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Abstract Membrane filtration technology combined with coagulation is widely used to purify river water. In this
study, microfiltration (MF) and ultrafiltration (UF) ceramic membranes were combined with coagulation to treat
local river water located at Xinghua, Jiangsu province, China. The operation parameters, fouling mechanism and
pilot-scale tests were investigated. The results show that the pore size of membrane has small effect on the
pseudo-steady flux for dead-end filtration, and the increase of flux in MF process is more than that in UF process
for cross-flow filtration with the same increase of cross-flow velocity. The membrane pore size has little influence
on the water quality. The analysis on membrane fouling mechanism shows that the cake filtration has significant in-
fluence on the pseudo-steady flux and water quality for the membrane with pore size of 50, 200 and 500 nm. For
the membrane with pore size of 200 nm and backwashing employed in our pilot study, a constant flux of 150
L-m >h™" was reached during stable operation, with the removal efficiency of turbidity, total organic carbon (TOC)
and UV254 higher than 99%, 45% and 48%, respectively. The study demonstrates that coagulation-porous ceramic

membrane hybrid process is a reliable method for river water purification.

Keywords
1 INTRODUCTION

Lack of clean fresh water becomes a potential
risk to public health [1]. The rapid increase of con-
taminants such as heavy metals, bacteria, virus, and
disinfection by-products in the source water strongly
affects the quality of drinking water [2-5]. Traditional
processes (coagulation + settlement + sand filtration +
chlorination) are often used to treat the contaminated
water in many waterworks, but it is difficult for the
treated water to meet the drinking water standards.

In recent years, membrane technologies such as
ultrafiltration (UF) and microfiltration (MF) are used
to purify river water in China. Polymeric UF or MF
membrane has been widely used in water treatment [6].
For example, polyvinyl chloride membrane and poly-
vinylidene fluoride membrane were employed to purify
the water from the Tai Lake (Wuxi, China) and Huangpu
River (Shanghai, China), respectively [7, 8]. Ceramic
membranes have also been used in pharmaceutical,
electronic, petrochemical, metallurgical and environ-
mental fields, because of their substantial thermal,
chemical and mechanical stability compared to organic
membranes. Recently, with the decrease in price, ceramic
membranes have been adopted to treat surface water
[9-12]. Hofs et al. investigated four ceramic membranes
(TiO,, ZrO,, AlO;, and SiC) and one polymeric
membrane (polyethersulfone-polyvinylpyridine) and
showed that the ceramic membranes had high flux and
high removal rate for natural organic matter (NOM)
and UV254 [11].
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NOM plays an important role in membrane foul-
ing [13]. Coagulation pretreatment is reported to be an
effective method to alleviate the fouling by NOM [14,
15]. The performance of a coagulation-ceramic mem-
brane system depends on characteristics of feed water.
In-line coagulation prior to ceramic microfiltration
was used for low turbidity (I NTU) water treatment
The flux was maintained about 250 L-m>-h™" [16].
The hybrid process of coagulation and ceramic mem-
brane filtration was adopted to treat Ruhr River wate r
and stable operation at a constant flux of 80 L-m >-h~
was obtained [17].

In our previous work, the effect of coagulation on
this hybrid process was reported [18]. More work is
needed to understand membrane fouling mechanism
and stability of ceramic membranes processes. In this
study, a coagulation-porous ceramic membrane hybrid
process is used to purify the micro-polluted source
water of Hengjing River in East China. Hemia model
is employed to investigate the fouling mechanism for
membranes with different pore sizes. River water is
used as the feed water to investigate the effects of op-
eration modes on ceramic membrane filtration. A pilot
study is employed to study the feasibility of ceramic
membranes for river water purification.

2 MATERIALS AND METHODS

2.1 Feed water and experimental system

Feed water was taken from Hengjing River,
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Figure 1 Schematic diagram of the experiment

which is one of the drinking water sources for the city
of Xinghua, China and a typical water source for small
cities in East China. The experiment was carried out in
winter with rich humic acid substance in the river. The
schematic diagram of the membrane filtration process
for river water purification is shown in Fig. 1. It was
carried out in open mode, in which the permeate did
not return to the feed tank.

2.2 Analytical methods

The concentrations of metal ions in the feed wa-
ter and permeate were measured by inductively cou-
pled plasma atomic emission spectroscopy (ICP, Op-
tima 2000 DV, Perkin Elmer, USA). The concentra-
tions of natural organic matters were determined by
the TOC (TOC-Vcpy, Shimadzu, Japan) and UVjs4
(Gold S54, Shanghai Lengguang Technology Co. Ltd,
China). The turbidity was measured with a turbidity
meter (2100N, HACH, USA). Surface morphology
and cross-section morphology of the membranes were
observed by field emission scanning electron micros-
copy (FE-SEM, S-4800, Hitachi, Japan).

