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ABSTRACT

In this study, a polyvinylidene fluoride (PVDF) membrane for water treatment was modi-
fied by dispersing hydrophilic metal-organic framework (MOF) particles, namely Cuz(BTC),
and acidified Cuz(BTC),, in a PVDF solution. The effects of the Cuz(BTC), and acidified
Cuz(BTC), additives on the PVDF membranes were investigated in terms of hydrophilicity
of the membrane surface and the water flux through the membrane. The PVDF membranes
modified with hydrophilic MOF particles demonstrate improved water flux and maintain
similar rejection values due to their improved hydrophilicity. Water fluxes of Cuz(BTC),
and acidified Cusz(BTC), added membranes were 295.66 and 558 LMH which were 47 and
72.3% higher than those of the pure PVDF membrane, respectively. Acidified Cuz(BTC),
was more stable and well immobilized in the PVDF membrane as no leaching of the metal-
lic element was observed during the water permeation.
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1. Introduction

Polyvinylidene fluoride (PVDF) has received a lot
of attention as a membrane material due to its out-
standing properties, such as excellent mechanical
strength, thermal stability, chemical resistance, and
high hydrophobicity, compared to other commercial-
ized polymeric materials [1-3]. PVDF membranes have
been used in membrane contractors and membrane
distillation, as well as in microfiltration and ultrafiltra-
tion processes [1,4,5].

In recent years, many researchers have extensively
investigated the modification of PVDF membranes to

*Corresponding author.

improve membrane performance. The addition of
inorganic particles into polymer dope solutions has
become an attractive method for the fabrication of
polymeric membranes. Inorganic particles, such as
TiO,, Al,Os, ZrO,, and SiO,, have been incorporated
into PVDF membranes [6-9]. The presence of these
dispersed inorganic particles in the membrane matrix
improves the membrane performance by enhancing
the hydrophilicity, fouling resistance, and mass
transfer in the membrane process.

Metal-organic frameworks (MOFs) have garnered
attention as an attractive alternative to inorganic filler
particles in polymer matrices to improve the proper-
ties of pure polymeric membranes, especially for gas
separation applications. However, there are few
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reports on MOF-based, mixed-matrix membranes for
water treatment. MOFs are a new class of microporous
materials consisting of small, metal-containing clusters
connected three-dimensionally by polyfunctional
organic ligands [10]. MOF particles may be an attrac-
tive alternative to inorganic particles as additives in
polymer membranes. Although many research groups
have investigated dispersing MOF particles into poly-
mer matrix membranes for the separation of gasses
and binary mixtures [11-13], there has been no report
on the addition of MOF particles to polymeric mem-
branes for use in water treatment. As for using MOFs
for water treatment applications, the hydrophilic
properties of MOF allow it to be dissolved in water.
Therefore, modified MOFs must be immobilized
within the membranes in order to be useful.

Recent studies have shown that surface modification
(e.g. chemical or physical modifications such as plasma
treatment) can increase the dispersing properties of
inorganic particles [14,15]. Chemical modification, espe-
cially using an acid treatment, is one of the simplest
and most inexpensive methods to enhance the proper-
ties. Inorganic particles with oxygen defects show stron-
ger activity and better hydrophilic capabilities.

In this study, Cus(BTC), particles, a class of hydro-
philic MOF species, were incorporated into PVDF
membranes to improve the water permeation flux. In
addition, MOF-incorporated PVDF membranes were
investigated with Cuz(BTC), particles that had under-
gone surface modification via acidification to improve
the hydrophilicity of the membranes as well as the
immobilization of Cuz(BTC), particles in the PVDF
membranes. The prepared membranes were analyzed
by field emission scanning electron microscopy
(FE-SEM), X-ray photoelectron spectroscopy (XPS),
and contact angle analysis. The membrane perfor-
mance was confirmed by a pure water permeation
experiment, and a rejection test was performed with a
poly(ethylene oxide) (PEO) solution.

