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ABSTRACT

A ceramic membrane was prepared on SiO, support through suspended powder technology
from cost-effective natural clay. The sintering temperature was selected at 600°C according
to thermogravimetric analysis of the raw powder. Results of Fourier transform infrared
spectroscopy and X-ray fluorescence (XRF) showed the natural clay had high physicochemi-
cal similarity to phyllosilicate. Crystal structure, pore size distribution, and effective mem-
brane thickness of the natural clay membrane (NCM) were also studied. X-ray diffraction
patterns revealed a phase conversion occurs during sintering. The results of mercury
porosimetry showed the pore size distribution of NCM ranged from 3 to 10 nm. Scanning
electron microscopy images showed NCM distributed uniformly on the support with an
approximate thickness of 30 um. The transport and separation performances of NCM were
tested in batch mode through a stirred cell under dead-end mode. It was found that reten-
tion of PO~ was pH-dependent with the satisfactory rejection rate under alkaline condi-
tions (pH > 10). The analysis of XRF made it reasonable to assume that amphoteric Al,O; in
the raw material should be responsible for the effective retention through electrical-related
interactions. In addition, both increasing temperature and applying turbulence affected the
retention positively. Filtration resistance analysis of treating phosphate solutions indicated
that irreversible fouling could be completely neglected, and concentration polarization was
the main cause of reversible fouling.
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1. Introduction

Phosphate is considered as an effective water treat-
ment chemical widely used in industrial processes to
prevent the essential equipment from corrosion and
scaling [1]. For instance, a proper amount of trisodium
phosphate (NagPO,4, TSP) is usually introduced into
the feedwater of power plants to keep boilers running
stably and safely. In this regard, significant quantities
of phosphate wastewater will be released into the
environment. Phosphorus is one of the key nutrient
elements that cause eutrophication in aquatic eco-sys-
tems: superfluous phosphate discharged into natural
water bodies often leads to the depletion of dissolved
oxygen and overgrowth of algal [2]. In addition, dis-
charging wastewater with high temperature can cause
a huge energy waste [3]. Therefore, based on both
environmental and economic points of view, it is of
value to recover phosphate wastewater to generate
sufficient make-up water for industrial purpose.

Research efforts are under way to address the
problem of phosphate pollution: advanced treatments
of phosphate wastewater have been achieved by
adsorption, chemical precipitation, membrane technol-
ogy with different degrees of success [4-6]. In recent
years, membrane technologies have gained increasing
attention due to their potential application in a wide
range of industrial processes and pollution control
[7-9]. In addition, membrane processes hardly trans-
form pollutants or re-contaminate the treated water.
Several papers on the treatment of phosphate
wastewater have been available within last three
years. For example, ion-exchange membranes based
on polymer were arranged under an electrical field by
Tran and co-workers for concentration of phosphate
from wastewater through selectrodialysis [10]. Shang
et al. [11] found that dissolved phosphate could be
effectively rejected by tight TiO, membrane through
electrostatic interactions.

Organic membranes, usually made of various poly-
mers, are materials commonly used for the treatment
of drinking, process and wastewater streams; how-
ever, they possess some performance limitations when
compared with those inorganic counterparts: ceramic
membranes are generally more chemically and ther-
mally resistant than polymeric ones [12-14]. These
intrinsic properties are of great concern in the aggres-
sive cleaning and operation of membrane for ceramic
membranes, as they hardly suffer the “mem-
brane/pore swelling effect” or degradation when
exposed to oxidants, strong acids or bases, and high
temperatures [8,11,15]. Given that temperature of
industrial effluents is usually high (over 40°C), it is
not conducive for polymeric membranes to keep high
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separation efficiency and long guarantee period [16].
Therefore, ceramic membranes appear to be attractive
for treating wastewater with high temperature due to
its high efficiency, stability, and operability.

Ceramic membranes, especially based on alumina
and silica, have confirmed that they obtained long
operating life, chemical inertia, and thermal stability
[17]. Tt is also generally known that there are rich
deposits of silicon and aluminum in the continental
crust, and membranes containing alumina often exhi-
bit amphoteric characteristics, which is prone to estab-
lish electrical-related interaction with ionic pollutants.
Therefore, some natural materials can be used as
found or after appropriate transformations for mem-
brane fabrication. Currently, significant efforts have
been devoted to the preparation of ceramic mem-
branes mainly made from Al,O; TiO,, and ZrO,
through sol-gel method [18-20]. In addition, most
previous research focused on separating the relatively
large polluting agents, such as natural organic matter,
textile effluents, and oil/water system [21,22]. How-
ever, eliminating ions by ceramic membrane made
from natural minerals has not hitherto been studied.

