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Abstract—This work describes the development of zeolitic imidazolate framework-8 (ZIF-8) membranes on modi-
fied alumina hollow fiber for desalination by forward osmosis. Effects of different seeds (ZnO, NiO and PDA) and
sodium formate on in-situ deposition of ZIF-8 were studied in relation to the membrane’s morphology and perfor-
mance. XRD result shows that ZIF-8 was successfully synthesized in the presence of sodium formate. FESEM images
showed PDA modified support was unsuccessful in producing well defined and dense ZIF-8 membrane layer even
after another ZIF-8 re-deposition due to its minimal amount. The NiO modified support was also found unsuccessful,
as ZIF-8 crystals were formed in clusters. On the contrary, dense ZIF-8 membrane was successfully prepared on ZnO
modified support with SF-1 synthesis solution producing bigger ZIF-8 crystal and thinner ZIF-8 membrane than as of
SF-2. Water flux performance in forward osmosis showed that NiO/ZIF-8, PDA/ZIF-8 and PDA/ZIF-8 (re-deposition)
membranes gave negative water fluxes of —50 kg/m”h, —5.2 kg/m*-h and —1.7 kg/m”-h with reverse solutes of 42.66
mol/m’-h, 27.42 mol/m*-h and 3.22 mol/m’-h, respectively, indicating the solute from draw solution diffused into the
feed solution. However, ZIF-8 membrane prepared using SF with molar ratio of 1, on the ZnO modified support had a
water flux of 13.3 kg/m®h, reverse solute of 0.95 kg/m’-h and salt rejection of 52.1%. When the SF ratio was increased to
2, the ZIF-8 membranes showed a water flux of 12.5 kg/m’-h, reverse solute of 1.64 kg/m*-h and salt rejection of 54.9%.
The moderate salt rejection could be associated with defects in the ZIF-8 membranes due to poor grain boundaries.
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INTRODUCTION

Production of clean water from saline water resources, such as
brackish water and seawater, is an alternative approach to meet clean
water demands in an effort to decrease water scarcity [1]. Desali-
nation of saline water, especially for monovalent ions, is always a
challenge. Although conventional desalination technologies based
on thermal distillation separation, such as multi-stage flash (MSF)
and multi-effect distillation (MED), are effective to separate salt, these
approaches require a high amount of energy, causing them to be
economically inefficient [2]. Compared to these conventional tech-
nologies, membrane-based desalination offers a better alternative
due to its low energy utilization and lower cost. Reverse osmosis
(RO) is a typical membrane process used in desalination as it is
able to remove monovalent ions. However, RO still requires addi-
tional extra energy in terms of pressure to drive the separation pro-
cess [3].

This has led to interest in utilizing osmotically driven membrane
processes (ODMPs) for desalination, especially forward osmosis
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(FO). In this process, separation is induced by the difference of
osmotic pressure on both sides of the solution across the mem-
brane. This approach enables water to diffuse based on a concen-
tration gradient from low concentration solution (feed) to high
concentration solution (draw). Energy consumption in FO is thus
lower than RO since no hydraulic pressure is involved, making it
more environmental friendly due to minimal energy consumption
[4]. In terms of performance, FO has low susceptibility of mem-
brane fouling which will enhance the life span of the membrane
without compromising its solute rejection ability [5]. Thus, FO has
great potential to become an excellent alternative desalination tech-
nology.

Nanostructured materials have also recently gained significant
attention for membrane separation applications, particularly in water
purifications. Among the array of nanostructured materials, metal
organic frameworks (MOFs) are considered as emerging materials
due to their exceptional separation properties, e.g., controllable pore
sizes, adsorption affinities and high porosity [6,7]. To use MOF as
an effective membrane, MOF is deposited onto an inorganic sup-
port to provide mechanical strength and chemical resistance during
the synthesis and separation process. Typically, research on MOF
membranes has focused mainly on gas separation applications, but
there is emerging research that has used these materials for water
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separation, especially water desalination. Recently; Liu et al. reported
UiO-66 (Zr,0,(OH),(BDC),) supported on alumina hollow fiber
to exhibit high rejection of multivalent ions (99.3% for Al**, 98.0%
for Mg™* and 86.3% for Ca’") but moderate rejection of monova-
lent ions (47.0% for Na" and 45.7% for K") with membrane flux of
1.4L/m*h using dead-end filtration system [8]. They concluded that
the MOF membrane is a promising candidate for water desalination
by size exclusion due to the ultra-small pore aperture of the MOE