2.3 Membranes

The 19-channel ceramic membranes were used,
supplied by Jiangsu Jiuwu Hitech Co., Ltd. (China),
with external diameter of 31 mm, channel diameter of
4 mm, and membrane area of 0.1 m”. The mean pore
size of membrane was 20, 50, 200 and 500 nm, deter-
mined by gas bubble pressure method. The pure water
fluxes of membranes with pore size of 20, 50, 200 and
500 nm were 161.5, 568.9, 614.2 and 891.9 L-m >-h”'
(0.1 MPa, 20 °C), respectively. For membranes with
pore size of 20 and 50 nm, the membrane material was
ZrO,/0-Al,0;; for those with pore size of 200 and 500
nm, the material was a-Al,O3/a-Al,Os.

3 MODELING FOR MEMBRANE FOULING
PROCESS

Constant pressure blocking filtration laws to

Newtonian fluids was first reported by Hermia in 1982
[19]. Membrane fouling involves four mechanisms:
standard blocking, intermediate blocking, complete
blocking, and cake filtration. A general equation for
these mechanisms is given

2 n
e 1)
dv dv
For n=0, the membrane fouling mechanism is cake
filtration, with all particles deposited in the filtration
cake at the membrane surface. For n=1, the fouling
mechanism is intermediate blocking, with some parti-
cles entering and blocking some pores and others stay
in the cake. For n=1.5, the fouling mechanism is
general blocking, with all particles arriving at the mem-
brane deposited on pore walls. For n = 2, the membrane
fouling is complete blocking, with particles blocking
some pores without superposition of particles [20, 21].
Yuan et al. [22, 23] successfully applied this model
to describe membrane fouling mechanism for MF
process of humic acid aqueous solutions. The mathe-
matical expressions of the four fouling mechanisms
are described by Salahi et al. [24] and Beatriz et al [25].
For cake filtration (n = 0), the flux vs. ¢ is
1 1

———=kt 2

7 )
For intermediate blocking (n=1), the flux vs. ¢ is
given by

1 1

———=kt 3
i 3)
For standard blocking (n = 1.5), the relationship is
1 1
F - W = kf (4)
0
For complete blocking (n=2), the expression is
InJ,—InJ =kt 5)

In this study, the fouling mechanism of the mem-
brane with different pore sizes was evaluated by Egs.
(2)=(5). All the simulations were implemented with
Origin 8 (OriginLab, USA).
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4 RESULTS AND DISCUSSION

4.1 Effect of pore size on flux

Figure 2 shows the fluxes of membranes with
different pore sizes for purification of river water. In
the first hour of filtration, the flux decreased signifi-
cantly, and then turned to be stable. The gseudo-steady
flux was 52.6, 69.0, 66.8 and 93.1 L-m >-h™' (75 kPa,
20 °C) for four membranes under dead-end conditions
after filtration for 7 h. As the average pore size in-
creases, the flux decreases more rapidly. The flux de-
cline is similar for the membranes with pore size of 50,
200 and 500 nm, but it is different with the pore size
of 20 nm. This indicates that the mechanism of mem-
brane fouling for the membrane with pore size of 20
nm is different from that for other three membranes.

1000
o 20 nm
0 50 nm
800 | A 200 nm
- v 500 nm
=
&
S
5
=}

time/h

Figure 2 Effects of pore size on flux in dead-end filtration
(75 kPa, 20 °C)

The analysis on membrane fouling resistance is
employed to determine R./Rr for this filtration. Ry,
and Ry are calculated by Darcy’s law,

AP
Ry =—"r (6)
1y
1{T=£=Rm+kf (7)
My

The methods were described in details previously [26].
The results are shown in Table 1. As the pore size in-
creases, R,/Rt decreases. For the membranes with
pore size 50, 200 and 500 nm, the difference in R/Rt
is regular, but the values are only one third of that
with pore size of 20 nm.

Table 1 Resistances of the membranes with
different pore sizes

Pore sizenm  Ryx10'/m™! Ryx10"/m’™ (Ru/R7)/%
20 20.4 76.6 26.6
50 5.80 58.4 9.93
200 5.37 60.3 8.91
500 3.70 432 8.56

The quality of permeate with different membrane
pore sizes is shown in Table 2. The pore size in the
range of 20 nm to 500 nm has little influence on the
water quality. Fig. 3 shows the field-emission scan-
ning electron microscope (FE-SEM) images for the
membrane surface with pore size of 50 nm with