This present work seeks to prepare a natural clay
membrane (NCM) on the commercial SiO, support by
dip-coating method, with a special attention on the
purifying capacity of wastewater containing phos-
phate. The as-prepared membrane shows a mean pore
size that can be classified into the tight ultrafiltration
category, which is also a charged membrane by elec-
trokinetic characterization. Through dead-end filtra-
tion mode, the separation efficiency of phosphate,
influence factors of filtration, and membrane fouling
are discussed.

2. Materials and methods
2.1. Chemicals

Natural rocks were sampled from local mountain
of Suzhou region (Jiangsu, China), which was crushed
into large particles, ground into powder, and sieved
by a 140 mesh sieve to obtain the natural clay powder.
The particle size distribution of raw powder was
determined through a Mastersizer 3,000 style laser
particle size analyzer (Malvern, Britain), which was
ranging from 4 to 97 pm.

Analytical grade NazPO,, sodium hexametaphos-
phate (SHMP), HCl, HNOj;, and NaOH were obtained
from Beijing Chemical Works and used as received.
All the solutions mentioned in this study were pre-
pared using deionized (DI) water with the conductiv-
ity of 7.8 pS/cm, which was prepared through a
HA-10LB style ultra-pure water system (Berclean
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Company, Chongqing) and used at its native pH (6.0
* 0.2). Commercially available SiO, supports (Fengxi
Porcelain Factory, Chaozhou) were used as the flat
disc type. Technical parameters of the support applied
in the measurements are listed in Table 1.

2.2. Preparation of NCM

Initially, pre-treatment of SiO, supports were car-
ried out, by grinding with emery paper of 1,000-2,000
grit, rinsing with DI water, ultrasonic cleaning in
dilute nitric acid (pH 3), and dried at ambient tem-
perature (AT, ~26°C) before the coating procedure.

The natural clay powder (6.5 wt.%) was mixed with
DI water with a proper amount of SHMP as the disper-
sant to obtain a deflocculated suspension, which was
kept in a Petri dish. One side of the S5iO, support was
dipped in the suspension for 10 s and a coating layer
could be formed. The coated supports were placed in a
desiccator over silica gel at AT for 24 h. After natural
drying, coated supports were oven-dried at 90°C to
remove residual moisture, and then sintered at 600°C
for 2 h with a heating rate of 1°C/min in a 5X2-2.5-12
style muffle furnace (Beijing Furnace Factory, China).
Each as-prepared membrane was carefully collected
before characterizations and performance tests.

2.3. Static characterization of NCM

The chemical compositions of natural clay were
analyzed by a XRF-1,800 XRF spectrometer (XRF, Shi-
madzu).Thermal gravimetric analysis (TGA) was per-
formed on a TA Q50 thermogravimetric system at a
heating rate of 10°C/min under air atmosphere with a
flow rate of 60 cm®/min. The surface morphology was
observed through a HITACHI S-4,700 style field emis-
sion scanning electron microscope (SEM). The crystal
structures of raw powder and as-prepared membrane
were studied by X-ray diffraction (XRD;
D/max2500VB 2+/PCX, Rigaku) using CuKo radiation
with 26 from 5° to 90°. FTIR spectra of the samples
were finished using a Nicolet 6,700 spectrometer
between 4,000 and 400 cm %; the samples were

Table 1

Parameters of the commercial SiO, support

Parameter Value
Configuration Flat disc
Diameter (mm) 60
Thickness (mm) 3.80
Porosity (%) 30.34
Compression strength (MPa) 17.58
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prepared in the pellet form using spectroscopic grade
KBr powder. The pore size distribution was obtained
from a Micromeritics AutoPore IV9500 mercury
porosimeter. Zeta potential of the membrane was
obtained through streaming potential analysis with
Helmholtz-Smoluchowski model [23]; the desired pH
values were adjusted by dilute NaOH and HCl solu-
tions and monitored by a pH meter (PHS-3C,
Shanghai Leici). The contact angle was measured
through a Dataphysics OCA 20 optical contact angle
system by the sessile drop method [24].