2. Experimental
2.1. Materials

PVDF (Solef 1015/1001) was obtained from Solvay
Korea Co. Ltd, 1-methyl-2-pyrrolidone (NMP, 99.5%),
ethanol, and sulfuric acid (H,SO,) were purchased
from Aldrich Chemical Co. Non woven polyester
fabrics (AWA Paper Mfg. Co. Ltd) were used as the
support material for preparing the membrane.
Copper(Il) nitrate hydrate [(Cu(NOs;),:3H,O, 98%],
benzene-1,3,5-tricarboxylic acid (BTC, 95%), and poly
(ethylene oxide) (PEO, MW 300,000) were obtained
from Sigma-Aldrich Co.
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2.2. Preparation of MOF particles

In 48 mL of deionized (DI) water, 3.5 g of copper
(I) nitrate hydrate was dissolved. To this solution,
1.68 g of benzene-1,3,5-tricarboxylic acid dissolved in
48 mL of ethanol was added and mixed for 30 min.
The mixed precursor solution was placed in an auto-
clave, followed by solvothermal treatment at 120°C for
6 h, and allowed to cool naturally to room tempera-
ture [16]. The resulting solution, which contained
Cus(BTC), crystals, was dried in an oven. These
Cus(BTC), particles are referred to as MOFs. A part of
the solution was treated with H,SO, at pH 3 for 4 h at
room temperature, followed by filtering and drying.
The acidified Cus(BTC), particles are denoted as
acid-MOFs.

2.3. Preparation of PVDF membranes

The dope solution for the PVDF membrane was pre-
pared by dissolving PVDF (16 wt%) in NMP (84 wt%).
The mixture was agitated in a reaction flask under a
nitrogen atmosphere at 60°C for 24 h to obtain a homoge-
neous solution. The casting polymer solution was then
held at 50°C for 24 h to remove air bubbles. Then, PVDF
membranes were prepared by the phase inversion tech-
nique through immersion in the polymer solution. The
polymer solution was cast on the nonwoven polyester
fabric with an initial thickness of 200 um and subjected
to evaporation in air for 10 s. This was immediately fol-
lowed by immersion in DI water at 25°C for 10 min. The
membranes were rinsed in DI water at 80°C for 1 h and
extracted in a second DI water bath at room temperature
for24 h.

To study the effect of MOF and acid-MOF addi-
tives, 0.25wt% MOF or acid-MOF particles were
added into the dope solution of the PVDF membranes.
The resulting membranes are denoted as PVDF/MOF
and PVDF/acid-MOF membranes, respectively.

2.4. Characterization

X-ray diffraction (XRD) patterns of the Cuz(BTC),
particles were collected with a M18XHF-SRA diffrac-
tometer (Mac Science) equipped with a Cu Ko radia-
tion source (1=1.54056 A). XPS was employed to
analyze the chemical bonding of the MOF particles
and the membranes using an Auto Probe CP Research
System (Thermo Microscope Inc.,, USA). The cross-
sections of the membranes were examined using a
FE-SEM (Carl Zeiss Model LEOSUPRA 55, Germany).
Energy dispersive X-ray (EDX, Carl Zeiss Model LEO-
SUPRA 55, Germany) dot mapping was performed to
monitor the inter dispersion of Cus(BTC), particles in
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the membrane matrix. The hydrophilicity of the
membrane was measured using contact angle analysis.

2.5. Membrane performance

The membrane performance of the prepared mem-
branes was measured using the pure water flux and
rejection tests. The permeability of the membrane was
measured using the dead-end method with a pressure
of 1.0 kg/cm? for 30 min at room temperature and the
effective membrane area was 25.6 cm”. A solution of
pure water and 1,000 ppm PEO solution were tested
as feeds, respectively. The pure water flux through the

membrane was calculated wusing the following
equation:
14
= 1
] At (eV)

where V is the volume of the permeate (L), A is the
membrane surface area (m?), and t is the permeation
time (h). The pure water flux data were averaged after
measuring a minimum of three membrane samples.

