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ABSTRACT

Membrane filtration has been accepted as the preferred pre-treatment method in reverse
osmosis (RO) processes in recent years. In this paper, a laboratory-scale ceramic membranes
device, which has a potential to be used as pre-treatment for RO desalination, was employed
to investigate the performance of ceramic membranes with different pore sizes and under
different conditions. Ceramic membranes with pore sizes of 50, 200, 500, and 800nm were
tested, and the effects of pore size, transmembrane pressure (TMP), coagulation method, and
NaClO addition on the permeate flux and the permeate quality of ceramic membranes were
studied. The results show that the pore size has an insignificant effect on the permeate flux
of ceramic membranes but the coagulation method has a significant effect. Pore size and
NaClO addition did not have significant effects on the turbidity of the ceramic membrane
permeate, but they did affect the SDI15 (Silt Density Index) values of the ceramic membrane
permeate. A pilot test was executed using a pilot ceramic membrane device with an approxi-
mate capacity of 330m3/d. The TMP was stable with a constant flux of 150 L/m2h and a
cross-flow velocity of 0.015m/s, and the turbidity and SDI15 values were satisfactory for RO,
suggesting that ceramic membranes can meet the demands of RO.
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1. Introduction

The demand for fresh water to meet domestic and
industrial needs is constantly increasing, and nearly
80% of the world’s population is exposed to high lev-
els of threat to water security [1]. Desalination tech-
nology is an important way to augment the water
supply in the arid regions of the world [2–4]. Reverse
osmosis (RO) requires far less energy consumption
than other desalination methods, which ensures that

RO has a good market worldwide [5–7]. However,
seawater sources often have particulate and colloidal
contaminants as well as hydrocarbons from oil con-
tamination and biological contaminants (algal blooms
and other microorganisms), leading to fouling which
decreases the permeability of the RO membrane and
shortens its life. In practice, a pre-treatment system is
required to protect RO membranes from contamina-
tion and fouling and thus extend the lifetime of the
RO unit [6–8].

Micro-filtration (MF) and ultra-filtration (UF) have
been introduced as replacements for conventional pre-*Corresponding author.
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treatment processes such as coagulation, adsorption,
sedimentation, sand filtration, and disinfection. With
the rapid development of membrane technology in last
decade, membrane pre-treatment processes have
shown great advantages over conventional pre-treat-
ment processes [9–13]. The combined effect of greater
recovery and higher flux rate with MF or UF promises
to significantly reduce the RO plant cost [14,15].

Ceramic membranes have been used in the chemi-
cal, petrochemical, pharmaceutical, metallurgical, envi-
ronmental, food, and electronic industries because of
their substantial chemical and thermal stability and
their high mechanical strength compared to organic
membranes. Recently due to a decrease in their price
[16,17], these membranes have been adopted for
groundwater treatment and have exhibited superior
performance compared to conventional treatment
[18–22]. Then, they are introduced to the pre-treatment
for seawater desalination. Xu et al. [23] investigated the
performance of a ceramic membrane with a 50 nm pore
size in treating raw seawater and found that zirconium
dioxide UF pre-treatment before RO desalination can
achieve a consistent ceramic membrane permeate qual-
ity and a low fouling potential at high ceramic mem-
brane permeate fluxes. Cui et al. [24] carried out a pilot
study using ceramic membranes. The results showed
that ceramic membrane is available to pre-treat seawa-
ter for RO, even under the condition with very low tem-
perature.

The objectives of this study were the following: (1)
to research the influencing factors on permeate flux
and quality of the ceramic membranes under different
conditions using a laboratory-scale device and (2) to
investigate the long-term run performance of the cera-
mic membranes employing a pilot-scale device with a
capacity of 330m3/d.

2. Experimental

2.1. Seawater

Seawater used for this study was collected from a
seawater desalination reverse osmosis (SWRO) plant
located on an island near the East China Sea. The tem-
perature and turbidity of raw seawater during the
experimental period from May 13th to June 30th, 2010
are presented in Figs. 1 and 2, respectively. The tem-
perature fluctuated from 17.5 to 23.5˚C and the turbid-
ity varied over a wide range from 13.2 to 234NTU.