2.4. Dynamic characterization of NCM

The test solutions were prepared by dissolving a
known weight of TSP in DI water under stirring to
give the desired concentration. All samples were
prepared in triplicate.

Experiments were carried out through a lab-made
stirred cell with a volume of 400 mL as depicted in
Fig. 1. A thin layer of porous steel was placed
between the membrane and permeate outlet to avoid
any deviation of results caused by the rough permeate
channel surface. A magnetic stirrer on the top of the
cell would rotate the agitator blade, which was con-
nected to a control chamber for speed adjustment. The
testing temperature was controlled by a thermocouple
fixed in the cell. All filtrations were run in duplicate
or more to check the reproducibility.

In order to minimize any structural change of the
prepared membrane, a compaction procedure was
conducted as follows: the fresh ~membrane
was immersed in DI water for at least 2h and then
was conditioned through filtering DI water under
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Fig. 1. Schematic diagram of the stirred cell.



B. Fan et al. | Desalination and Water Treatment 57 (2016) 17308-17321

0.6 MPa for 1 h. The membrane was also allowed to
equilibrate in the test solution for a while before each
experimental run.

Water flux was measured as the cumulative mass
of permeate, which was recorded during filtration
over an electronic balance connected to a computer.
The hydraulic permeability (L,) was assessed from the
water fluxes under driving pressures (AP) varying
from 0.10 to 0.38 MPa. Retention of phosphate was
determined by taking samples of permeate and feed
under steady state at 0.15 MPa. Concentration of phos-
phate in the sample was determined by the molybde-
num blue colorimetric method [25], and the rejection
rate (1, %) was calculated according to the following
equation:

n=(1-Cy/Cr) x 100% (1

where C, and C; represent phosphate concentrations
in the permeate and feed, respectively, mg/L.

2.5. Resistance analysis

The measurement of filtration resistances based on
flux data could provide additional insight on the pro-
cess of membrane separation. According to constant
pressure theory and Darcy’s law [17,22], the total fil-
tration resistance (R, m ) has a relationship with
permeate flux (J, m/s):

] =AP/(u-Ry) @)

where AP is the driving pressure, Pa; and u is the
dynamic viscosity of the feed, Pa-s.

According to resistance-in-series model, the total
resistance is often divided into several components
depending on the situations in detail [7,22,26]. Regard-
ing the specific conditions of this study, R; should be
comprised of three main subdivisions: intrinsic mem-
brane resistance, R, adsorption resistance, R,4s, and
fouling resistance, R; In addition, the fouling
resistance can be further subdivided into two parts:
reversible fouling resistance, Rye,, and irreversible
fouling resistance, Rj.. It is of value to mention that
adsorption resistance results from weak physical inter-
molecular forces between membrane and contami-
nants, which is thermodynamically unavoidable;
whereas, in dead-end mode, reversible fouling is
mainly caused by the concentration polarization,
which can be targeted by physical cleaning or mild
chemical cleaning; however, irreversible fouling
cannot be eliminated using chemical cleaning. In sum-
mary, the following equations can be established.
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Rt = Rm + Rads + Rf (3)
Rf = Rrev + Rirr (4)

Each type of resistance was obtained by designing
a series of filtration experiments and measuring the
flux at the end of each step under given conditions.
The analysis protocol to determine resistances is listed
in Table 2.

On account of the flux data, various hydraulic
resistances could be calculated using Hagen-Poiseuille
equation [27]:

. uwA-Z;zm ©)
Jw2 = m (6)
Jws = e (R ipRads TR 7
| AP ®)

B ty - (Rm + Rix)

where u,, and up,, are the dynamic viscosity of DI
water and 200 mg/L TSP solution, respectively, Pa-s.
At room temperature (~26°C), u,, equals 0.8737 mPa-s
and i equals 0.9218 mPa-s [28].

3. Results and discussion
3.1. Characterization of the natural clay

The chemical compositions could determine the
properties of ceramic materials to some extent. The
elemental analysis of the natural clay was performed
by XRF technique with the results given in Table 2.
The major composition found in the sample is SiO,
(58.91 wt.%) similar to the material of support, which
can positively affect the adhesion force between the
support and active layer during sintering [3]. In addi-
tion, the clay contains relatively high concentration of
AlL,O; (3532 wt.%), which shows the amphoteric
characteristic controlled by pH [19]. Therefore, the
membrane obtained from natural clay might exhibit
permselectivity caused by electrical-related effects for
electrolyte solutions, which will be discussed in the
following text.