Rejection of the membrane is defined by Eq. (2)
[171:

Cr— Gy

100 2
c. X 2

Rejection (%) =

where C¢ and C, are the concentrations of the feed
solution and permeate, respectively. The C¢ and C,
were measured with total organic carbon (TOC) (TOC-
Vesn, Shimadzu, Japan). Cu leaching from the mem-
branes was investigated from the permeated water
using the ICP-OES instrument (Direct Reading Echelle
ICP, LEEMAN).

3. Results and discussion
3.1. Characterization of MOF particles

XRD patterns for the Cuz(BTC), particles and acidi-
fied Cus(BTC), particles are shown in Fig. 1. All sam-
ples showed good crystallinity. Both XRD patterns are
in good agreement with the single-crystal data of
Cu3(BTC), reported by Kim et al. [18], confirming the
phase structure of Cus(BTC),. It was also observed
that the intensity of the acid-MOF sample decreased
due to the surface modification of the Cuz(BTC),
crystals.

XPS was carried out on the MOF and acid-MOF
samples. The main peaks observed in the survey scan
are Cls, Ols, and Cu 2ps,, peaks centered at 284.5,
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Fig. 1. XRD patterns MOF and acid-MOF particles.
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Fig. 2. XPS spectra of Cu 2p3,» peak: (a) MOF particles
and (b) acid-MOF particles.

531.1, and 934.14 eV, respectively [18-21]. After acidi-
fication of the MOF sample, the Cu 2ps,, signature
showed different characteristics. The MOF sample
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showed only peaks of Cu at 931.63 eV (0.86%) and
CuO at 933.62 eV (0.23%). Alternatively, the acid-MOF
sample showed additional peaks of Cu(OH), at
934.4 eV (2.84%) and CuSO, at 936 eV (1.41%) [22,23],
in addition to the Cu and CuO peaks (Fig. 2). This dif-
ference suggests effective surface modification of the
MOF samples by acidification with sulfuric acid.

3.2. Characterization of membranes
3.2.1. FE-SEM and EDX analysis

Fig. 3(a)-(c) shows the surface image of the PVDF,
PVDF/MOF, and PVDF/acid-MOF membranes. All
membranes have same surface structure. From the
results shown, it is evident that there is no big change

(a)

(b)

Fig. 3. Surface images of membranes; (a) PVDF membrane,
(b) PVDF/MOF membrane, and (c) PVDF/acid-MOF
membrane.
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in the membrane morphology after adding 0.25 wt%
of MOF and acid-MOF. MOF and acid-MOF particles
were dispersed not only on the membrane surface but
also on all the membrane pores [6].

Fig. 4 shows the cross-sectional image of the virgin
PVDF membrane prepared by the phase inversion
process. A homogeneous PVDF solution is initially
demixed into two liquid phases via the exchange of
the solvent and the non-solvent. The phase with the
higher polymer concentration forms the solid mem-
brane, while the phase with the lower polymer con-
centration forms the pores of the membrane [24].
Therefore, the PVDF membrane exhibits a typical
asymmetric structure with many macrovoids near the
top surface due to liquid-liquid demixing. By control-
ling the initial stage of the phase inversion, the mem-
brane morphology can be controlled.

The effect of the hydrophilic additives (MOF and
acid-MOF particles) on the membrane morphology
was investigated. Fig. 5(a)-(d) shows the cross-
sectional views and EDX dot mappings (Cu) of the
PVDF/MOF and PVDF/acid-MOF membranes. The
EDX dot mapping results suggest that the MOF
particles are uniformly distributed throughout the
PVDF membranes. Although both membranes main-
tained the same finger-like structure as the PVDF
membrane, the macrovoids became larger after the
addition of the hydrophilic additives. These results
are in good agreement with the findings of
Fontananova et al. [24]. They reported that hydrophilic
additives work as non-solvents, reducing the thermo-
dynamic miscibility of the casting solution, and
inducing an enhancement of the liquid-liquid phase
separation. Therefore, systems with a rapid phase
inversion rate tend to form larger macrovoids with
finger-like structures.

