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In the past decade, many researchers have focused on incorporating metal–organic frameworks (MOFs)
as filler for hybrid membrane fabrication, predominantly due to their excellent polymer affinity, huge
porosity, and tunable pore size. The hybrid membrane can significantly improve overall membrane prop-
erties. However, MOF/polymer membranes usually suffer low flux due to the hydrophobic nature of
MOF’s organic linker. Herein, this study modified MIL-100 an iron-based MOF with tannic acid to improve
its hydrophilicity and subsequently hybrid membrane was fabricated using the phase inversion tech-
nique. Vast hydroxyl group from tannic acid plays an essential role in improving the hydrophilicity of
MOF. Subsequently, improved the hydrophilicity of the prepared membrane. The Tannin-MOF/PES mem-
brane experienced a high pure water flux of 357.9 L/m2h, which is 1.9 times higher than the unmodified
PES membrane.
� 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Regional Congress on
Membrane Technology 2020 (RCOM 2020) and Regional Conference Environmental Engineering (RCEnvE
2020).
1. Introduction

Recently, metal–organic frameworks (MOFs) were introduced
with promising potentials to be used as fillers for fabricating
MOF/polymer hybrid membranes [1–4]. They are highly ordered
and nanoporous networks that are derived from metallic centers
bonded by terminal organic linkers. Compared to traditional fillers
(e.g., metal oxide or bio-material), the prominent feature of the
MOF lies in its excellent compatibility with soft polymer matrix
attributed to its organic ligands. Besides, its tunable functionalities
make the surface properties, pore size/shape and particle size of
MOFs easily tailored to fit the prerequisites for membrane prepara-
tion and application [5]. Amongst the family of MOFs, MIL-100(Fe)
(MIL stands for Material of Institute Lavoisier) is one of the sub-
family of MOFs that has attracted scientific interest due to its rigid
zeotypic crystal structure, high porosity, superior chemical and
hydrolytic stabilities [6–8]. Moreover, the nature of the iron offers
several advantages such as non-toxicity, environmentally friendly
characteristics, and low cost in comparison to other metals [9],
which make MIL-100(Fe) an attractive candidate for various appli-
cations [10–13].

Nevertheless, the application of MIL-100(Fe) in the develop-
ment of hybrid membranes still lags despite its potentiality in
the water treatment field. It was attributed to the hydrophobic nat-
ure of its organic linker (carboxylic acid) [8]. MIL-100(Fe) presence
in the polymer matrix may not contribute much in improving
membrane hydrophilicity and may adversely affect the phase
inversion process, leading to lower membrane performance.
Despite good inherent physical and chemical properties, MIL-100
(Fe) may be unfavorable to be directly incorporated into polymers.
Thus, it is highly desirable to rationally modulate the composi-
tional and morphological properties of MIL-100(Fe) to fully unlock
its ability for water treatment with high-performance MOF/poly-
mer hybrid membranes.

On the other hand, tannic acid (TA) is a natural polyphenol that
consists of large multiples of galloyl structural units, typically used
as a coating material for membranes to improve its water perme-
ability [14–16]. Recently, due to its ability to coordinate with metal
ions, TA has been proven to be an effective surface modification
agent for MOFs [17,18]. Sun et al. [19] have recently modified
ZIF-8 with TA then incorporated the modified ZIF-8 in the poly-
nference
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meric membrane. The study highlighted that the modified ZIF-8
improves the morphology and properties of the fabricated hybrid
membrane; by enhancing the MOF’s hydrophilicity and overcom-
ing the limitation of MOF in the polymer matrix.

Herein, hydrophilic MIL-100(Fe) was strategically synthesized
in this study using TA through the surface functionalization tech-
nique. Then, the Tannin-MIL was incorporated into PES to prepare
a hybrid membrane via phase inversion. The characterizations of
modified MIL-100(Fe) and hybrid membrane were conducted to
study the effect of post modification of MOF and its advantages
towards polymer membrane.
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Fig. 1. FTIR spectra of prepared MOFs.
2. Experimental

2.1. Materials

Iron (II) chloride tetrahydrate (FeCl2�4H2O, Merck), sodium
hydroxide (NaOH, Merck), and trimesic acid (H3BTC, Merck) were
used to synthesize MIL-100(Fe) nanoparticles. Tannic acid (TA,
Merck) and buffer solution pH 8 were used to modify MIL-100
(Fe) nanoparticle. Polyethersulfone (PES Radel� A300, Amoco
Chemicals), polyvinylpyrrolidone (PVP K30, Merck), and 1-
methyl-2-pyrrolidinone (NMP, Merck) were used to fabricate the
membrane. Deionized (DI) water was used in all procedures.

