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1. Introduction

In general, nutrients such as nitrogen and phosphorus in wastewater 
are well known as major factors encouraging growth of algae 
which cause eutrophication in aquatic ecosystems. It can lead 
to oxygen exhaustion in water bodies, reduction in species diver-
sity, and taste, odor, and water treatment problems [1-3]. 
Therefore, removal of nitrogen and phosphorus is absolutely 
necessary for protection of water resources from eutrophication 
[4]. Eutrophication can be prevented by the control of either 
nitrogen or phosphorus [5].

Nutrient removal from wastewater is generally achieved by phys-
ical, chemical, and/or biological treatments. Among these, biological 
treatments have advantages associated with disposal of produced 
sludge, and its maintenance costs can be more economical and 

sustainable than other treatment methods [6]. Numerous studies 
on the biological nutrient removal (BNR) process have been 
carried out. Most notably, phase separation technology adopting 
intermittent aeration and flow path change has been widely 
used and applied [7-10]. This technology has some advantages: 
(1) elimination of the need for internal recirculation of sludge 
and nitrified effluent, (2) higher process flexibility by control-
ling each phase to match the fluctuation of influent loads, 
and so on. In spite of their many advantages, however, phase 
separation technology has the limitation of poor settling per-
formance due to the use of a clarifier like any other biological 
process. 

Membrane separation is a remarkable technology that overcomes 
the settling problems in general biological wastewater treatment. 
Membrane separation has many merits such as stable purified efflu-
ent quality, small area requirement, and relatively lower sensitivity 
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to fluctuation as a consequence of higher biomass concentration 
[11, 12]. In particular, membranes made of ceramic materials 
have been emerging as a promising technology due to its inert 
characteristics, thermal stability, resistance to acids and strong 
solvents, and relatively narrow pore size distribution with higher 
porosity [13-19]. Ceramic membranes can be applied under con-
ditions of higher permeate flux, and it can reduce chemical 
cleaning periods caused by fouling [15, 18]. They are also more 
economical in the long-term operation due to lower operation 
costs [14].

In this study, a tube-type ceramic microfiltration membrane 
having chemical, thermal, and mechanical stability and a relatively 
long working life was developed to overcome the disadvantages 
of organic polymeric membranes. The membrane module comprised 
of three tube-type ceramic membranes was also applied to biological 
phase separation processes for enhanced removal of carbon and 
nitrogen, and its performance was evaluated. The filtration function 
and recovery characteristics of the ceramic membrane manufac-
tured in this study were also evaluated. 

2. Materials and Methods

The biological phase separation system adopting flow path 
change and intermittent aeration is composed of two reactors 
and a clarifier, and it is combined with a ceramic microfiltration 
membrane module, as shown in Fig. 1. The residual particulate 
contaminants such as suspended solids (SS) and colloidal sub-
stances discharged from the clarifier were separated by mem-
brane filtration.

2.1. Biological Wastewater Treatment Process Using Phase 
Separation

The two reactors in the biological process have a total liquid volume 
of 11.2 L and each reactor is 150 mm long and 100 mm wide 
with a height of 300 mm. The solenoid valves for alternating flow 
and aerators for intermittent aeration are operated by a program-
mable logic controller. Nitrogen removal in biological phase separa-
tion is carried out by rotating aerobic and anoxic phases during 
four different steps. Phase separations can be accomplished by 
adopting intermittent aeration and alternating flows between the 
two reactors. 

The operational sequence is comprised of four steps A, B, 
C, and D in series for one complete cycle of operation. These 
four steps may be divided into two main steps A and C, and two 
intermediate steps B and D. Steps C and D are mirror images of 
steps A and B. In step A, one reactor is in aerobic phase and the 
other in anoxic phase. During the aerobic phase, nitrification reactions 
occur and residual organics can be removed. During the anoxic 
phase, denitrification reactions take place and influent organics are 
supplied continuously as a carbon source. In step B, both reactors 
are in aerobic phase. Each phase length can be changed to achieve 
a particular treatment purpose. In this study, the time for one complete 
cycle comprising of the four steps was 4 h. Time lengths for aerobic 
and anoxic phases were 2.5 h and 1.5 h, respectively. The system 
was inoculated with activated sludge from a municipal wastewater 
treatment plant in Seoul, Korea. Also, the biological process was 
operated at a hydraulic retention time (HRT) of 8 h and a solid 
retention time (SRT) of 20 d.