Fig. 4. Cross-sectional view of virgin PVDF membrane.
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(b)

Cu Kal

Fig. 5. Cross-sectional views (a, ¢) and EDX dot mappings (Cu) (b, d) of modified PVDF membranes: (a, b) PVDF/MOF

membrane and (c, d) PVDF/acid-MOF membrane.

3.2.2. Contact angle analysis

In general, the hydrophilicity of membranes can be
determined by the comparison of their contact angle
values. Fig. 6 shows the measured contact angles for
the PVDF membranes, the PVDF/MOF membrane,
and the PVDF/acid-MOF membrane. The contact
angle of the PVDF membrane was 78.8°. Because of
the hydrophilic properties of the MOF and acid-MOF
additives, the contact angles of PVDF/MOF and
PVDEF/acid-MOF membranes decreased to 69.2° and
64°, respectively, indicating an improved hydrophilic-
ity. The PVDF/acid-MOF membrane showed the low-
est contact angle due to the presence of more
hydrophilic hydroxyl groups at the surface of the
acid-MOF, which were produced through the acid
treatment (see Fig. 2).

Usually, there are three major factors that affect
the decay rate of a contact angle: the hydrophilicity of
the membrane surface, the pore size, and the wettabil-
ity of the internal pore channels [25]. In our study, the
hydrophilicity of the membrane surface with the MOF
additive is the main factor that causes changes in the

80 | T
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Contact angle (°)
'S
o
1

N
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PVDF/MOF PVDF/acid-MOF

Membrane

PVDF

Fig. 6. Contact angle of different PVDF membranes: (a)
PVDF membrane, (b) PVDF/MOF membrane, and (c)
PVDF/acid-MOF membrane.
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contact angle. As a result, both MOF-containing
membranes have a higher hydrophilicity than the
virgin PVDF membrane surface.

3.2.3. XPS analysis

The PVDF membrane is compared with the PVDF/
MOF membrane and the PVDF/acid-MOF membrane
in Figs. 7-9. In the case of the PVDF membrane, the C 1s
core-level spectrum can be curve fitted with five peak
components for C-C(285eV, 24.24%), C-F(289.4 eV,
19.37%), C-H(283.5 eV, 10%), C—CF,(286.8 eV, 3.68%),
and (CF,),,(291.8 eV, 0.59%) for the Fig. 7 [26-28]. The C
1s peak of the PVDF/MOF membrane shows five well-
resolved peaks, similar to the PVDF membrane, which
correspond to C-C, C-F, C-H, C-CF,, and (CFy),
groups (Fig. 8(a)). The O 1s peaks show CuO(531.5 eV,
4.77%) and C-O(533.6 eV, 0.26%) (Fig. 8(b)), while the
Cu 2p3/, peak(932.5 eV, 0.05%) can be attributed to Cu
(Fig. 8(0)) [22,29].

XPS of the PVDF/acid-MOF membrane showed
the following features: two main C 1s peaks (285 eV,
23.31% and 289.5 eV, 19.29%) corresponding to C-C
and CF, respectively. There were also four small C 1s
components (283.51 eV, 6.35%; 286.07 eV, 3.25%; and
291.7 eV, 0.62%) due to C-H, C-CF,, and (CF,),,; signs
of chemical modification were also observed [C-O
(287.22 eV, 2.78%)]. Alternatively, the C-H peak
decreased as a result of the sulfuric acid exposure in
MOF (Fig. 9(a)); The O 1s and Cu 2p3,, peaks were
similar with CuO, C-O, and Cu. However, new
components were found in the fine structure of the O
1s peak (531.4 eV, 3.11%; for OH™ (Fig. 9(b)), and the
Cu 2p3,» peak (934.4 eV, 0.04%; for CuO, respectively
(Fig. 9(0)) [23,26,30,31].
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Fig. 7. The C 1s curve fitting of XPS spectrum data of the
virgin PVDF membrane.
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Fig. 8. Evolution of XPS spectra of PVDF/MOF membrane:
(a) C1s, (b) O 1s, and (c) Cu 2p3.

