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ABSTRACT

In recent years, the ceramic membrane filtration has become increasingly attractive for drink-
ing water production. The flux evolution and retention performance of a tubular ceramic
membrane with nominal pore size of 0.01 ym was systematically investigated. Filtration
experiments were carried out on a pilot-scale crossflow unit using humic acid (HA) solution
and surface water as feed by varying transmembrane pressure (TMP). Measurements such as
total organic carbon (TOC), ultraviolet absorbance at 254 nm (UV254), fluorescence excitation
emission matrices (EEMs), pH, and conductivity were made on both raw water and the per-
meate. During filtration, flux declined drastically in the beginning stage due to fouling and
proceeded to a pseudostable flux. In the low HA concentration, the flux decreased in the first
30min for about 36, 48, 50 and 51% with the TMP of 0.5, 0.8, 1.0, and 1.2 bar, respectively,
while it came to 47, 52, 57, and 65%, respectively for relatively high concentrations; the
steady flux increased with increasing TMP from 0.5 to 1.2bar at the specific concentration of
feed water studied. Finally, the effectiveness of the membrane treatment was determined by
evaluating the removal efficiency of TOC, UV254, and EEM. The rejection efficiency
decreased with increasing TMP in low organic concentration of feed water, while increased
in relatively high feed concentration. In addition, filtration in HA and surface water showed
a different retention performance, rejection efficiency for HA (>50%) was higher than that for
surface water (<20%), which may have a relevance to nature organic matter molecular
weight distribution.
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1. Introduction ultra- and microfiltration membranes have become

In recent decades, due to the extremely high water
quality in respect to hygiene and microbiological
safety, advanced membrane technology, especially
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increasingly attractive for drinking water production.
Compared with conventional treatment processes,
low-pressure membranes are highly efficient, easy to
operate, economical and satisfy more stringent supply
limitations [1]. Furthermore, they provide the possibil-
ity of fully automatic operation, a compact system
design in connection with good space utilization and
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flexibility in system enlargement, modernization and
new installations [2].

However, the effectiveness of membrane separa-
tion processes is greatly affected by membrane foul-
ing, which is characterized as a reduction in permeate
flux through the membrane or higher trans-membrane
pressures (TMP) across the membrane, as a result of
increased flow resistance due to the accumulation of
colloidal matter, organic molecules, sparingly soluble
inorganic compounds, and microorganisms on
membrane surfaces and in membrane pores during fil-
tration [3]. Membrane fouling results in the reduction
in the productivity of the membrane, a significant
requirement for increase in transmembrane pressure
(driving force), biodegradation of membrane materials
and system failure, and ultimately increases the cost
of operation [4]. The problem of membrane fouling
has been a major impediment to the application of
membrane separation technology in water treatment.

Currently, the study of ultrafiltration (UF) in water
treatment was almost exclusively focused on polymeric
membranes, while less researches were conducted with
ceramic membranes. It is well known that ceramic
membranes have some unique advantages when com-
pared to polymeric ones, for instance, (i) a relatively
narrow pore size distribution and higher porosity,
resulting in better separation characteristics, (i) a
higher mechanical stability (allowing higher pressures),
(iii) a higher chemical stability resulting in longer
membrane lifetimes, and (iv) higher hydrophilicity
resulting in high fluxes at low pressures [5]. Higher
hydrophilicity is also associated with lower fouling.
Nevertheless, it is rare for them to be used in water
treatment compared with wusage of polymeric
membranes.

This study focuses on the performance evolution
of a tubular ceramic membrane with respect to fouling
and removal efficiency. The objectives in this study
are the following: (1) analysis of flux decline during
crossflow UF and (2) carrying out comparison of
performance under different operation conditions.

2. Materials and methods
2.1. Membrane and pilot-scale filtration system

The tubular 2-channel aluminum-titanium oxide
membrane (L=0.25m, Ji,=4mm, filtration area=
628 x10°m?) used for filtration experiment were
obtained from Kaimi Membrane Tech Co. Ltd in
Jiangsu, China. The nominal pore size was 10nm. In
this configuration, permeate flows from inside to out-
side of the membrane. The membrane module shell
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Fig. 1. General scheme of the UF setup.

was made of stainless steel. The virgin membrane was
cleaned by soaking in a sodium hydroxide solution
(0.1M) overnight, then rinsing with MilliQ water for
2h.