Various types of MOFs have been synthesized and character-
ized. However, increasing attention has been given to a subclass of
MOFs: the zeolitic imidazolate frameworks (ZIFs) that consist of
zinc or cobalt ions coordinated by imidazole-based linker. This
MOF family displays a high thermal and chemical stability [9].
Under this group, ZIF-8 is mostly studied for various separation
applications [10]. ZIF-8 has a zeolite-like-structure that resembles
aluminosilicates zeolite with sodalite (SOD) topology. It has been
regarded as a promising membrane material for desalination due
to a pore aperture of 0.34 nm, which is larger than the kinetic diame-
ter of H,O (0.276 nm) but smaller than Na* (0.716 nm)/Cl” (0.664
nm) [11,12]. In addition, ZIF-8 has also been reported to be sta-
ble in seawater after exposure to seawater for 15 days without any
structural changes, as shown by the XRD analysis [13]. This excel-
lent stability in seawater has enabled ZIF-8 to be used for mem-
brane desalination. However, Duke et al. reported that in a pressurized
cross flow filtration system, ZIF-8 membranes showed a poor salt
rejection performance [12], where the highest salt rejection was 6%
at 7bar despite an extremely high flux at 600 kg/m”h. However,
when ZIF-8 membranes were used in pervaporation, the mem-
brane successfully rejected salt as high as 99.8% with water flux of
13.5 kg/m’-h at 100 °C.

Typically, MOF membranes deposited on porous support were
prepared using in situ growth or seeded growth. ZIF-8 membranes
can be also deposited on a support using the seeded growth method
[14,15]. However, this technique may suffer from poor membrane
adhesion due to the seed that may weakly adsorb onto the sup-
port [16,17]. Preparation of ZIF-8 membranes using i situ growth
still faces challenges due to poor interaction between the surface of
the inert support and the membrane [6]. Therefore, the support will
often have to undergo surface modifications to improve nucleation
of ZIF-8, which in turn improves the formation of a continuous
membrane layer. Various studies have reported the success of syn-
thesizing pure ZIF-8 membranes on an inert support previously
deposited with 3-aminopropyltrimethoxysilane (APTES), polydo-
pamine (PDA) and ZnO [16-21]. The deposited ZnO particles
acted as a seed to promote the growth of ZIF-8 membrane and
anchor to the support surface. Previously, various researchers have
adopted different techniques to modify the support with ZnO
such as developing composite AL,O;/ZnO membrane by introduc-
ing ZnO particles in AL,O; dope preparation, coating the support
surface with ZnO via magnetron sputtering technique, sol-gel
method, chemical vapor deposition method, electrodeposition of
composite ZnO/Hmim and manual rubbing of ZnO deposition
[16,17,21-25]. In addition, it is interesting to find the presence of
difference metal oxides such as NiO as a seed for the ZIF-8 mem-
brane growth. The PDA is a self-polymerized polymer via oxida-
tion process of dopamine which has an adhesive ability to virtually

March, 2019

any surfaces [26]. Recently; researchers have developed ZIF-8 mem-
brane on PDA modified support for various application [13,27,28].
Huang et al. reported that PDA provides abundant hydroxyl and
amine functional groups on the surface of the support which cova-
lently linked with Zn** and bind to the ZIF-8 crystals [19].

The presence of sodium formate in synthesis solution is import-
ant for the good intergrowth of ZIF-8 membrane. In solvothermal
process, sodium formate acts as a deprotonating modulator by
deprotonate bridging 2-methylimidazole ligand to drive the crys-
tallization of ZIF-8 [29]. Thus, additional of sodium formate will
result in uniform growth of ZIF-8 crystals, which is essential for the
preparation of continuous and well-intergrown of ZIF-8 membrane
[30]. The amount of sodium formate affected the crystal size, as
increase of sodium formate led to smaller crystals as reported by
Cravillon et al. [29]. Thus, it is expected the amount of sodium for-
mate in ZIF-8 membrane preparation will affect membrane mor-
phology and performance.