a

b

Fig. 1. Schematic diagram of (a) combined biological phase separation process with ceramic membrane (b) Tube-type ceramic membrane.
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2.2. Preparation of Tubular-type Ceramic Microfiltration 
Membrane

For the manufacturing of a tube-type ceramic membrane, a mixture 
of poly methyl methacrylate (PMMA) powder, 20 μm in particle 
size, and α-alumina (α-Al2O3) powder, having a particle size of 
5 μm, was blended with a cellulose binder of 27 wt% into a paste, 
and it was shaped into a tube by extrusion molding and used 
as a support layer for the membrane. To eliminate the cellulose 
binder, the extruded and dried paste was sintered under conditions 
of 300℃, 500℃ and 1,500℃, in three consecutive steps. It was 
also coated with a spray of slurry which contained α-alumina 
powder, 0.5 μm in particle size, for formation of microfiltration 
permeability, and then re-sintered reaching 1,200℃. Thus, the 
manufactured tube-type ceramic membrane is constructed with 
a coated layer for filtration and a support layer for collection of 
filtrate, which supports the coated layer structurally. The thickness 
of coated and support layers were 20 μm and 3.5 mm, respectively. 
Specific volume was also measured by mercury porosimetry meth-
od to confirm the actual pore size distribution in the manufactured 
ceramic membrane.

2.3. Ceramic Microfiltration Membrane Module

The ceramic microfiltration membrane module consists of three 
tube-type membranes, and the surface area of each individual mem-
brane is 72.2 cm2. The module was installed subsequent to the 
secondary clarifier in the biological treatment process for post-treat-
ment of effluent and operated in a dead-end filtration manner with 
a peristaltic pump (Model No. 7553-75, Cole-Parmer Instrument 
Company, USA). A pressure gauge was also installed for measure-
ment of transmembrane pressure (TMP).

2.4. Preparation of Feed Water and Analytical Methods

Synthetic feed, representing typical organic and nitrogen concen-
trations of domestic wastewater in Korea, was prepared and used. 
The chemical oxygen demand (COD), total kjeldahl nitrogen (TKN), 
and ammonia of the synthetic wastewater ranged between 135-230 
mg/L (average 200 mg/L), 24.6-36.4 mg/L (average 33.0 mg/L), and 
20.2-32.8 mg/L (average 29.0 mg/L), respectively. The effluent char-
acteristics after biological phase separation process and micro-
filtration were summarized in Table 1. All analyses were conducted 
as per procedures outlined in the American Public Health 
Association (APHA) Standard Methods [20].

3. Results and Discussion

3.1. Evaluation of Manufactured Ceramic Membrane

Fig. 2 shows a cross-sectional scanning electron micrograph and 
pore size distribution of the tube-type ceramic membrane manu-
factured in this study. The structure of the microfiltration mem-
brane is composed of coated and support layers with a thickness 
of 20 μm and 3.5 mm, respectively. As we can see from the 
cross-sectional micrograph, the boundary of each layer can be 
clearly observed. The actual pore size distribution in the manufac-
tured ceramic membrane was measured and confirmed by the 
mercury porosimetry method. As presented in Fig. 2, pore diame-
ters of both the coated and support layers of the membrane were 
in the range of 0.1-0.2 μm and 2-5 μm, respectively. This means 
that a ceramic microfiltration membrane can be manufactured 
successfully by coating α-alumina powder for formation of a micro-
filtration layer.

Fig. 2. Pore distribution and SEM of ceramic membrane.

3.2. Organic Removal Characteristics

Fig. 3 presents the COD removal characteristics of the biological 
phase separation process adopting flow path change and inter-
mittent aeration before and after application of the ceramic micro-
filtration membrane module. Under the condition of an HRT of 
8 h and a cycle time of 4 h, the concentrations of total COD (TCOD) 

Table 1. Effluent Characteristics after Biological Phase Separation Process and Microfiltration

Parameters Effluent from biological phase separation process* Effluent from microfiltration*

Total Suspended Solids (mg/L) 0.2-1.6 (0.7 ± 0.3) 0.0-0.1 (0.1 ± 0.1)

