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ABSTRACT

In this research, ceramic ultrafiltration (UF) membrane was modified to nanofiltration (NF) membrane
by simple and novel filtration coating with approximately 45 nm of alumina-zirconia (Al-Zr) nanopar-
ticles. The prepared ceramic NF membrane showed excellent performance with 15 LMH/bar of specific
water flux, ~1,000 Da of molecular weight cut-off, and 58% of CaCl, rejection. The removal efficiency
of tested trace organic compounds (TrOCs) was ranged from 2.2% + 0.3% (caffeine) and 65.0% + 2.1%
(geosmin) at pH 7.4, and the major removal mechanisms of the prepared ceramic NF membrane
were the size exclusion and electrostatic adsorption originated from the thick cross-sectional layer of
positively charged Al-Zr nanoparticles deposited on the pores of ceramic UF membranes. The novel
coating method for preparing ceramic NF membrane is expected to be applicable for the commercial

manufacturing processes to remove TrOCs.
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1. Introduction

Currently, the contamination of water resources is of
increasing concern by various trace organic compounds
(TrOCs), including pharmaceuticals and personal care prod-
ucts, algal toxins (2-MIB and geosmin), and industrial chem-
icals. The occurrence of TrOCs in aquatic systems has been
studied with negative effects such as short- and long-term
toxicity found to occur in different species [1-3]. There are
very few discharge guidelines and standards which regu-
late TrOCs [4]. Commonly used water treatment processes
to remove TrOCs mainly rely on advanced oxidation pro-
cesses, ozonation, and activated carbon adsorption. These
methods, however, are not specifically designed to remove
TrOCs considering their unique property [4], whereas
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membrane processes such as nanofiltration (NF) and reverse
osmosis (RO) can offer an effective solution to control these
compounds [5]. Specifically, NF membranes are now widely
used as an advanced means of water treatment, especially
considering their lower energy requirements compared with
RO membranes [6]. NF membranes are generally classified
into two major groups, polymeric and ceramic membranes,
depending on their material properties.

Previous studies found that ceramic membranes outper-
formed the polymeric types with regard to their operating
conditions. The advantages of ceramic membranes included
superior chemical and thermal resistivity, enabling chemical
or thermal regeneration and sterilization by strong chem-
ical or high-temperature processes. Moreover, their high
mechanical stability enables high pressure back-washing.
Thus, despite their higher cost, ceramic membranes are more
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economically feasible if used in water treatment processes
that include harsh conditions [7,8].

Although ceramic NF membranes exhibit superior levels
of thermal, mechanical, and chemical resistivity compared
with polymeric membranes [7], their use in advanced water
treatment processes has remained limited due to difficul-
ties related to controlling the pore size during the conver-
sion from ultrafiltration (UF) to NF membrane by means of
dip-coating, spray-coating, spin-coating, and sputter-coating
methods [8-10]. As an example, dip-coating method has been
most widely used and studied for the preparation of a thin
film on ceramic UF membranes. This method designated the
deposition of a wet liquid film by withdrawal of a substrate
from a nanoparticle medium. However, the crack was formed
due to surface tension during drying and calcination process
[10]. Spray-coating could cover a relatively large surface area
effectively within a short preparation time. The biggest prob-
lem is that the final product has irregular surface [11]. Spin-
coating has been suggested as another strategy to modify the
membrane surface; however, it can be applied in flat-type
membrane only [12]. Lastly, sputter-coating can fabricate
the thin-film on the membrane using plasma and vacuum
chamber [13], thus, it is not suitable to apply in commercial
manufacturing processes, because it is too complicated and
expensive. Overall, one of the difficulties to apply ceramic
NF membranes for advanced water treatment is the lack of
simple and efficient coating methods to produce defect-free
membrane surfaces.

The objectives of the present study are to prepare ceramic
NF membranes by a simple and novel filtration coating
method, which forms a selective nanoparticle layer inside
a ceramic UF membrane, and then to apply the prepared
ceramic NF membrane for the removal of TrOCs such as geo-
smin and micropollutants.

2. Materials and methods
2.1. Fabrication of ceramic NF membrane by filtration coating

2.1.1. Preparation of coating nanoparticles
(alumina (Al)—zirconia (Zr))

To prepare inorganic Al-Zr nanoparticles, 0.5 M alumi-
num nitrate nonahydrate (CAS no. 7784-27-2), 0.01 M zir-
conium(IV) oxychloride octahydrate (CAS no. 13520-92-8),
0.5 wt% polyvinyl alcohol (CAS no. 9002-89-5), and deion-
ized water were mixed in 15:15:1:69 of volume ratio in the
pH of 2.4 at 70°C for 6 h. The size and morphology of the
prepared nanoparticles were analyzed by dynamic light scat-
tering (DLS; Zetasizer Nano ZS, Malvern Instruments, UK)
and scanning electron microscopy-energy dispersive spec-
trometry (SEM-EDS; Magellan 400, FEI Co., USA).