Experiments were conducted in a pilot plant
including three major parts: the feed tank (V=10L),
the retentate loop and the permeate loop, (Fig. 1). The
raw water was circulated through the filtration unit

by a diaphragm pump (SEISUN®, DP-125, China). By
adjusting the control valves appropriately, various
modes with different TMP (0.5, 0.8, 1.0, and 1.2bar
respectively) were achieved. A constant temperature
was provided for feed stream by using water fed heat
exchanger/chiller. The permeate flux was measured
through weighting the permeate mass in 2min using

a digital balance (OHAUS® SE6001F, America,
accuracy +0.1g)

2.2. Feed water

Two sources of water, including humic acid (HA)
solution and surface water, were used to perform
crossflow UF tests. As HA is easily obtained and well
characterized, it has been widely used as a model fou-
lant by many membrane researchers [6]. In this study,
HA was obtained from Jufeng Chemical Corporation
(Shanghai, China). HA stock solution was prepared by
dissolving weighted amounts of powder HA in 1M
NaOH solution with constant stirring for some time to
give a final concentration of about 1g dry HA/L solu-
tion. After complete dissolution of HA, the pH of
solution was adjusted to 7 by the slow addition of
HCl (3M) with steady swirling. The solution was then
filtered through 0.45pm pore size filter papers (New
Asia Purification Technology Corporation, China) to
remove possible undissolved materials. The stock
solution was stored at 4°C. HA working solution was
prepared from the stock solution, with a dilution of
50, 100 and 200 times, respectively.
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Table 1
Water quality in experiments
Type pH Conductivity (uS/cm) Turbidity (NTU) TOC (mg/L) UVv254
Low HA 6.28 103 - 2.78 0.252
Medium HA 6.36 201 - 5.65 0.500
High HA 6.41 384 - 9.91 0.902
Surface water 7.95 480 4.0 3.90 0.067

Another type of feed water, surface water was
obtained from Lake Sanhaowu (Shanghai) and stored
at 4°C prior to the use after raw water had been
pre-filtered by 0.45 pm filtration, corresponding to the
specification for dissolved organic carbon (DOC).
Table 1 shows the water quality data obtained for the
water used in this study.

2.3. Filtration and cleaning procedures

In the first step, the intrinsic membrane resistances
were determined by measuring its flux with Milli-Q
water under controlled temperature and pressure.
Then, the filtration test started after adjusting the feed
temperature at 17 +0.5°C. The feed flow-rate and TMP
were controlled using the retentate valves. About 8L
of raw water was used in the feed tank and the filtra-
tion was conducted for 3h duration at a constant
TMP of 0.5-1.2bar. The permeate flow rate was mea-
sured at regular intervals of 15min, while analytical
samples were collected every 30 min.

Finally, specific membrane cleaning methods were
utilized. After filtration, the loops was emptied and
rinsed with Milli-Q water. The membrane was cleaned
by ultrasonic vibration for 5min, soaking in sodium
hypochlorite (800 ppm). The chemical cleaning proce-
dure was repeated for 2 times, afterwards the
membrane was rinsed with Milli-Q water and stored in
Milli-Q water until next experiment. Before starting a
new test, the ceramic membrane was characterized with
Milli-Q water at the very TMP (0.5, 0.8, 1.0 or 1.2 bar) to
verify the initial flux. A new experiment was started
only if the initial flux had not changed.

2.4. Analytical method

Permeate and feed samples, stored at 4°C until
analysis, were used to determine total organic car-
bon (TOC, Elementar, Germany), UV Absorbance at
254nm (UV765, PRECISION&SCIENTIFIC, China)
and fluorescence materials (Cary Eclipse Fluores-
cence Spectrophotometers, Varian, Australia). TOC
and UV254 rejection are defined as the observed
rejection:

R=2"% L 100%
Cp

where R is the observed rejection for some materials,
cp is the concentrations in the bulk solution, and c;, is
the concentrations in the permeate.

3. Results and discussion
3.1. Filtration of HA feed

3.1.1. Effect of TMP and HA concentration on the
membrane flux

Membrane fouling is one of the most significant
issues affecting the development of membrane appli-
cations in drinking water treatment [7-10], resulting in
poor membrane performance by decreasing the spe-
cific permeate flux. In this study, the membrane flux
decline within HA feed was investigated using tubu-
lar ceramic membrane. It was observed that the flux
decreased over time regardless of TMP adopted and
strength of HA feed water used in Fig. 2. According
to Fig. 2, permeate flux declined drastically at the
beginning stage of filtration and finally preceded to a
pseudostable flux. The results suggested that pore
blocking and adsorption of the substance onto the
membrane surface was intense during the initial stage,
followed by concentration polarization and cake for-
mation dominated in the later stage. This fouling
mechanism was confirmed by previous investigation
of Yazdanshenas [11] and Zydney [8] as well as
Muthukumaran et al. [12]. They found that during the
initial stage of filtration, while the membrane was
clean, the particulate pollutants were rejected by the
size of the membrane pores, afterwards the particles
started to accumulate near the membrane surface to
form a cake layer. Both the pore blockage and cake
layer decreased the permeate flux which are key fac-
tors governing the application of membrane system.