2.2. Preparation of tannin-modified MIL-100(Fe) nanoparticles

Following a sustainable method [7], two solutions were pre-
pared first. Solution 1 contains H3BTC dissolved in 1 M NaOH,
while Solution 2 contains FeCl2�4H2O dissolved in water. After both
solutions became homogenous, Solution 1 was introduced into
Solution 2 under continuous stirring for 24 h at room temperature.
The product was centrifuged and washed with DI water and etha-
nol before left the sample at room temperature. Brown powder of
MIL-100(Fe) was collected and added to TA solution (dissolved in
buffer solution pH 8) under continuous stirring for 20 min. The
modified MIL-100(Fe) was collected by centrifugation washed with
DI water and methanol. The sample was left overnight in a vacuum
oven at 60℃, and the dark grey powder was collected. The product
was denoted as ‘‘Tannin-MIL.”

2.3. Fabrication of nanocomposite membrane

First, 1 g of PVP K30 was dissolved in 39 g of NMP solvent, fol-
lowed by 3 g of Tannin-MIL dispersed in the solution under stirring
at 550 rpm at 60℃. Then, 10 g of dried PES pellets were added into
the mixture until the homogeneous suspension was obtained. The
prepared dope solution was left standing at 50℃ for 5 h in the son-
icator to be degassed. The uniform suspension was cast on a glass
plate then immersed in a DI water bath for phase inversion. The
water bath replacement was made every day for 3 days, then
allowed to dry at room temperature before use.

2.4. Characterizations

The membrane cross-section was scanned under Scanning Elec-
tron Microscopy (SEM, Hitachi TM3000). The functional group of
samples was determined using Fourier Transform Infrared-
Attenuated Total Reflectance Spectrometer (FTIR-ATR, IRTRACE100
Shimadzu). The water contact angle was measured using the
sessile-drop method by an automated DataPhysics with a
goniometer (G10, KRUSS, Germany). Mechanical properties of each
membrane were tested using Zwick/Roell Z020 according to the
ASTM 882 standard followed by interpretation using TestXpert�

III to yield average value.
1955
2.5. Pure water flux of the membrane

A lab-scale cross-flow filtration was set-up for a flat-sheet
membrane, operating at 2 bars. The water flux (F, L/m2h) can be
calculated using the equation below:

F ¼ V=A� Dt

where V, A, and t represent the volume of permeate (L), the effective
membrane area (m2), and the filtration time (h), respectively.

3. Results and discussion

3.1. The effect of post modification of MIL-100(Fe) nanoparticles with
tannic acid

Fig. 1 presents the FTIR spectra of MIL-100(Fe) and Tannin-MIL
nanoparticles. After modified MIL-100(Fe), the nanoparticle shows
an increase in the intensity peaks of –OH, aromatic C=O, and aro-
matic C=C of MIL-100(Fe) around 3429 cm�1, 1699 cm�1, and
1619 cm�1, accordingly. These spectra match original TA chemical
compounds, where the typical signals associated with –OH, C=O
and C=C of TA were around 3318.5 cm�1, 1698.2 cm�1, and
1607.9 cm�1, respectively [20]. The results indicate that the galloyl
groups from the TA presence on MIL-100(Fe) nanoparticles surface.
Nevertheless, a peak at 682 cm�1 represents the C–H vibration of
the benzene ring is disappeared for Tannin-MIL nanoparticles sug-
gesting surface functionalization of MIL-100(Fe) by TA occurs at
the benzene ring. Moreover, other new peaks at 1043 cm�1 and
1229 cm�1, most likely due to C-O-C stretching of the alkyl-aryl-
ether with asymmetric bonds, appear in the FTIR spectra Tannin-
MIL. The disappearance of C–H vibration of the benzene ring was
replaced with the formation of C-O-C bonds proved that MIL-100
(Fe) was chemically reacted with tannic acid, as illustrated in Fig. 2.

3.2. Interaction between Tannin-MIL nanoparticles and polymer
matrix

The FTIR spectra of the prepared membranes in Fig. 3 shows the
physicochemical interaction between Tannin-MIL nanoparticles
and polymer matrix. It could be seen that a broadened peak around
3413 cm�1 to 3535 cm�1 for the modified membrane, which orig-
inated from the vast hydroxyl group from tannin-MIL nanoparti-
cles. Hydroxyl group plays an essential feature in improving
membrane hydrophilicity, as high capabilities to adsorb more



Fig. 2. Illustration of the alkyl-aryl-ether bond formation at benzene ring after post
modification with tannic acid.
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Fig. 3. FTIR spectra of PES and Tannin-MIL/PES membranes.
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water molecules [21,22]. Besides, intensity peaks were observed
around 1652 cm�1 and 1382 cm�1, ascribed to carbonyl/carboxyl
groups and aromatic groups in Tannin-MIL. Thus, demonstrate
the successful modification of the PES membrane with Tannin-
MIL. The possible interaction mechanism between Tannin-MIL
nanoparticles and PES polymer is intermolecular hydrogen bond-
ing, as illustrated in Fig. 4. The H-donating group (hydroxyl) from
Tannin-MIL may react with the strong electronegative group, such
as oxygen in the ether bond in PES’s main chain, to form a hydro-
gen bond [23].