In order to determine the optimal temperature for
membrane forming, the thermal property of raw clay
is studied through TGA presented in Fig. 2. It is worth
mentioning that the thermal analysis was conducted
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Table 2

The analysis protocol for wastewater treatment

Procedure = Operation Parameter

Pure water  The pure water flux of a fresh membrane was determined Jw1
flux

Adsorption A fresh membrane was immersed in a solution containing 200 mg/L TSP for 3 h, and then the J,»
test pure water flux was determined

Fouling test After repeating the adsorption test, filtration of phosphate solutions (200 mg/L TSP) was Jw3

conducted
Flushing Subsequent to the fouling tests, the membrane was subject to the backwashing procedure Jwa

under 0.3 MPa using DI water, followed by a pure water flux determination

under air environment; thus, the practical thermal
behavior of natural clay in the preparation process
could be monitored. Analysis of TG curve shows that
the major weight loss occurs before 69.16°C, which is
due to the removal of weakly absorbed water. How-
ever, an increment of weight starts at 151.18°C, which
might result from the reaction between metallic oxides
in the clay and CO, from the environment. Then, the
weight keeps relative stable with the elevated tem-
perature until approx. 573°C. Owing to the phase
transformation from f-quartz to a-quartz, a small peak
appears at 593.65°C [29]. An appreciable pyrolysis
stage starts at 654.33°C mainly attributes to the
volatilization or decomposition of some compositions
in the raw material; thus, the intrinsic structure might
be destroyed along with the losing of certain
properties.

Moreover, alumina kept in the clay plays a key
role in the formation of the membrane. Schaep and co-
workers [30] have revealed that increasing tempera-
ture would be accompanied by pore enlargement of
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Fig. 2. TGA curve of the natural clay.

AlLO3; membranes. Combined with the thermal analy-
sis, the sintering temperature for a defect-free NCM
should not exceed 654.33°C. On the other side, the sin-
tering temperature should be higher than 573°C
preferably, at which the phase transformation occurs.
It is noteworthy that a-quartz can be re-transferred to
p-quartz during environmental cooling. This reversible
phase conversion between a- and f-quartz is propi-
tious to eliminate the residual stress among adjacent
lattices [29]. Therefore, the sintering temperature for
NCM was selected at 600°C in our investigation.

3.2. Membrane properties

Fig. 3(a) and (b) show the results of mercury
porosimetry for SiO, support and the supported
NCM, respectively. It is worth mentioning that the
active layer cannot be totally detached from support;
therefore, the determination of pore size distribution
for NCM, materially, includes the pore size distribu-
tion of both active layer and SiO, support. According
to Fig. 3(a), the most concentrative pore diameter of
SiO, support ranges from 400 to 1,000 nm indicating a
macroporous category. Fig. 3(b) shows that two peaks
appear in the curve: a sharp peak centered at
1,000 nm corresponds to the pores of SiO, support,
and a broad peak ranging from 3 to 100 nm corre-
sponds to the pores of active layer. Another aspect
deserves attention that the cumulative pore area
increases sharply since the pores with 12 nm width
based on Fig. 3(b), which indicates the main distribu-
tion of majority pores for active layer. Additional
insights on Fig. 3(a) and (b) reveal that the cumulative
pore area of NCM is obviously higher than those of
SiO, support, which can be assigned to the complex
networks of interconnected pores in the active layer
[31].

SEM images shown in Fig. 4 show the morphology
of support, active layer, and cross-section of NCM.
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Fig. 3. Results of mercury porosimetry for (a) SiO, support and (b) the supported NCM.

Fig. 4. SEM images of (a) SiO, support, (b) active layer, and (c) cross section of the sample.