With regard to the effect of feed concentration on
the membrane performance, the rate of flux decline
increased with increasing foulant concentration under
a specific TMP. As shown in Fig. 2, in the low concen-
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Fig. 2. Flux evolution in the HA feed.

tration of HA solution, the flux decreased in the first
30 min for about 36, 48, 50, 51% with the TMP of 0.5,
0.8, 1.0, and 1.2bar, respectively. But when it came to
relative high strengths, the rate increased to 47, 52, 57,
and 65%, respectively. Particularly, one interesting
finding should be noted that the difference of the flux
decline rates between medium and high-strength feed
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was not so significant. When it came to the later
stage of pseudostable flux, a similar result was
obtained. The result indicated that during a low
range of feed concentration, increasing concentration
of foulant would accelerate and assist in pore block-
age and particle accumulation on the membrane sur-
face, lead to a more severe membrane fouling, thus
result in a more rapid and extensive flux decline.
As to a relative high-concentration range, increasing
feed strength did not affect flux under the various
TMP studied, which is consistent with another study
by Defrance et al. [13].

In addition, the effect of TMP on flux evolution
could be studied through Fig. 2. Apparently the
steady flux increased with increasing TMP at the
very concentration of feed water studied. In contrast,
Gan et al. [14] found that increasing TMP from 1.5
to 2.5bar showed no response in the steady-state
permeate flux when tubular ceramic membrane was
used for the treatment of sewage effluents. One pos-
sible explanation for the difference is that higher
TMP (i.e. >1.2bar) could lead to a more compact
cake formation and greater in-pore plugging when
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Fig. 3. Rejection efficiency of the tubular ceramic mem-
brane with HA. (a) TOC and (b) UV254.
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Fig. 4. A comparison for the feed and permeate with low strength HA feed at 0.5bar.

tubular ceramic membrane was used. Thus,

this

result confirmed less fouling in the tubular ceramic
membrane under the range of TMP adopted in this

study.

3.1.2. HA removal by ceramic UF membrane

The efficiencies of ceramic UF membrane in
removing HA, with respect to TOC and UV254 for
three levels of HA concentration and four different
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TMP studied, were shown in Fig. 3. As shown in
Fig. 3, The nature organic matter (NOM) removal
removal efficiencies, as determined by UV254, were
higher than those obtained by TOC for all cases, indi-
cating that aromatic/hydrophobic compounds can be
preferentially removed over the entire range of mem-
brane pore size, which were in agreement with previ-
ous investigations made by many researchers [15,16].

The effect of feed concentration and TMP on the
rejection performance was investigated. Generally, the
rejection efficiency of organic matter decreased with
increasing feed concentration regardless of different
TMP. As to the effect of TMP on HA removal, a slight
difference was observed. The rejection efficiency
decreased with increasing TMP in low and medium
concentration of feed water, while increased in rela-
tively high concentration of HA. Thus, both pore size
and TMP contributed major influences on NOM
removal.

Typical fluorescence excitation-emission matrices
(EEMs) observed during the HA filtration were shown
in Fig. 4. When excited by ultraviolet and visible light,
NOM fluoresces and the characteristics and intensity
of the fluorescence varies depending on the fluoro-
phores present [17]. The composition of NOM can be
visualized as a pattern of fluorescence peaks within
an EEM. Fluorescence peaks can be attributed to both
humic-like fluorescences, defined as peaks C located
in the region of 300-360 nm and excitation 400-480 nm
emission wavelength, and protein-like fluorescences,
defined as peaks T located in the region around
280 nm excitation and 350 nm emission [18]. In this fil-
tration test, the feed was HA, it can be seen from
Fig. 4 that peaks C dominated over all the other areas
of the EEM, therefore discussion focused on peaks C.
Apparently humic-like fluorescences were significantly
removed by the ceramic membrane, which confirmed
the results obtained in TOC and UV254 analyses that
the membrane pore size plays an critical role in the
ceramic UF.