2.1.2. Preparation of ceramic NF membrane by filtration coating

Tubular-type ceramic UF membranes were prepared
from a-alumina oxide (AlO,) by a slip-casting technique
which started from an aqueous suspension of aluminum
oxide powder. After shaping of the support material by iso-
static pressing, oxidation was performed at 1,000°C for 3 h
[14]. The prepared Al-Zr nanoparticles solution was made
to penetrate into the pores of casted ceramic UF membranes

via the application of 10 bar of transmembrane pressure
(TMP). At the same time, a cross-flow velocity (CFV) of
15 cm/s was provided to prevent the formation of irregular
cake layer on UF membrane surfaces. The membrane coating
process continued until the monitored flux was stabilized at
2.7 + 0.3 LMH (Fig. 1), then, the membrane was placed in a
microwave to evaporate surface water for 3 h and dried in an
oven at 700°C for 3 h for the calcination of Al-Zr nanopar-
ticles. After completing the membrane coating process,
prepared Al-Zr ceramic membranes were characterized by
SEM-EDS and surface potential measurements (SurPASS™
3 device, Anton Paar, Austria) for pore size distribution and
surface potential, respectively.

2.2. Measurement of membrane properties

The performance of the ceramic UF membranes and pre-
pared NF membranes were assessed using a closed-loop lab-
scale system containing a tubular-type membrane module.
The test membrane was placed inside of the membrane mod-
ule with an effective membrane area of 4.17 x 10* m? The
feed solution was contained in a stainless steel vessel which
was pressurized to 10 bar by nitrogen gas (99.99% purity)
and circulated at the CFV of 10 cm/s. The system was oper-
ated in a closed loop so that the pressure on the feed side was
stable during the experiment. A digital pressure gauge was
connected to measure the TMP between the feed and perme-
ate sides during the operation, and the data were loaded into
a computer in real time [15].

During the operation of the membrane system, the pure
water flux was monitored at different TMP levels of 0.5, 1,
2, and 3 bar for the ceramic UF membrane and 3, 5, 8, and
10 bar for the prepared NF membrane. The membrane resis-
tance (R, ) was calculated by Darcy’s law (1):

AP

b=

@™

where ], denotes the pure water flux, AP is the TMP, R
represents the membrane resistance, and p is the dynamic
viscosity of water (1.002 x 10 kg/m/s at 23°C).

To measure molecular weight cut-off (MWCO) and diva-
lent salt rejection of ceramic UF and NF membranes, initial
water flux was set to 150 LMH during all experiments; hence,
the UF and NF membrane systems were operated at TMPs
of 0.5 and 10 bar, respectively. MWCO was determined by
polyethylene glycols (PEGs) with molecular weights of 200,
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Fig. 1. A schematic diagram of the filtration coating method for
the modification of the ceramic UF membrane.
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400, 1,000, 2,000, and 6,000 Da. The concentrations of the feed
were maintained to be 3 g/L, and the rejection was calculated
by measuring total organic carbon (TOC) of feed and perme-
ate stream using TOC analyzer (TOC-L, Shimadzu, Japan).
Calcium chloride (CaCl,) was used a model divalent salt at
the feed concentration of 15 mM. The amount of salt rejec-
tion was calculated from the conductivity of feed and per-
meate. To confirm the reproducibility, all experiments were
performed at least three times.

2.3. Rejection of TrOCs

The rejection of selected TrOCs was conducted to evaluate
potential applicability of prepared ceramic NF membranes
for advanced water treatment under operating conditions
identical to those used in the salt rejection test. The charac-
teristics of the TrOCs used in this study are shown in Table 1.
TrOCs were purchased from Sigma-Aldrich (USA) and the
experiments were tested at concentrations of 100 pg/L. The
analysis was conducted on an HPLC-MS system (LC-MS
2020, Shimadzu, Japan) according to previous report [16].

During geosmin rejection test, the experiment was con-
ducted at a geosmin (CAS no. 16423-19-1) concentration
of 10 pg/L and at a pH of 7.4 + 0.2. For extraction from the
feed and permeate, amounts of 10 mL of the samples were
collected in PTFE/silicone screw-cap amber glass vials. The
fiber from solid-phase microextraction was inserted into the
vial and exposed to the headspace above the aqueous sample
for 30 min in a water bath at 70°C. After extraction, the fiber
underwent gas chromatography—mass spectrometry (GC-MS;
GC: 6890N, MS: 5973 Network, Agilent Technologies, USA)
for thermal desorption and analysis. Helium was employed
as a carrier gas at a constant column flow of 1 mL/min. The
oven temperature started at 100°C and was held there for
5 min. It was then increased to 280°C at 20°C/min and held
there for 19 min [17].