Fig. 4(a) and (b) provide the indirect evidence in sup-
port of the conclusion of pore size distribution drawn
earlier. In addition, comparison of Fig. 4(a) and (b)
discloses that the active layer possesses a more com-
pact surface than support does. It is of value to men-
tion that the particles of natural clay present an

appearance of flat sheet, which would hardly intrude
into the pores of support during the dip-coating pro-
cess in contrast to that of fine spherical particles.
Thereby, it is unnecessary to prepare the traditional
intermediate layer for a high-performance membrane.
Irregular accumulation of sheet particles is also
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conducive to obtain a layer with high porosity and
tortuosity. According to Fig. 4(c), the top layer can be
clearly distinguished from the support with an
approximate thickness of 30 pm from a cross-sectional
view.

XRD analysis (Fig. 5) allows specifying the crystal
changes for natural clay after sintering. The pattern of
SiO, support shown in Fig. 5(a) keeps the original
shape after sintering, indicating the stability during
membrane forming. Quartz is the main constituent of
the support, which is in line with other reports [32].
Fig. 5(b) exhibits a series of intense sharp peaks indi-
cating the main crystalline phases of natural clay:
kaolinite, muscovite, and quartz. Compared with the
diffractogram of unsintered powder, the peak corre-
sponding to kaolinite phase is disappeared in the
crushed powder of active layer according to Fig. 5(c).
Zhou et al. [33] have attributed this phenomenon to
the phase conversion at a temperature over 500°C,
which could be described in following equation.

ver 500°C

Kaolinite "= ~ metakaolinite + H,O )

Moreover, this phase conversion at the desired
temperature (600°C) is prone to rearrange crystalline
phases, followed by stabilizing the internal structure
of active layer.

A A- quartz
B- albite, calcian, ordered
M- muscovite
K- kaolinite

Intensity (a.u.)

A ®)

L NIl van woa oA A
©

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20 (degree)

Fig. 5. XRD patterns of (a) SiO, support, (b) natural (c)
clay, and crushed membrane powder.
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FTIR spectra of the natural clay and crushed pow-
der of active layer are shown in Fig. 6, and the assign-
ment of the main vibration bands, based on previous
studies [34-37], is listed in Table 3. According to
Fig. 6, the spectrum of natural clay after sintering still
keeps the characteristic peaks assigned to O-H stretch-
ing and bending vibration. For this reason, it is
rational to assume that the natural clay used in our
study can be classified as the phyllosilicate, which
contains quantities of inner hydroxyl groups in the
structural unit layer [14,38]. On the other hand, the
deformation vibration of Al-O-Al in the fingerprint
region are better outlined, as compared to the raw
powder. This is the result of a better structural order-
ing in NCM leading to the enhanced surface charge
performance [20,39] (Table 4).

3.3. Permeability and separation performance

Initially, NCM is characterized by water permeabil-
ity depicted in Fig. 7. For each fresh membrane, flux
increases with the elevated driving pressure over the
range studied. It can be observed from Fig. 7(a) that
all the fluxes are stabilized in about 5 min. In addition,
water flux is directly proportional to the applied pres-
sure according to Fig. 7(b). The slope of the line in
Fig. 7(b) corresponds to the membrane intrinsic
permeability (L) according to Darcy’s law [21], which
is 1456.38 L/(m®h MPa) after calculating. It is note-
worthy that permeability of NCM is smaller than that
of reported values with the similar pore size distribu-
tion [12,17,22]. The relative low permeability can be
due probably to the high thickness of top layer as
presented in Fig. 4(c).

Natural clay

T (%)

After sintering at 600 °C

1051

T T T T g T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 6. FTIR spectra of the natural clay and crushed
membrane powder.
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Table 3
The chemical compositions of natural clay. LOI is loss on ignition

The chemical composition (wt.%)

Material SiO, Al,O3 K,O Fe, O3 MgO TiO, SO; P,0s5 MnO LOI
Natural clay 58.91 35.32 3.44 1.33 0.41 0.31 0.10 0.05 0.02 0.11
Table 4
Assignment of the main vibration bands of natural clay and crushed membrane powder
Main vibration bands(cm™)
Natural clay After sintering Assignment

3,696, 3,619, 3,421 3,740, 3,438

Vas(-OH/inner hydroxyl)
hydrogen bond with O-5i

1,646 1,645 7as (inner hydroxyl)
1,106, 472, 427 474 0(5i-O-5i)
1,033 1,051 v(Al-O-Al) octahedral
1,011, 538 539 0(Si—-O-Al) octahedral
914 — 0(AlIO-H)
(a) 700 (b) 600
1 550
600 - ]
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Fig. 7. Variation of pure water flux as (a) a function of working time and (b) pressure at 26°C.