3.2. Filtration of surface water
3.2.1. Flux variation with different TMP

In the case of UF with surface water, the flux varia-
tion with different TMP was showed in Fig. 5. Unlike
the HA solution, surface water contains a wide variety
of suspended, colloidal and dissolved particles, lead-
ing to a irreversible fouling resistance which cannot
get a complete recovery by the chemical cleaning pro-
cedure. Similar to results obtained in HA solution, the
permeate flux with surface water declined drastically
at the beginning stage of filtration and finally preceded
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to a pseudosteady value, while the steady flux
increased with increasing TMP from 0.5 to 1.2bar. It
can be seen from Fig. 5 that flux decline increased
from 46 to 77% as TMP increased from 0.5 to 1.2bar,
indicating that higher TMP could lead to a more com-
pact cake formation and greater in-pore plugging [9].

3.2.2. NOM removal by ceramic UF membrane

The effectiveness of ceramic membrane in remov-
ing organic matter, with respect to DOC, UV254 and
EEM for surface water at four different TMP, was
shown in Figs. 6 and 7, respectively. Generally, the
removal efficiency was much lower compared to the
results with HA solution. All removal efficiencies
were below 20% and even down to only 8% for DOC
at 0.8bar. Meanwhile, the EEM pictures showed no
significant difference of peak C and peak T intensity
for the raw water and permeates. Taking the flux
decline into consideration, the fouling was so remark-
able while rejection for organic materials was quite
poor, and thus, it can be predicted that the surface
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Fig. 5. Flux evolution with surface water.
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Fig. 6. Rejection efficiency of the tubular ceramic

membrane with surface water.
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water used in experiments contained large variety of
inorganic foulant, including suspended, colloidal and
dissolved particles or some sparingly soluble inor-
ganic compounds. In addition, most of NOM in the
feed may have a molecular weight smaller than the
pore size of the ceramic membrane. This study indi-
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cates that the ceramic membrane alone will not be
adequate for removing NOM in surface water treat-
ment. Employing pretreatment such as coagulation or
powder activated carbon adsorption should be sug-
gested to form the hybrid pretreatment—UF process
for surface water treatment.

Fig. 7. A comparison for the feed and permeate with surface water at 0.5 bar.
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4. Conclusion

The flux evolution and rejection performance of
a tubular ceramic membrane with nominal pore
diameter of 0.01 um in treating HA solution and sur-
face water was systematically investigated to under-
stand how the TMP and feed concentration
influence the permeate quality and flux in a cross-
flow mode filtration. This study arrives at the fol-
lowing conclusions:

(1) During a low range of feed concentration, increas-
ing concentration of foulant would accelerate and
assist in pore blockage and particle accumulation
on the membrane surface, lead to a more severe
membrane fouling, thus result in a more rapid
and extensive flux decline. As to a relative high-
concentration range, an increase in HA concentra-
tion will adversely affect the permeate flux over
the range of TMP studied.

(2) The steady flux increases with increasing TMP
from 0.5 to 1.2 bar due to a more compact cake for-
mation and greater in-pore plugging at higher
TMP, while for surface water the increasing degree
is not so pronounced compared with HA solution.

(3) The removal efficiency of HA decrease with
increasing feed concentration regardless of vari-
ous TMP. As to the effect of TMP, the removal
efficiency decrease with increasing TMP in low
and medium concentration of HA, while increase
in relatively high concentration.

(4) The removal efficiency for surface water is much
lower compared to the results with HA solution.
All rejections are below 20% and even down to
only 8% for TOC at 0.8 bar. Such a difference may
have a close connection with feed composition
and molecular size.

Acknowledgments

This study was kindly supported by the following:
the National Natural Science Foundation of China (Pro-
ject  51178322), the International Science and
Technology Cooperation Program of China (2010
DFA92090), the National Major Project of Science and
Technology Ministry of China (20122X07408-001 and
20127X07404-004), National Key Technology R&D Pro-
gram of China (2012BAJ25B05), and the Scientific
Research Foundation for the Returned Overseas Chi-
nese Scholars, State Education Ministry.

References

[1] K.S. Ashaghi, M. Ebrahimi, P. Czermak, Ceramic ultra and
nanofiltration membranes for oilfield produced water treat-
ment: A mini review, Open Environ. ]. 1 (2007) 1-8.

S. Xia et al. | Desalination and Water Treatment 51 (2013) 5319-5326

[2] A. Lerch, S. Panglisch, P. Buchta, Y. Tomitac, H. Yonekawa,
K. Hattori, R. Gimbel, Direct river water treatment using
coagulation/ceramic membrane microfiltration, Desalination
179 (2005) 41-50.