2.2. Membrane and system

2.2.1. Laboratory device

A laboratory-scale experiment was performed to
investigate the performance of the ceramic membrane
under different conditions. Four ceramic membrane
units with the configuration of multi-channel were
employed in the experiment. The ceramic membranes
were manufactured by Jiangsu Jiuwu High-Tech Co.,
Ltd. of China. Details about the ceramic membranes
used in the filtration test are given in Table 1, while
the experimental setup is shown in Fig. 3. Each cera-
mic membrane unit was mounted within a polypro-
pylene (PP) module that was held vertically. The
schematic diagram of this device is shown in Fig. 4.
The feed seawater was pumped into the ceramic
membrane modules from the feed tank by the feed
pump. The transmembrane pressure (TMP) was moni-
tored using two pressure gauges located at both ends
of the ceramic membrane modules and controlled by
valves at both ends of the ceramic membrane module.
The retentate and permeate were recycled back to the
feed tank.
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Fig. 1. Temperature of the raw seawater.
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Fig. 2. Turbidity of the raw seawater.
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Four ceramic membrane modules with pore sizes
of 50, 200, 500, and 800nm were used. A dead-end
operation mode was adopted under different TMPs of
0.5, 1.0, and 1.5 bar. The retentate was pushed through
the valve opening at the end of the modules for 10 s
every 15min.

2.2.2. Device employed by the pilot test

A pilot-scale experiment was carried out to investi-
gate the long-term run performance of the ceramic
membrane system. The ceramic membrane units were

the same as the one employed by the laboratory-scale
experiment (with a pore size of 50 nm). The mem-
brane units were mounted within unplasticized poly-
vinyl chloride (UPVC) modules that were fixed in
parallel and vertically on a train. The train had 30
modules, and each module had 14 ceramic membrane
units. The capacity was approximately 330m3/d with
a permeate flux of 150L/m2h.

A constant flux and a low cross-flow velocity
(CFV, 0.015m/s) were used in the pilot test; the flow
diagram of the ceramic membrane filtration system is
shown in Fig. 5. Raw seawater flowed into the blend
tank, while FeCl3 was injected into the tank at 10mg/
L. Next a pipe transported the seawater to a feed tank
from the middle of the blend tank. NaClO was
pumped into the pipe at a concentration of 1.5mg/L.
The seawater was pumped into the ceramic mem-
brane system, which was controlled by a programma-
ble logic controller (PLC) and operated in the constant
flux mode. During the operation, backwashing with
permeate was performed for 60 s every 30min. A
chemical enhanced backwash (CEB) procedure that
utilized NaClO at a concentration of 400mg/L or HCl
at a concentration of 200mg/L was alternatively per-
formed for 60 s every 24 h.

The main operational parameters of the ceramic
membrane system are presented in Table 2.

3. Results and discussion

3.1. Permeate flux under various conditions

The permeate fluxes of ceramic membranes under
TMP of 1.0 bar with different pore sizes are shown in
Fig. 6. The initial permeate fluxes of the ceramic mem-
branes with pore sizes are different, but pore size has
little effect on the steady state flux at 40 h. It was
observed that the permeate fluxes showed the same
general trend when the TMP was adopted as 0.5 and
1.5 bar. The filter resistance at the start of operation

Table 1
Characteristics of the membranes used in the experiment

Module Module A Module B Module C Module D

Separation layer material ZrO2 Al2O3 Al2O3 Al2O3

Support material a-Al2O3 a-Al2O3 a-Al2O3 a-Al2O3

Pore size (nm) 50 200 500 800

Surface area (m2) 0.22 0.22 0.22 0.22

Length (mm) 1,016 1,016 1,016 1,016

Number of channels 19 19 19 19

Inner diameter (mm) 3.8 3.8 3.8 3.8

Outer diameter (mm) 31 31 31 31

Fig. 3. Experimental setup of the ceramic membrane
filtration system.
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represents the intrinsic membrane resistance, which is
a function of the membrane properties such as pore

 

Fig. 4. Flow diagram of laboratory-scale experiment. (1) feed tank; (2) permeate tank; (3) feed pump; (4) backwash pump;
(5) thermometer; (6) pressure gauges; (7) flowmeter; (8) membrane modules.

Raw seawater

Fig 5. Flow diagram of ceramic membrane system. (1) blend tank; (2) feed tank; (3) permeate tank; (4) cleaning tank; (5)
feed pump; (6) backwashing pump; (7) ceramic membrane modules; (8) temperature transducer; (9,10,11,12) pressure
transducers; (13) flow transducer; (14) metering pump for FeCl3; (15) metering pump for NaClO.

Table 2
Operation parameters of ceramic membrane system

Parameter Value

Designed permeate flux, L/m2h 150

Feed pressure, bar 0.3–2.0

CVF, m/s 0.015

Filtration duration, min 30

Backwash duration, s 60

Backwash procedure Backwash
flush

Flow rate of backwash, m3/h 27.72

Backwash pressure, bar 0.8–3.2

CEB duration, s 60

Frequency of chemical enhanced backwash
(CEB), h

24

Chemical of CEB HCl/NaClO

HCl, mg/L 200

NaClO, mg/L 400

Recovery,% 90
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Fig 6. Permeate fluxes of ceramic membranes with
different pore sizes.
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size, porosity, and thickness. Different membranes
exhibited different initial resistances, with filters with
larger pore sizes displaying lower resistances and
higher permeate fluxes. As the filtration process pro-
ceeded, the particles tended to enter into the larger
pores, leading to an increase in the resistance and a
decrease in the permeate flux. Meanwhile, the gel
layer and the cake caused and contributed most of the
total resistance [23]. Thus, the total final resistances
with different pore sizes were close in the end, and
the permeate fluxes were similar when operated at the
same TMP.