Fig. 8 illustrates the evolution of the permeate flux
of NCM at various TSP concentrations under
0.15 MPa. In order to minimize deviations owing to
nuances of different experimental individuals, normal-
ized flux (J,) is used as the ratio of permeate flux (J)
to the initial flux at the beginning of the filtration (J,,).
It can be observed that, in general, normalized flux
decreases with time for each concentration level,
which commonly results from the solutes driven
towards the membrane surface and deposited there-
after [40]. Moreover, all the fluxes of NCM for TSP

solutions are lower than that in the control group (DI
water). This may be attributed to the presence of Na*
in TSP solutions, which can adversely affect the flux
[41]. Besides, electroviscous effect caused by
phosphate in the narrow pores of feed side may also
deteriorate the flux with the increasing TSP
concentration [42].

Closer inspection of Fig. 8 reveals that the flux
exhibits the increasing trend with the elevated concen-
tration of TSP until 150 mg/L. According to the con-
clusion drawn by Lee and Kim [26], increasing
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Fig. 8. Effect of TSP concentrations on normalized flux
under 26°C.

alkalinity or salt content of the feed is propitious to
obtain high flux. For this regard, increasing the con-
centration of TSP cannot only increase the alkalinity,
but also raise the salt content. Therefore, the flux
increases monotonously over the concentration range
from 50 to 150 mg/L. However, the flux for 200 mg/L
TSP solution is lower than that for the solution con-
taining 150 mg/L TSP. As essays progress, it is always
assumed that the concentration polarization in filtra-
tion process will reduce the effective driving pressure,
followed by the decreased flux [7,26]. Thus, exces-
sively high concentration of TSP in the feed creates a
thick polarization layer, which largely suppresses the
permeate flux. It is necessary to elucidate that concen-
tration polarization occurs in each tested solution (50,
100, and 150 mg/L) as well, but not be so pronounced
as that of 200 mg/L TSP sample.

In summary, raising the concentration of TSP can
increase the alkalinity of solution, which is conducive
to obtain high flux. However, high concentration of
TSP can produce noticeable concentration polarization
phenomenon during filtration. Therefore, an antago-
nistic effect between alkalinity and concentration
polarization is obvious.

The retention data as a function of TSP concentra-
tion are given in Fig. 9. An essential conclusion can be
drawn that NCM is effective for purifying phosphate
wastewater: the rejection rate of TSP can be still satis-
factory (~85%) even at 200 mg/L of salt concentration.
With the pore size distribution of NCM shown in
Fig. 3(b), it is apparent that steric exclusion will be of
no importance in the case of inorganic ions, which
could be only rejected by charge effects [43]. There-
fore, characteristics of ions rejection and permeate flux
can be attributed to the surface electrical properties of
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Fig. 9. Retention of TSP by NCM at 26°C under constant
pressure of 0.15 MPa.

NCM. Combined with the results of XRF (Table 2)
and FTIR (Fig. 6), aluminum oxide, which is an
amphoteric material contained in the natural clay,
may play a key role in the rejection process.

It is worth further attention on Fig. 9 that the rejec-
tion rate shows the decreasing trend for each concen-
tration level with operating time. There is a
distinguishable initial decrease of permeate flux due
to adsorption, pore blockage, concentration polariza-
tion, or formation of fouling layer within 15 min
operation, after which the permeate flux reaches a
relative steady-state. For another aspect, the rejection
rate decreases as the pH of feed solution increases
with the increasing TSP concentration. This pH depen-
dency needs additional characterizations, which is
shown in Fig. 10, for harvesting the insight on reten-
tion mechanism.