3. Results and discussions
3.1. Properties of prepared ceramic NF membrane
3.1.1. Properties of Al-Zr nanoparticles

The SEM image shown in Fig. 2 demonstrates the suc-
cessful formation of Al-Zr nanoparticle gel with oxo bridges
[18]. The DLS result shows that the average diameter of the
nanoparticles was 44.42 + 2.0 nm, which is smaller and more
narrowly distributed than those of the single substances of
the 0.5 M Al (334.1 = 148.6 nm) and 0.01 M Zr nanoparticles

Table 1

(291.2 + 66.8 nm) (Fig. 3). This may have been due to the
hydrolysis and condensation of Al and Zr occurred under
an acidic condition (pH 2.4) [18]. According to an EDS anal-
ysis conducted to determine the chemical properties of
the nanoparticles, the element ratio of the prepared Al-Zr
nanoparticles was composed with 87.5% of Al, 1.6% of Zr,
and 10.9% of oxygen.

Fig. 2. A scanning electron microscopy (SEM) image of prepared
Al-Zr nanoparticles.

Particle size (nm)

Fig. 3. Particle size distribution of nanoparticles measured by
dynamic light scattering (DLS) (black square: 0.5 M alumina (Al)
only, green circle: 0.01 M zirconia (Zr) only, and blue triangle:
0.5M Al-0.01 M Zr, all of nanoparticles are dispersed in DI water
containing 0.5 wt% of polyvinyl alcohol (PVA)).

Physicochemical properties and removal efficiencies of selected trace organic compounds (TrOCs) by prepared ceramic NF membrane

Compounds pK, (net charge at pH 7.4) Molecular weight (g/mol) logK_ Removal efficiency (%)
Geosmin —0.01 (negatively charged) 183 3.70 65.0+2.1
Acetaminophen 9.38 (neutral) 151 0.46 5.6+2.8
Caffeine 14.00 (neutral) 194 -0.50 22+03
Carbamazepine 13.94 (neutral) 236 2.45 43+0.7
Linuron 11.94 (neutral) 249 3.20 227+1.2
Triclosan 8.14 (neutral) 290 4.76 62.7+2.1
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3.1.2. Physicochemical properties of ceramic NF membrane

Fig. 4 shows SEM images of the ceramic UF and NF mem-
branes. The pores with several hundred nanometers of the UF
membrane were successfully covered with Al-Zr nanoparti-
cles without cracks as shown in Figs. 4(a) and (b). Figs. 4(c)
and (d) depict cross-sections of UF and NF membrane layers,
indicating that Al-Zr nanoparticles were successfully filled
pores of ceramic UF membrane to the thickness about 5 pm.
In comparison with previous researches on the fabrication of
ceramic NF membranes by a dip-coating and spray-coating
method, the fabrication of NF was occurred during the depo-
sition of Al-Zr nanoparticles. Thus, the active layer inside
of the membrane surface is generated by penetrated Al-Zr
nanoparticles with given 10 bar of TMP during filtration
coating process (Fig. 4(d)). Moreover, the smooth membrane
surface could be obtained with combination of high CFV
(15 cm/s).

Fig. 5 shows the pore size distributions of UF and NF
membranes. The average pore size of ceramic UF mem-
brane was 303.2 + 118.3 nm, while the pore size of the fab-
ricated ceramic NF membrane was dramatically decreased
to 4.3 + 0.7 nm with significantly narrow distribution. It
implied that fabricated NF membrane might provide good
MWCO performances. Meanwhile, the surface charges of the
membranes were not significantly different between the UF
(6.0+0.9 mV) and NF (10.6 + 0.2 mV) membranes, indicating
that the Al-Zr nanoparticles did not alter the zeta potential of
the membrane (data not shown).

(a) UF, surface

3.2. Membrane performance
3.2.1. Pure water flux

Fig. 6 shows the pure water fluxes of ceramic UF and NF
membranes at different TMPs, with the slopes indicating the
specific water flux. These results revealed that the water flux

1T 7T 1 777 | T | T | T
30 @ UF h
g _qu - NF |
§ 20 b .
: .
- ‘ -
g Eh
L - ) _
R
| [ ) “,
Olm . 1 [TAerrry T R aal
0 10 20 200 400 600

Pore size (nm)

Fig. 5. Pore size distribution of ceramic UF and NF membranes
ananlyzed by digital image processing of scanning electron
microscopy (SEM).