Turbidity (NTU) 1.0-3.5 (2.0 ± 0.7) 0.5-0.9 (0.7 ± 0.1)

Chemical Oxygen Demand  
(mg/L)

Total 4-28 (12 ± 6) 0-7 (4 ± 2)

Soluble 0-24 (8 ± 6) 0-7 (3 ± 2)

Total Kjeldahl Nitrogen (mg/L) 0.0-2.2 (0.7 ± 0.6) 0.0-0.8 (0.2 ± 0.3)

Ammonia (mg/L) 0.0-2.0 (0.4 ± 0.6) 0.0-0.6 (0.1 ± 0.2)

Nitrate (mg/L) 4.64-11.48 (7.00 ± 1.93) 5.63-6.55 (5.88 ± 0.29)

*minimum-maximum (average ± std.)
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Fig. 3. Organics removal characteristics of system.
(Phase 1: system before membrane module application, Phase 
2: system after membrane module application)

and soluble COD (SCOD), which represents the dissolved organics 
in the effluent from the biological phase separation process, were 
observed to be in the range of 4-28 mg/L (average 11.5 mg/L) and 
0-24 mg/L (average 8.3 mg/L), respectively. However, this process 
combined with the ceramic microfiltration membrane module was 
capable of producing effluent TCOD and SCOD ranging 0-6.7 mg/L 
(average 3.8 mg/L) for the same operating conditions. Residual 
solids and colloidal substances in the effluent could be additionally 
removed by membrane filtration thereby improving the process 
stability. Cases of such successful additional separation of remaining 
solids and colloids in effluent by membrane filtration have been 
reported elsewhere [21-23].

3.3. Nitrogen Removal Characteristics

Biological nitrogen removal processes are generally classified as 
post-denitrification or pre-denitrification, depending on the process 
configuration. Post-denitrification can be achieved with a serial 
step after nitrification, requiring an external carbon source supply. 
Pre-denitrification, where the denitrification reactor precedes the 
nitrification reactor, achieves nitrogen removal without external 
carbon source addition. This process requires a recycling of nitrified 
effluent to an anoxic reactor where it mixes with the influent.

During the anoxic phase in the biological phase separation adopt-
ing flow path change and intermittent aeration used in this study, 
however, influent organics such as COD may be supplied con-
tinuously as an indispensable carbon source for denitrification 
reaction without sludge recycle and nitrified effluent recirculation. 
Fig. 4 shows the nitrogen removal characteristics of the biological 
phase separation process before and after application of the ceramic 
membrane module. When the process was operated at an HRT 
of 8 h and a cycle time of 4 h, the concentrations of TKN, ammonia, 
and nitrate in the effluent from the biological phase separation 
process were shown to be in the range of 0-2.24 mg/L (average 
0.74 mg/L), 0-1.96 mg/L (average 0.40 mg/L), and 4.64-11.48 mg/L 
(average 7.0 mg/L), respectively. Whereas the process adopting 
membrane filtration was capable of producing TKN, ammonia, 

Fig. 4. Nitrogen removal characteristics of system.
(Phase 1: system before membrane module application, Phase 
2: system after membrane module application)

and nitrate in effluent ranging from 0-0.84 mg/L (average 0.24 mg/L), 
0-0.56 mg/L (average 0.13 mg/L), and 5.63-6.55 mg/L (average 5.88 
mg/L), respectively. It should be noted that additional TKN removal 
can be achieved successfully through the elimination of solids 
containing organic nitrogen in effluent by use of the ceramic mem-
brane module. There is no ammonia removal regardless of ceramic 
membrane application, however, this may be explained by the 
fact that the ammonia nitrogen in water exists in the form of ammo-
nium ion and free ammonia and they are in equilibrium. 

Total nitrogen (TN) removal by this process was 45.4-85.1% 
(average 75.9%) at the operating conditions mentioned above, and 
effluent TN concentration ranged from 5.2-13.4 mg/L (average 7.7 
mg/L). By using the ceramic membrane module, however, TN re-
moval increased to the range of 70.7-85.3% (average 80.5%) and 
the process maintained an effluent TN below 10 mg/L. This effluent 
TN concentration is less than or similar with other researchers’ 
results [24-26] combining a membrane bioreactor or a membrane 
system with other unit processes. These results suggest that higher 
TN removal may be successfully achieved by a combination of 
the biological phase separation process with a ceramic micro-
filtration membrane.