Table 2 Quality of feed water and permeate with different membranes

Turbidity/NTU UV,sy/em™ Ca/mg-L™ Mg/mg-L™ Al/mg-L™ Fe/mg-L™
feed water 12.1 0.171 68.65 21.75 0.89 2.034
permeate (20 nm) 0.148 0.086 68.69 20.89 0 0.007
permeate (50 nm) 0.305 0.089 68.93 20.99 0 0.006
permeate (200 nm) 0.142 0.090 69.57 20.88 0 0.007
permeate (500 nm) 0.217 0.086 69.74 20.95 0 0.002

(b)

Figure 3 SEM images of new membrane (a) and fouled membrane (b) with pore size 50 nm



116 Chin. J. Chem. Eng., Vol. 22, No. 1, January 2014

time/h
(a) Complete blocking

0.020

0.016 -

0.012

117y~ 11J,

0.008

0.004

time/h
(c) Intermediate blocking

Figure 4  Analysis for membrane fouling process
m 20 nm; @ 50 nm; A 200 nm; v 500 nm

trans-membrane pressure (TMP) of 0 1 MPa and
cross-flow velocity (CFV) of 1 m- s”'. The fouling
layer on the membrane surface is denser than a new
membrane. During the filtration, the fouling layer that
acts as a dynamic membrane has a more significant
influence on the water quality than the ceramic mem-
brane. Therefore, water quality is affected by pore size
and porosity of the cake rather than the pore size of
membrane. The results suggest that ceramic mem-
brane with large pore sizes (200 nm or 500 nm) can be
used for river water purification.

4.2 Effect of pore size on fouling mechanism

Equations (2)—(5) are used to fit the flux with fil-
tration time ¢ to determine the fouling mechanism, as
shown in Fig. 4, with the correlation coefficients R” in
Table 3. For the membrane with pore size of 20 nm,
all of these models are not acceptable. For the mem-
brane with pore size of 50 and 500 nm, the fouling is
mainly caused by intermediate blocklng (R*>0.97) and
cake filtration (R2>0 98); for the membrane with pore
size of 200 nm, it is mainly caused by standard block-
ing (R*>0.96), 1ntermed1ate blocking (R*>>0.98), and
cake filtration (R*>0.98).
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Table 3 Correlation coefficient R? by linear fitting with
Hermia model for analysis on fouling mechanism

Membrane pore size/nm

Membrane fouling model

20 50 200 500
complete blocking 0919 0911 0923 0.893
standard blocking 0.930 0948 0.960 0.946
intermediate blocking 0938 0974 0984 0.979
cake filtration 0944 0.987 0986 0.983

The fitting of cake filtration model is slightly
better than that of intermediate and standard blocking.
The intermediate blocking indicates the transition
from pore blocking to cake filtration [20]. The pore
blocking (intermediate blocking) occurs in the initial
stage of filtration process. After filtration for about 1 h,
the fouling mechanism changed to cake filtration be-
cause the flux decline became slowly (Fig. 3). Salahi
et al. [24] investigated the membrane fouling for oil
wastewater filtration, the fouling mechanism changed
after 300 s filtration. The critical time may depend on
the quality of feed water. At higher concentration of
organic matter, the fouling mechanism changed earlier.
According to the fouling mechanism analysis and
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organic membrane fouling by river water reported by
Qiao et al. [7], we infer that the membrane fouling
process is divided into two steps. First, the membrane
is fouled by the NOM and suspended solid with small
particle size and pore blocking is the main fouling
mechanism. Then the cake formed by the NOM and
suspended solid with large particle size is the main
reason for the slow decline of flux. Thus the cake fil-
tration has significant influence on the process with
ceramic membranes. In order to alleviate the resis-
tance of the filter cake, backwashing was employed in
pilot study.

4.3 Effect of operation mode

Two operation modes, dead-end filtration and
micro-cross-flow filtration, were used to assess the
membrane fouling in river water purification, as shown
in Fig. 5. When the operation mode was changed from
dead end filtration to micro-cross-flow filtration (0.5
m-s "), for UF membranes with pore sizes of 20 and
50 nm, the pseudo-steady flux was improved by 20.4%
and 20.2%, respectively; for the MF membranes with
pore sizes of 200 and 500 nm, it was increased by
69.1% and 78.3%, respectively. Compare with dead-end
filtration, in micro-cross-flow mode, the contamination
on the membrane surface was limited, increasing the
flux [27]. The flux increase in MF processes was higher
than that in UF processes with the same increase of
CFV. The MF processes are significantly affected by
concentration polarization. As the CFV increases, the
thickness of the gel layer decreases, and the concen-
tration polarization is alleviated. Without consideration
for water recovery and energy consumption, micro-
cross-flow filtration is more suitable for river water
purification than dead-end filtration.
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Figure 5 The relationship between pseudo-steady flux and
CFV (TMP = 0.1 MPa, 20 °C)