The permeate fluxes of the ceramic membranes
with the pore sizes of 50 and 200 nm under different
TMPs are shown in Fig. 7, meanwhile, the steady state
fluxes of the ceramic membranes with different pore
sizes under different TMP are shown in Fig. 8. The
permeate flux decreased rapidly at the beginning of
the process and stabilized after 40 h. There was a simi- lar phenomenon showed when the ceramic mem-

branes with pore sizes of 500 and 800 nm were
employed. The steady state flux at TMP of 1.0 bar is
evidently larger than at TMP of 0.5 bar. But the steady
state flux at TMP of 1.5 bar is less than at TMP of
1.0 bar. This may be due to the increasing compaction
of the surface deposit on the membrane surface, coun-
teracting the increasing of driving force caused by the
TMP increasing.

Most of the negatively charged colloids present in
seawater were neutralized by the addition of
electropositive coagulant. This led to an increase in
the size of the particles and colloids because of their
decreased stability. Thus, coagulation can increase the
size of aquatic substances to the level separable by the
membrane. Fig. 9 shows the permeate fluxes of the
ceramic membranes with the pore sizes of 50 and
200 nm and different treatments (without coagulation,
with coagulation, with coagulation/inclined plate sed-
imentation) at a TMP of 1.0 bar. When no coagulation
of the seawater was performed, the permeate flux
through the ceramic membrane decreased rapidly, but
the decline of the permeate flux was light with inline
coagulation or coagulation/inclined plate sedimenta-
tion. The same general trends were observed when
the ceramic membranes with pore sizes of 500 and
800 nm were used.

In the ceramic membrane filtration of seawater that
was not coagulated, a number of colloids that were
dissolved in the feed adsorbed on the membrane sur-
face and in the membrane pores, leading the mem-
brane pores to shrink. Additionally, suspended
particles blocked the membrane pores, leading to a
decrease in the porosity of the membrane and the for-
mation of a filtrated cake layer on the surface of the
ceramic membrane. These phenomena, including
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Fig. 7. Permeate fluxes of the ceramic membranes with
different pore sizes.
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Fig. 8. Effect of TMP on the steady state fluxes of the
ceramic membranes.
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adsorption on the membrane surface, shrinkage of the
membrane pores, decrease in the membrane porosity
and the formation of a filtrated cake layer, caused the
resistance to increase and the permeability to
decrease.

The performance of the ceramic membrane was
better for the seawater with coagulation and with
coagulation/inclined plate sedimentation than without
coagulation. This is because the coagulation increased
the size of aquatic substances to the level separable by
the membranes, and the sedimentation removed some
particles and colloids.

Fig. 9 also shows that seawater with coagulation
had a greater permeability through the ceramic
membrane than seawater with coagulation/inclined
plate sedimentation. This could be because coagula-
tion left more large particles produced by the coagula-
tion in the seawater than the coagulation/inclined

plate sedimentation. Then for ceramic membrane fil-
tration with coagulation, some large particles depos-
ited and formed a filtrated cake layer on the
membrane surface, thereby preventing some colloids
and small particles from adsorbing and blocking the
membrane surface and pores, preventing membrane
fouling. Therefore, the optimal coagulation method for
seawater treatment by ceramic membrane filtration is
the coagulation technique without inclined plate sedi-
mentation.

3.2. Permeate quality under different conditions

The turbidity and SDI15 values of the permeate
produced by the four ceramic membranes with differ-
ent membrane pore sizes were measured (Figs. 10 and
11). The turbidity of the permeate varied in a narrow
range from 0.04 to 0.06NTU with different pore sizes.
This shows that the removal of particles based on tur-
bidity is efficient and that the effect of the pore size
on the permeate turbidity is insignificant. The SDI15
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seawater with different treatments.
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values of the permeate produced by the ceramic mem-
branes with 50 and 200nm pore sizes are less than
2.0, which is beneficial for RO.