~

=~ (d)NF, cro

-

Fig. 4. Scanning electron microscopy (SEM): (a) and (c) surface and cross-section of ceramic UF membrane, (b) and (d) surface and

cross-section of ceramic NF membrane.
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Fig. 6. Pure water fluxes of ceramic UF and NF membranes at
different transmembrane pressure.

of prepared ceramic NF membrane (15.1 + 0.8 LMH/bar) was
much lower than that of UF membrane (364 + 14 LMH/bar)
as expected. The membrane resistance (R ) was calculated
based on the results of the specific flux, and the resistance
(2.38 x 10B/m) of the fabricated NF membrane was within
the typical resistance range of NF membranes (102-10%/m).
Therefore, above observations offer that the filtration coating
of ceramic UF membrane using Al-Zr nanoparticles success-
fully fabricated ceramic NF membranes by plugging macro-
pores of UF membrane, and creating nanopores through the
deposition of Al-Zr nanoparticles.

3.2.2. MWCO and divalent salt rejection

The rejection of PEG with various molecular weights for
both ceramic UF and NF membranes are plotted in Fig. 7. It
clearly showed that the PEG rejection of fabricated NF mem-
brane was sharply increased around 500 Da, and in par-
ticular, when the molecular weight exceeded 1,000 Da, the
PEG rejection was reached higher than 90%, which could be
regarded 1,000 Da as MWCO of fabricated NF membrane.
Meanwhile, the PEG rejection of ceramic UF membrane was
below 5% in all ranges of molecular weights tested here.

The performance of fabricated NF membrane was also
evaluated through a rejection of divalent salts. Fig. 8 indi-
cates that prepared NF membrane showed the remarkable
increase in the removal of CaCl, (58.1% + 0.9%) compared
with ceramic UF membrane (4.2% + 0.8%). As noted above,
the pore size of NF membrane was successfully reduced
to 4.3 nm by the novel coating method, as well as Al-Zr
nanoparticles exhibited the positively charged membrane
surface. Thus, both size exclusion and Donnan exclusion of
Ca? might played significant role for the enhanced removal
of divalent salts in the fabricated NF membrane.

3.3. Rejection of TrOCs

The removal efficiency of the Al-Zr ceramic NF mem-
brane for various TrOCs is shown in Table 1. These results
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Fig. 7. Polyethylene glycol (PEG) rejection of ceramic UF and
NF membranes. Experimental condition: pH of 7.4 + 0.2, flux of
150 LMH, CFV of 10 cm/s, and temperature of 23°C + 1°C.

100
g L J
= 80F -
@) I ]
§ 60 |- -
O - -
cC

S 40t .
[&]

9 ! ]
O

¥ 20Ff -

0 L I

UF NF

Fig. 8. The results of calcium chloride (CaCl,) rejection of ceramic
UF and NF membranes. Experimental condition: 15 mM of
CaCl, pH of 7.4 + 0.2, 10 cm/s of cross-flow velocity (CFV) in
room temperature (23°C £ 1°C).

confirmed that TrOCs with higher molecular weights were
more effectively removed in general: 5.6% + 2.8% for acet-
aminophen (151 Da), 2.2% =+ 0.3% for caffeine (194 Da),
4.3% + 0.7% for carbamazepine (236 Da), 22.7% + 1.2% for
linuron (249 Da), and 62.7% + 2.1% for triclosan (290 Da).

This outcome was in good agreement with the findings
of previous research which reported that size exclusion was
the major removal mechanism of micropollutants at neutral
pH levels [19].

Interestingly, although all TrOCs except acetaminophen
have higher molecular weights, geosmin exhibited the high-
est removal efficiency (65.0% #* 2.1%). This phenomenon
could be explained by the charge effect, as discussed in rela-
tion to another mechanism in NF membranes. Electrostatic
attraction occurred between the negatively charged geosmin
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and the positively charged surface of the Al-Zr ceramic NF
membrane in the neutral pH [20]. Consequently, the thick
cross-sectional layer, which was formed by Al-Zr nanopar-
ticles, resulted the adsorption of geosmin. This implies that
the removal mechanism between the Al-Zr ceramic NF mem-
brane and the TrOCs was not only size exclusion and but also
the electrostatic adsorption in the case of charged pollutants
such as geosmin.

4. Conclusions

We proposed a simple and novel coating method of
ceramic UF membrane using Al-Zr nanoparticles and
cross-flow filtration system. Al-Zr nanoparticles were suc-
cessfully filled UF pores, and the fabricated membrane
exhibited NF membrane performances in pure water flux,
MWCQO, and divalent salt rejection. Moreover, prepared NF
membrane removed geosmin and TrOCs up to 65%, thus
could be applied as an advanced water treatment process.
Consequently, the filtration coating method can be applied
for the fabrication of ceramic NF membranes in simple and
reproducible conditions.
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Symbols

J, — Pure water flux

AP — Transmembrane pressure
R, ~— Membrane resistance

p  — Dynamic viscosity of water
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