3.4. Filtration Characteristics

Variations of total suspended solids (TSS) concentration and turbid-
ity in effluent discharged from the biological phase separation proc-
ess before and after application of the ceramic microfiltration mem-
brane module are shown in Fig. 5. The turbidity in effluent was 
measured in the case of membrane filtration module application 
because the particles in effluent from the clarifier after general 
biological wastewater treatment settle quickly and do not contribute 
to a turbidity reading. The TSS concentration and turbidity in 
effluent of the biological phase separation process were 0.2-1.6 
mg/L (average 0.73 mg/L) and 1.01-3.54 NTU (average 2.02 NTU), 
respectively, whereas the removal of particulate contaminants such 
as suspended solids and colloidal substances causing the turbidity 
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Fig. 5. Profiles of suspended solids and turbidity in effluent with/without 
ceramic membrane.

Fig. 6. Flux and TMP profile for filtration of settling tank effluent with 
ceramic membrane.

is noticeably improved after membrane filtration. The process adopt-
ing the ceramic microfiltration membrane module was capable 
of producing an effluent TSS ranging from 0.0-0.1 mg/L (average 
0.047 mg/L) and effluent turbidity as low as 0.524-0.884 NTU 
(average 0.676 NTU).

In membrane filtration, flux stands for the flowrate of a property 
per unit area. TMP is defined as the pressure applied through 
the membrane. During phase 2, membrane filtration operated 
continuously. Fig. 6 presents the profiles of flux and TMP during 
the filtration procedure of the ceramic membrane. When the effluent 
from the clarifier of the biological treatment process was introduced 
to the ceramic microfiltration membrane, the flux sharply decreased 
from 280 L/m2/h to 30 L/m2/h, and it was higher than the results 
of other studies [23, 27]. The TMP increased to 68.42 kPa, and 
the variation of TMP was similar with that of Hofs et al. [13]. 
In order to estimate the back-flushing cycle, the membrane surface 
was physically cleaned by washing the coated layer of the ceramic 
membrane, and this was conducted at the critical flux, defined 
as the permeate flux above which fouling appears. The back-flushing 
with water was carried out at 1.5 d intervals and it took about 
10 min. After back-flushing the membrane, the flux increased to 
125-135 L/m2/h and a TMP of 35.37 kPa was observed. Steady 
values of the flux and TMP were maintained, and stable filtration 
was also achieved regardless of several back-flushings. This result 
shows that the filtration function of the ceramic membrane devel-
oped in this study may be recovered by physical cleaning such 
as by washing the coated layer, and this is more effective than 
the chemical cleaning method from an economical point of view.

Fig. 7 shows the SEM micrograph and the surface morphology of 
the ceramic membrane. As shown in Fig. 7(a), the surface of the membrane 
has a stably coated structure. As we can see from the cross-sectional 
micrograph of the membrane surface after filtration in Fig. 7(b), accumu-
lation of solids and colloidal substances on the coated layer may also 
be observed. As mentioned above, however, fouling of the membrane 
surface may be controlled easily by physical cleaning.

4. Conclusions

A membrane module comprised of three tube-type ceramic mem-
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Fig. 7. Cross section of ceramic membrane. (a) Membrane before filtration (b) Membrane after filtration.
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branes for microfiltration was developed. It was also applied to 
biological phase separation processes for simultaneous removal 
of carbon and nitrogen, and its performance in post-treatment was 
evaluated. The manufacture of the tube-type ceramic membrane 
can successfully achieved by coating α-alumina powder for for-
mation of a microfiltration layer. The structure and boundary of 
the coated and support layers in the ceramic membrane were clearly 
observed. The removals of particulate contaminants such as sus-
pended solids and colloidal substances were noticeably improved 
after membrane filtration. 

Additional TKN removal was achieved through the elimination 
of solids containing organic nitrogen in effluent by use of the ceramic 
membrane module. The filtration function of the ceramic membrane 
developed in this study could be recovered by physical cleaning 
such as by washing the coated layer. It is more effective than 
the chemical cleaning method from an economical point of view. 
Thus, this proposed system is an alternative and flexible option 
for existing biological nutrient removal processes suffering from 
poor settling performance due to the use of a clarifier.
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