Fig. 10(a) shows that the retention curve exhibits a
highly asymmetric S-shape, which is the signature of
amphoteric membranes in rejecting asymmetric elec-
trolyte (TSP) principally by electrostatic interactions.
In other words, the salt retention is dominated by ions
with high valence (PO]") because they hold more
charges [8]. In the low pH range (less than 6), the
active layer of NCM is positively charged, which is
evidenced by zeta potential shown in Fig. 10(b). Thus,
the surface of NCM favorably interacts with nega-
tively charged species (HPO?[,HZPO;); as a result, a
large amount of counter-ions will aggregate on the
surface or in the pores, and eventually diffuse across
the membrane yielding a low rejection rate. As the pH
increases (over 6), retention increases because NCM
changes to be negatively charged. On this occasion,
more and more anions are repelled by NCM for the
increase of negative charge. In addition, it is accepted
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Fig. 10. (a) Retention of TSP asa function of pH at fixed
concentration of 200 mg/L and (b) zeta potential of NCM
in presence of the indifferent electrolyte: NaCl with equal
ionic strength of TSP.

that NCM exhibits the electrical property with an
isoelectric point (IEP) at pH around 6.4 based on
Fig. 10(a) and (b).

Furthermore, another aspect still deserves attention
that a negative retention is obtained before IEP shown
in Fig. 10(a). For dead-end mode, concentration polar-
ization leads to an excess of counter-ions gathered
near the surface of charged membrane. As a result,
the concentration of TSP near the surface (both the
feed and permeate side) can be higher than that in
bulk solution. Therefore, it is possible to obtain a
negative retention when the net charge of NCM is
relative low. Mazzoni et al. [44] have already reported
the similar results.

Subsequent to clarify the amphoteric nature of
NCM, some interpretations can be put forward to
elucidate the difference of separation performances
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with various TSP concentrations shown in Fig. 9. It
can be observed that the pH value of each concentra-
tion is higher than IEP of NCM, so that the membrane
is negatively charged once contacting the solutions.
However, with increasing concentration, more diffu-
sion of co-ions (PO; ") can take place as a consequence
of a higher driving force resulted from concentration
difference, so that a decrease in retention is observed.
In addition, screen effect caused by counter-ions (Na™)
will be pronounced with the elevated concentration
leading to a decrease of repulsive force between mem-
brane and co-ions.

With respect to the retention of TSP, it also should
be remarked that, as more TSP is added, retention fur-
ther declines but to a less extent. As the concentration
of TSP increases from 50 to 100 mg/L, from 100 to
150 mg/L and from 150 to 200 mg/L, the rejection rate
at the end of filtration decreases by 6.64, 3.89, and
2.18%, respectively. The reason for this phenomenon
is somewhat complicated, because both flux and salt
concentration play the crucial role. On one hand, dilu-
tion effect appears due to the increase of flux as
shown in Fig. 8, which can lower the ions concentra-
tion in the filtrate [45]. On the other hand, increasing
feed concentration leads to the enhanced electrovis-
cous effect in membrane pores, which can retard the
diffusion of solutes from bulk solution to permeate
side, consequently, lower the decrement of rejection
rate [42].

3.4. Fouling analysis

The determination of filtration resistances from
flux data can provide additional insight on the fouling
mechanism. The various resistances components are
summarized in Fig. 11, noting that the analysis proto-
col is previously mentioned in Section 2.5. As it can
be observed, the intrinsic resistance (R,,), which is
related to only membrane properties, is considered to
be a constant value of 2.78 x 10" m™" and dominates
through the filtration. The resistance derived from
adsorption (R,gs, 0.63 10" m™) also remains nearly
stable implying that adsorption takes place first once
membrane and solutes are in contact. With regard to
the fouling resistance (Ry), including reversible (Ryey)
resistance with its irreversible (Ry,) counterpart, it
maintains increasing tendency with time owing to the
increase of Ryey. The increasing R,., can be assigned to
concentration polarization, which deteriorates gradu-
ally as time goes on. While, the irreversible fouling
could be negligible all over the time, which indicates
that hydraulic properties of NCM can be restored sim-
ply by backwashing. This conclusion is also supported
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Fig. 11. Evolution of various resistances with time.

by the results of contact angle presented in Fig. 12,
which is an indispensable tool in the respect of mem-
brane fouling.

As can be seen in Fig. 12(a), the apparent contact
angle on a fresh membrane is 15.1° implying a hydro-
philic surface with an enhancement of antifouling abil-
ity. The metal cations contained in crystal lattices of
the active layer can be hydrated in the presence of
water. Therefore, a hydrophilic environment will
appear on the surface of membrane [46]. The adsor-
bate on the surface or in membrane pores during fil-
tration leads to the slightly fouling according to the
static contact angle shown in Fig. 12(b). However,
after backwashing, the hydrophilic property is
restored with a contact angle of 15.8° labeled in
Fig. 12(c). The small increase in contact angle indicates
the inevitable solutes adsorbed on the membrane
surface.