[3] M.F.A. Goosen, S.S. Sablani, H. Ai-Hinai, S. Ai-Obeidani, R.
Al-Belushi, D. Jackson, Fouling of reverse osmosis and ultra-
filtration membranes: A critical review, Sep. Sci. Technol. 39
(2004) 2261-2297.

[4] H. Huang, N. Lee, T. Young, A. Gary, J.C. Lozier, ].G. Jacan-
gelo, Natural organic matter fouling of low-pressure, hollow-
fiber membranes: Effects of NOM source and hydrodynamic
conditions, Water Res. 41 (2007) 3823-3832.

[5] HK. Oh, S. Takizawa, S. Ohgaki, H. Katayama, K. Oguma,
M.J. Yu, Removal of organics and viruses using hybrid cera-
mic MF system without draining PAC, Desalination 202
(2007) 191-198.

[6] B. Van der Bruggen, C. Vandecasteele, T. Van Gestel, W.
Doyen, R. Leysen, A review of pressure-driven membrane
processes in wastewater treatment and drinking water pro-
duction, Environ. Progress 22 (2003) 46-56.

[71 SK. Hong, M. Elimelech, Chemical and physical aspects of
natural organic matter (NOM) fouling of nanofiltration mem-
branes, J. Membr. Sci. 132 (1997) 159-181.

[8] W. Yuan, A.L. Zydney, Humic acid fouling during ultrafiltra-
tion, Environ. Sci. Technol. 34 (2000) 5043-5050.

[9] A. Seidel, M. Elimelech, Coupling between chemical and
physical interactions in natural organic matter (NOM) fouling
of nanofiltration membranes: Implications for fouling control,
J. Membr. Sci. 203 (2002) 245-255.

[10] I.C. Escobar, E.M. Hoek, C.J. Gabelich, F.A. DiGiano, Y.A. Le
Gouellec, P. Berube, K.J. Howe, J. Allen, K.Z. Atasi, M.M.
Benjamin, P.J. Brandhuber, J. Brant, Y.J. Chang, M. Chapman,
A. Childress, W.J. Conlon, T.H. Cooke, I.A. Crossley, G.F.
Crozes, P.M. Huck, SN. Kommineni, J.G. Jacangelo,
A.A. Karimi, J.H. Kim, D.F. Lawler, Q.L. Li, L.C. Schideman,
S. Sethi, J.E. Tobiason, T. Tseng, S. Veerapanemi, A.K.
Zander, Awwa Membrane Technology Res Comm,
Committee Report: Recent advances and research needs in
membrane fouling, J. Am. Water Works Assoc. 97 (2005)
79-89.

[11] M. Yazdanshenas, M. Soltanieh, Sart. Nejad, L. Fillaudeau,
Cross-flow microfiltration of rough non-alcoholic beer and
diluted malt extract with tubular ceramic membranes: Investi-
gation of fouling mechanisms, J. Membr. Sci. 362 (2010)
306-316.

[12] S. Muthukumaran, D.A. Nguyen, K. Baskaran, Performance
evaluation of different ultrafiltration membranes for the recla-
mation and reuse of secondary effluent, Desalination 279
(2011) 383-389.

[13] L. Defrance, M.Y. Jaffrin, B. Gupta, P. Paullier, V. Geaugey,
Contribution of various constituents of activated sludge to
membrane bioreactor fouling, Bioresour. Technol. 73 (2000)
105-112.

[14] Q. Gan, SJ. Allen, Crossflow microfiltration of a primary sew-
age effluent-solids retention efficiency and flux enhancement,
J. Chem. Technol. Biotech. 74 (1999) 693-699.

[15] AL Schafer, A.G. Fane, T.D. Waite, Fouling effects on rejec-
tion in the membrane filtration of natural waters, Desalina-
tion 131 (2000) 215-224.

[16] S. Lee, B. Kwon, M. Sun, J. Cho, Characterizations of NOM
included in NF and UF membrane permeates, Desalination
173 (2005) 131-142.

[17] M. Bieroza, A. Baker, ]J. Bridgeman, Relating freshwater
organic matter fluorescence to organic carbon removal effi-
ciency in drinking water treatment, Sci. Total Environ. 407
(2009) 1765-1774.

[18] P.G. Coble, Characterization of marine and terrestrial DOM
in seawater using excitation emission matrix spectroscopy,
Marine Chem. 51 (1996) 325-346.





