Ky, 0.0690s™!
Cake-intermediate model 595.8 K. 4.36E-5s/m?;
K; 0.0079m ™!
Complete-standard model 172.6 Ky 0.0902s7%;
K, 0.0198 m™"
Intermediate-standard model ~ 532.8  K; 7.72E-7m"};
K 0.0959 m™*
Cake-standard model 181.8 K. —59.48 s/m?;
K 1.9038 m™"

The fitting results of the first period (Fig. 8 and
Table 5) showed that the experimental data in the first
period fit better than the whole experimental period.
But, the cake-standard model was as good as the fits
of the complete-standard model. The contributions of
intermediate blocking, standard blocking, complete
blocking or caking, to the combined model were eval-
uated from the values of K;, K, K/Jo and KJy. The
terms of K;, K, Kp/Jo and KJ, have units of m ! and
will be of similar magnitude, when their contributions
to the combined model are similar [11]. For the cake-
standard model, the value of K. is negative, indicating
the standard model plays the dominant role. For com-
plete-standard model, because of the terms of Ky/[o

Table 6
Fitting error and model parameters for the five combined
models for the filtration of the dynamic membrane using a
non-woven fabric filter as the support media in the second
period

Model RSS Fitting
parameters
Cake-Complete model 3.01E4 K. 2.3568s/m?
Ky, 0.037557*
Cake-intermediate model 720 K. —4.55s/m>;
K; 6.3712m "
Complete-standard model 5.93E4 K, —4.23E-7s;
K, 0.196m™!
Intermediate-standard model 325 K; 0.48629m™;
Ks —8.90E-4m™!

Cake-standard model 3.72E4 K. -54.17s/m>

K, 1.21909 m*

and K, have units of m~' and will be of similar mag-
nitude, the value of Ky/Jo is 2.51E—4 m™~?, the ratio of
K /(Kp/Jo) is 79, which indicates the standard model
was a major component in complete-standard model.
Although the cake-standard model were as good as
the fits of the complete-standard model, the values of
Ky/Jo, K, K. present in the standard model plays the
dominant role in the first period. This can be
explained, why in this period the pressure is slowly
compared with the second period. To the standard
model, the relationship of P and the initial Py, as a
function of time can be described by Eq. (1).

P Kot

Py (1 - T) g
p

170 = exp(Ki/ot) (2)

The fitting results of the second period (Fig 9 and
Table 6) showed that the cake-intermediate model,
and the intermediate-standard model fit better than
the other combined models. But the fits of the cake-
intermediate model was as good as that of the inter-
mediate-standard model. The contributions of caking,
intermediate blocking, or standard blocking to the
combined model were evaluated from the values of
Ko, K; and K. The terms of K]y and K have units of
m~! and will be of similar magnitude when their con-
tributions to the combined model are similar [11]. For
the cake-intermediate model, the value of K. is
negative, indicating the intermediate model plays the
dominant role. For intermediate-standard model,
because the value of K, is negative, it indicates the
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intermediate model was a major component in inter-
mediate-standard model. In the second period,
although fit of the the cake-intermediate model was as
good as that of the intermediate-standard model, the
values of K.Jo, Ki and K present in the intermediate
model plays the dominant role. This can explain why
in the second period the pressure has a high increas-
ing rate compared with the first period. To the inter-
mediate model, the relationship of P and the initial Py
is pressure as a function of time can be described by
Eq. 2).

4. Conclusions

The study evaluated the performance of pollutants’
removal in the combined coagulation/dynamic mem-
brane reactor. The results showed that the combined
process is effective in treating polluted river water.
After 50min at higher influent turbidity, and only
10min at lower influent turbidity, a dynamic mem-
brane is formed. After 10-min and 60-min operations,
the COD removal efficiencies were above 65% and
70%, respectively. The TP concentration in the effluent
was less than 0.7mg/L after the formation of a
dynamic membrane, and all the effluent TP concentra-
tions were below 1mg/L. Based on the variation of
the operation pressure, two distinct stages were
divided. In the first stage, the pressure increasing rate
is about 4.72 pa/h; the standard model plays the dom-
inant role. For the second stage, the pressure increas-
ing rate is about 113.9pa/h, and the intermediate
model plays the leading role.
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Nomenclature

Jo — initial flux (m/s)

K, — complete blocking constant (s ')

K. — cake filtration constant (s/m?)

K; — intermediate blocking constant (m ")
K, — standard blocking constant (m )

P — pressure (kg/ms?)

Py, — initial pressure (kg/ms®)

time (s)
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