4.4 Pilot-scale study for river water purification

A pilot-scale study was conducted to determine
the long-term performance of ceramic membranes for
river water pur1ﬁcat10n The production capacity was
set to 1.84 m’-h™'. 19-Channel ceramic membrane

modules were employed throughout the experiments.
The membrane area was approximately 12 m?” and the
pore size was 200 nm. For obtaining a high water re-
covery rate and low energy consumption, dead-end
filtration was employed. The backwashing period was
set to 1 h, and the membrane was backwashed with
permeate for 30 s each time. The temperature of the
feed water was (15+1) °C. The proposed process was
operated steadily for more than a week at a constant
flux of 150 L'm >h™" (1.84 m’-h™"). Water recovery
rate was more than 92%, calculated by

R= Ppermeae x100% )

feed

Figure 6 shows the TMP as a function of time. In
the pilot-scale study, the maximum TMP was 0.17
MPa and the minimum TMP was 0.05 MPa. The av-
erage growth rate of TMP was 3.71 kPa-h™'. The TMP
after backwashing was about 0.5 times that before
backwashing. Thus backwashing can effectively re-
duce membrane fouling. The calculated result by
Hermia model is consistent with the experimental re-
sults. The chemical cleaning was carried out after
every 70 h filtration. The aqueous solutions of sodium
hypochlorite with volume concentration of 0.1% and
sodium hydroxide with mass concentration of 0.1%
were employed.

TMP/MPa

chem1cal cleanmg
1 1

1
0 30 60 90 120 150 180
time/h
Figure 6 TMP of ceramic membrane for pilot-scale ex-
periment (constant flux = 150 L-m>-h™")

Water quality of Hengjing River and permeate is
shown in Table 4. The removal efficiency of turbidity,
UV;s4 and TOC was higher than 99%, 45% and 48%,
respectively. AI’* could be removed completely while
the removal efficiency of Fe’* was 99.7%. A suitable
dosage of coagulates can improve the pseudo stead ly
flux and retention rate of NOM [28]. > and Al
make NOM molecules aggregate and are encapsulated
by NOM. The Fe’’-NOM and AI’-NOM are inter-
cepted by the membranes, so the membrane has a high
retention rate for Fe’" and AI’". Similar results has
been reported for ceramic membrane with pore size of
100 nm, with Fe added as coagulates [29]. The membrane
filtration can not remove Ca’  and Mg>" from feed
water. In this work, the concentrat1on of Ca”" in the feed
water was 64.56 mg' L' , higher than that reported in
literature, and Ca*" makes the gel layer denser [30].
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Table 4 Water quality analysis for the river
water and permeate

Turbidity/NTU ~ UV,sy/em™  TOC/mg L™ Fe/mg: L™ Al/mg- L' Total hardness (CaCOs)/mg- L™
upper limit of national standard 1.0 — — 0.3 0.2 450
feed water 12.5 0.165 10.41 0.16 0.15 260
permeate 0.12 0.090 5.44 0.007 0 254
removal rate/% 99 45 48 95.63 100 2.52
The results for variation of TMP and water quality REFERENCES

show that the ceramic membranes coupled with co-
agulation are steady for river water purification with
long-term operation.

5 CONCLUSIONS

The coagulation-porous ceramic membrane hy-
brid process was used to purify Hengjing River water.
The results show that this hybrid process is an effec-
tive way for purify micro-polluted source water. The
MF process is more efficient than UF with the same
increase of CFV. The membrane pore size in the range
of 20 nm to 500 nm has a small effect on the pseudo-
steady flux for dead-end filtration and has little influ-
ence on the water quality of permeate. The analysis on
membrane fouling shows that the cake filtration plays
an important role in this process for the membrane
with pore size of 50, 200 and 500 nm. The water qual-
ity is significantly influence by the cake on the mem-
brane surface. In a pilot scale study, for the membrane
with pore size of 200 nm with backwashinig, stable
operation at a constant flux of 150 L'm>h" was at-
tained, and the removal efficiency of turbidity, TOC
and UV254 was higher than 99%, 45% and 48%,
respectively. In summary, the proposed coagulation-
ceramic membrane process is a potential process for
the purification of surface water.

NOMENCLATURE
J flux, L'm>h’!
Jp pseudo-steady flux, L-m2h!
Jo initial flux, L-m~-h™"
k constant
AP trans-membrane pressure, Pa
R water recovery rate
R fouling resistance of fouled membrane, m’!
R intrinsic resistance of new membrane, m!
Rt total resistance of fouled membrane, m!
R’ correlation coefficient
t filtration time, h
V filtrate volume, L
Vieed volume of feed water, L
Voermeate volume of permeate, L
u viscosity of feed water, Pa-s
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