3.3. Influence of Tannin-MIL blending on membrane morphology,
water contact angle and pure water flux

Membrane cross-section was observed under SEM to study the
morphology of membranes, as shown in Fig. 5. It can be seen that
Fig. 4. Illustration of interaction between Tannin-MIL nanoparticles and PES.

1956
both membranes possessed typical asymmetrical structure with a
dense top layer and microvoid sublayer. As expected, the modified
PES membrane exhibits longer finger-like structure and more por-
ous sublayer than the unmodified PES. Hydroxyl group from
Tannin-MIL nanoparticle promotes water penetration rate through
the polymer during the phase inversion process, resulting in thin-
ner membrane size. Previous studies reported that a thinner mem-
brane flat sheet tends to have higher water permeability [24,25].

The membranes’ hydrophilicity was determined by measuring
the water contact angle with membrane surface and membrane
pure water flux, as presented in Fig. 6. The contact angle of water
on the unmodified PES membrane’s surface is 85.5�, reflecting
the relatively hydrophobic nature of this type of membrane. The
water contact angle gradually decreased to 40.3� for the modified
PES membrane after adding Tannin-MIL nanoparticles in the poly-
mer matrix, attributed to the hydroxyl group from TA in modified
MIL-100(Fe) distributed throughout the polymer matrix. Besides,
the Tannin-MIL/PES membrane experienced higher water perme-
ation up to 357.9 L/m2h, which is 1.9 times more than the unmod-
ified PES membrane (185.4 L/m2h). The addition of modified MIL-
100(Fe) into the membrane matrix caused surface hydrophilicity
enhancement and possibly due to larger finger-like microvoids in
the modified membrane. Previous studies reported similar findings
in which the pure water flux amelioration in the membranes can
associate with ease of water transport through the membranes
via large cavities [19,22,25,26] (Fig. 5).

3.4. Mechanical properties of Tannin-MIL/PES membrane

Mechanical properties of the prepared membranes were
assessed based on their elongation at break, Young’s modulus
and tensile strength, as summarized in Table 1. It is found that
the incorporation of Tannin-MIL nanoparticle improves mechani-
cal properties of the prepared hybrid membrane with 1.23 times
higher than the unmodified PES membrane. This can be attributed
to the homogeneous distribution of Tannin-MIL nanoparticle
throughout the polymer matrix, and strong hydrogen bonding
formed between vast hydroxyl group of tannic acid and the ether
bond of PES.

3.5. The potential application for Tannin-MIL/PES membrane

This study focuses on improvement in membrane permeability
by modifying MOF with tannic acid. Considering the SEM, FTIR,
water contact angle, pure water flux and mechanical properties
improvement, it is possible to expect the fabricated modified PES
membrane to be suitable for water treatment. However, further
analysis should be performed on a different type of water/wastew-
ater to ensure its practicability. As some hybrid membranes incor-
porating tannin-modified nanomaterials (e.g., MOF or metal-
phenolic network), several studies have proved the use of these
membranes exhibit high flux during water filtration with excellent
antifouling properties. This type of membrane could act as a hybrid
adsorbent for pollutants from water bodies [19,27]. Besides, the
modified PES membrane’s additional adsorptive feature was
expected from the presence of iron-metal in the MIL-100 nanopar-
ticles itself. The Tannin-MIL/PES membrane’s high permeation flux
has potential in water and wastewater treatment. Nonetheless, fur-
ther work should be carried out in the future on these particular
applications.
4. Conclusion

MIL-100(Fe) nanoparticle was successfully modified with tannic
acid via surface functionalization technique, and a mixed matrix



Fig. 5. Cross-sectional of SEM images of (a) PES and (b) Tannin-MIL/PES membranes.
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Fig. 6. Water contact angle and pure water flux of fabricated membranes.

Table 1
Mechanical properties of hybrid membranes.

Membrane Tensile strength
(MPa)

Young’s modulus
(MPa)

Elongation at break
(%)

PES 1.32 31.95 14.73
Tannin-MIL/

PES
2.95 36.50 24.68
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membrane incorporating tannin-modified MIL-100(Fe) nanoparti-
cle was fabricated by the phase inversion method. As confirmed
by a series of characterizations, vast hydroxyl groups from TA pro-
vides MIL-100(Fe) with a high hydrophilic surface. It plays a vital
role during the phase inversion process and improves membrane
hydrophilicity, leading to enhancement of membrane permeabil-
ity. Therefore, it is considered that the tannin-MIL/PES membrane
provides an excellent alternative to other nanocomposite mem-
branes used for water/wastewater treatment due to its valuable
potential and high mechanical strength.
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