The main factor affecting the turbidity is the exis-
tence of large particles. All of the turbidity removal
ratios for the four kinds of ceramic membranes used
in this experiment were high, especially when the
membranes were fouled and the filtered cake formed.
The turbidity did not vary significantly with the
change in membrane pore size. However, the colloids
and small particles also contributed to the SDI15 value.
The efficiency of the ceramic membrane in removing
the colloids is less than that in removing the large
particles. Thus, pore size has a significant effect on the
SDI15 value.

Chlorine can be added to the feedwater to sup-
press the growth of micro-organisms and to maintain
oxidative conditions in the water. The turbidities of
the ceramic membranes with different pore sizes
under different NaClO additions are shown in Fig. 12.
The results show that the turbidity fluctuated in a nar-
row range from 0.05 to 0.07NTU and that NaClO
addition had a minor effect on the turbidity for the
four ceramic membranes with different membrane
pore sizes. Fig. 13 presents the SDI15 values of the
ceramic membranes with different pore sizes and with
different amounts of NaClO. This figure illustrates
that as the NaClO addition increased from 3.0 to
30mg/L, the SDI15 values increased from 0.9 to 4.8 for
the 50nm pore size, from 1.2 to 3.2 for the 200 nm
pore size, from 1.9 to 3.0 for the 500 nm pore size, and
from 1.9 to 4.9 for the 800 nm pore size.

The addition of NaClO had two effects. The
NaClO became alkaline after hydrolysis, which is ben-
eficial for the production of Fe(OH)3 from the Fe3+ of

the coagulant, thus enhancing the effect of the coagu-
lant. This is beneficial for the decrease in the turbidity
and the SDI15 value. However, the strong oxidation of
the NaClO partially oxidized some organic matter and
destroyed the filtered cake on the membrane surface.
This destruction of the cake reduced the effect of fil-
tration and adsorption, leading to a decrease in the
removal ratio for some small particles and organic
matter. The ceramic membrane has a high removal
ratio for the large particles, which make the greatest
contribution to the turbidity, so this ratio was not
affected significantly by the NaClO addition. But the
increase in the permeate ratio of the organic matter
and small particles caused by the strong oxidation of
NaClO led to an increase in the SDI15 value of the
permeate.
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Fig. 14. Turbidity of the feed for the ceramic membrane
device.
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3.3. Long-term run performance of ceramic membrane
filtration

A pilot-scale study was carried out to investigate
the long-term performance of the ceramic membrane
system. Parameters such as permeate flux, pressure,
and permeate quality were monitored during the test-
ing period.

Seawater was fed to a ceramic membrane system
from the middle of the blend tank after coagulation,
and the turbidity of the feed for ceramic membrane is
shown in Fig. 14. The turbidity was controlled in the
range from 4.0 to 15.9NTU.

As shown in Fig. 15, the TMP increased from
0.30 bars and then plateaued from 0.60 to 0.80 bar
while the backwash and CEB were utilized. The TMP
decreased slightly after 600 h, perhaps because of the
increase in temperature. This result suggests that the
fouling can be controlled and that the system can run
stably under these experimental conditions.

The permeate qualities such as turbidity and SDI15
were measured to determine whether the permeate
could meet the demands of the SWRO process.

As shown in Fig. 16, the turbidity of the permeate
ranged from 0.06 to 0.10NTU, and the average value
was 0.082NTU. As shown in Fig. 17, the SDI15 value
ranged from 0.5 to 2.8, with 80% of the values less
than 2.0. These excellent turbidities and SDI15 values
indicated that the permeate produced by ceramic
membranes can meet the demands of the SWRO
process.

4. Conclusions

To exploit ceramic membrane filtration as a pre-
treatment of seawater for SWRO processes, the perfor-
mance of the ceramic membrane was investigated
with different pore sizes under different conditions,
and a pilot test was carried out to investigate the sta-
bility of the permeability and the permeate quality.
The following conclusions were obtained.

The permeate flux was significantly affected by the
coagulation method. Coagulation leads to better cera-
mic membrane performance than coagulation/inclined
plate sedimentation. The pore size of the ceramic
membrane and NaClO addition have insignificant
effects on the turbidity of the permeate but a clear
effect on the SDI15 value.

The ceramic membrane system with a capacity of
330m3/d ran stably for 1,200 h with a permeate flux
of 150L/m2h, without chemical cleaning. Most fouling
can be removed from ceramic membranes by employ-
ing the cleaning in place (CIP). The turbidity and
SDI15 values of the permeate produced by these cera-
mic membranes are reliable, and the permeate is suit-
able for feeding into an SWRO process.
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Fig. 15. Long-term run performance of the pilot-scale
device.
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Fig. 16. Turbidity of the permeate.
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In summary, the permeate flux of a ceramic mem-
brane device is sufficiently stable for application to the
pre-treatment of seawater for an RO process, and the
permeate quality is high enough to be fed into RO.
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