3.3. Membrane performance

The water permeability test of the prepared
membranes was carried out using cross-flow filtration
with pure water. The results of the permeability
through the PVDF, PVDF/MOF, and PVDF/acid-MOF
membranes are shown in Fig. 10. The pure water flux
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Fig. 9. Evolution of XPS spectra of PVDF/acid-MOF mem-
brane: (a) C 1s, (b) O 1s, and (c) Cu 2p3.

through the PVDF membrane showed 154.7 LMH.
However, when the hydrophilic MOF and acid-MOF
particles were added into the PVDF membranes, the
pure water fluxes of the membranes increased to 299.7
and 558 LMH, respectively. In general, the water
permeation flux is determined by the morphology and
hydrophilicity of the membranes. The rapid increase
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Fig. 10. Pure water flux data through PVDF, PVDF/MOF,
and PVDF/acid-MOF membranes.

in the water permeation flux through the PVDF/MOF
and PVDEF/acid-MOF membranes is attributed to the
presence of larger macrovoids [8], shown in Fig. 5, as
well as the improved hydrophilicity (confirmed by the
contact angle). The PVDF/acid-MOF membrane
showed the highest water flux of 558 LMH, resulting
from its highest hydrophilicity due to the -OH func-
tional groups.

The PEO solution was filtered through the
PVDF, PVDF/MOF, and PVDF/acid-MOF mem-
branes. The results of rejection are shown in Table 1.
Although the PVDF/MOF and PVDF/acid-MOF mem-
branes showed much higher water flux compared
with the PVDF membranes, all the membranes
maintained very similar rejection values. These results
suggest that the pore sizes of the PVDF/MOF and
PVDF/acid-MOF membranes were not changed by
adding 0.25 wt% of MOF or acid-MOF particles [17].
Therefore, it is clear that the water flux through the
modified PVDF membranes increased due to the
larger macrovoids and the improved hydrophilicity.

Table 1
The rejection of PEO through PVDF, PVDF/MOF, and
PVDF/acid-MOF membranes

Membranes Rejection (%)
PVDF 84.74
PVDF/MOF 84.61
PVDEF/acid-MOF 84.63
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Table 2

Cu concentration in permeated water through PVDEF,
PVDF/MOF and PVDF/acid-MOF membranes (mean
+SD, n=23)

Sample name Cu conc. (unit: ppm)

D.I Water 0.01+£0.001
PVDF 0.001 +0.001
PVDF/MOF 0.041 +0.001
PVDEF/acid-MOF N.D.

To investigate the stability of the immobilized
MOF and acid-MOF particles inside the PVDF mem-
branes, the water that permeated through the mem-
brane was collected for 1 h and analyzed by ICP-OES.
The analytical results are shown in Table 2. The
PVDF/MOF membranes suffered from Cu leaching,
resulting in a Cu concentration that was 40 times
higher compared to the virgin PVDF membrane. In
contrast, the water that permeated through the PVDF/
acid-MOF membrane showed no trace of Cu.
Therefore, the addition of acid-MOF particles in the
PVDF membrane shows potential for use in water
permeation applications.

4. Conclusion

In this study, for the first time, hydrophilic MOF
particles (Cuz(BTC), and acidified Cuz(BTC),) were
synthesized by the solvothermal method and
dispersed in PVDF membranes for water treatment.
Adding 0.25 wt% of MOF and acid-MOF particles to
the PVDF membranes lowered their contact angle
values from 79.8° (for the virgin PVDF membrane) to
69.2° and 64°, respectively, indicating the improved
hydrophilicity. In addition, the water fluxes of PVDF/
MOF and PVDF/acid-MOF membranes were 299.7
and 558 LMH, respectively, which were 1.9 and 3.6
times higher than those of the pure PVDF membrane.
Acid-MOFs were more stable and sufficiently immobi-
lized in the PVDF membrane; no leaching of the
metallic element was observed during water perme-
ation. These results suggest the potential application
of MOF particles as additives in polymer membranes
for use in water treatment.
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