3.5. Influencing factors

Temperature and turbulence constitute main fac-
tors affecting the separation performance of mem-
brane. In our study, the temperatures of feed solution
were adjusted in the range from room temperature
(~26°C)-57°C via a thermel mounted in the experimen-
tal setup depicted in Fig. 1. Fig. 13(a) illustrates the
variation of flux and salt concentration in the filtrate
at different temperatures, which are all measured
under the final steady state. As it can be observed, the
permeability of NCM gradually meliorates with the
increasing temperature accompanied by the substan-
tial decrease of TSP concentration in the filtrate.
Higher feed temperature leads to lower viscosity of
the feed and also to weaken the intensity of the
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Fig. 12. Shape of the water droplets on (a) the new mem-
brane, membrane (b) after filtration, and (c) membrane
after backwashing (all the membranes were tested in dry
state).

electroviscous effect in membrane pores. Conse-
quently, the transport of solvent through the mem-
brane intensifies, yielding a high permeate flux. High
temperature can also reduce the concentration polar-
ization, which enhances the diffusion of ions back
toward the bulk solution. As a result, the solutes are
largely retained by NCM. The other contribution to
the lower TSP concentration in permeate side can be
ascribed to the enhanced permeate flux, which may
create the dilution effect for solutes in the filtrate [47].
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Fig. 13. Effect of (a) temperature and (b) stirring at room
temperature on the permselectivity of NCM (initial concen-
tration of TSP in the feed is 200 mg/L and driving
pressure is 0.15 MPa).

Fig. 13(b) describes the influence of stirring on
membrane permeability. Normalized flux is gradually
recovered as the stirring speed increases. It is note-
worthy that the permeate fluxes under stirring at 60
and 90 rpm vary in a similar manner, which indicates
that the turbulence provided by stirring at 60 rpm has
already disrupted concentration polarization layer
sufficiently. Closer inspection of these data reveals
that the permeability of NCM under strong turbulence
(90 rpm) has not completely restored as that of the ini-
tial state. This result may be attributed to the deeply
adsorbed species in membrane pores, which can cause
adsorption resistance affecting the permeate flux
negatively.

4. Conclusion

A nanoscale NCM has been prepared from the
widespread natural clay through suspended powder
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technology. Packed clay flakes presented on the
surface of membrane could not only hardly intrude
into the pores of support, but also increase the tortu-
osity factor of active layer, which were conducive to
improve the separation performance of NCM. XRF
and FTIR results indicated that the raw clay might be
the phyllosilicate. Similar components (5iO,) made
high compatibility and strong adhesion between the
membrane and support. The transformation of crystal
phase in active layer during sintering could provide a
compact internal structure.

The performance of NCM was also investigated in
the treatment of synthetic wastewater (TSP solutions).
The results showed that NCM was capable of rejecting
phosphate by electrostatic repulsion showing an IEP
of pH around 6.4, which can result from amphoteric
Al O3 existing in the active layer. Therefore, relative
high retention data for phosphate were obtained for
the alkalinity of solution. In addition, the rejection rate
decreased with the reduced decrement as the feed
concentration increased, which could be attributed to
the dilution effect and electroviscous phenomenon in
membrane pores. Results also pointed to the mem-
brane fouling mainly caused by concentration polar-
ization, which could be significantly reduced through
raising temperature and applying turbulence. The
hydrophilicity could be restored by hydraulic washing
without any harsh chemical cleaning.

The presented results might provide the rule of
thumb for fabricating the membrane modules with
other configurations (tubular or hollow fiber) in the
successive studies. Allowing for the practical blow-
down water from boilers, which is usually turbulent
fluid with high temperature, it is an economic and
efficient strategy to develop ceramic membrane from
prevalent natural clay for water recycling in
industries.
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Symbols

J — permeate flux

Co — phosphate concentrations in the permeate
Cs — phosphate concentrations in the feed

AP — driving pressure

R; — total filtration resistance

R¢ — fouling resistance
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R, — membrane resistance

Rags — adsorption resistance

Riev — reversible fouling resistance
Rirr — irreversible fouling resistance
Greek

n — rejection rate

u — dynamic viscosity
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