Therefore, we focused on the in situ synthesis of ZIF-8 mem-
branes, using the solvothermal process, onto alumina hollow fiber
with the presence of ZnO, NiO and PDA. In addition, the differ-
ent molar ratio of sodium formate in synthesis solution was stud-
ied on the membrane characterization and performance. The
performance of ZIF-8 membranes in desalination was evaluated
using FO. To the best of our knowledge, no studies have reported
on ZIF-8 membranes for desalination using FO. As this separation
process did not require an external pressure, the ZIF-8 membranes
were expected to exhibit an improved performance compared to
other MOF membranes tested under the pressure-driven operation.

EXPERIMENTAL WORK

1. Materials

In situ synthesis of ZIF-8 membranes required zinc chloride
(97+%, Acros organics), 2-methylimidazole (99%, Acros Organics),
sodium formate (ACS Reagent, Acros Organics) and methanol
(ACS reagent, Merck). Alumina hollow fiber, used as membrane
support, was fabricated using the phase inversion technique. This
process required Al,O; powder with the size of 1 um (99.9%), 0.5
pm (99.5%), 0.01 pm (99.8%) purchased from Alfa Aesar, Arlacel
P135 (Unigema), polyethersulfone (PESf, Radal A300, Ameco Per-
formance), and N-methyl-2-pyrrolidone (AR grade, Qrec) as a sol-
vent. Citric acid (99%, Sigma-Aldrich), ethylene glycol (99.8%, Sigma-
Aldrich), metal salt of zinc nitrate hexahydrate (Zn(NO;),-6H,0,
98%, Sigma-Aldrich) and nickel (II) nitrate hexahydrate (Ni(NO),-
6H,0, 97%, Sigma-Aldrich) were used for the preparation of ZnO
and NiO sols, respectively, using the sol-gel Pechini method. Dopa-
mine (99%, Acros Organics) and tris(hydromethyl) aminometh-
ane hydrochloride (Tri-HCI, 99+%, Acros Organics) were used in
PDA modification on the surface of alumina hollow fibers.
2. Preparation of Alumina Hollow Fiber

Asymmetric alumina hollow fibers were prepared using the
phase inversion technique based on a procedure reported elsewhere
[31]. 1.3 wt% of Arlacel was dissolved in a N-methyl-2-pyrrolidone
(NMP) solution before the addition of different AL,O; powder load-
ing (53 wt%) at a ratio of 1:2:7 (0.01 mm:0.05 mm: 1 mm). Then,
the suspension was rolled in a planetary ball milling machine
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(NQM-2 Planetary Ball Mill) with different sizes of alumina agate
milling balls (20 mm and 10 mm). The rate of the planetary ball mill-
ing machine was fixed at 182 rpm for 48 h. Later, a polymer binder
at an alumina/PESf ratio of (6: 1) was added and the milling pro-
cess was continued for another 48 hr. The alumina suspension was
subjected to a vacuum degassing treatment to remove excessive
bubbles trapped inside the suspension. The suspension was then
extruded into a spinneret before being immersed in a coagulation
bath to produce alumina hollow fiber support precursor. To com-
plete the phase inversion process, the alumina precursor was im-
mersed in a water bath for 24 hr. The precursor fibers were then
straightened and dried before cut into 35 cm in length. The ceramic
precursor was then sintered using a tubular furnace (XL-1700) to
obtain alumina hollow fibers supports. The temperature was in-
creased from room temperature to 400 °C at a rate of 3 °C/min and
held for 1h, then to 800 °C at a rate of 4 °C/min and held for 2h
at 1,400 °C before finally held for 8 h at a target temperature rate of
5°C/min.
3. Surface Modifications of Alumina Hollow Fiber

The deposition of ZnO and NiO onto the outer surface of the
alumina hollow fiber was carried out using the sol-gel Pechini
method. To prepare ZnO sol, 10.96 g of Zn(NO;),-6H,O was dis-
solved in 100 ml of deionized (DI) water. After a homogeneous solu-
tion was obtained, 14.16 g of citric acid was added into the sol and
stirred until fully dissolved. Then, 549 g of ethylene glycol was added
slowly into the sol while being continuously stirred to ensure well
dispersion of ethylene glycol. The sol was stirred for another 24 h
to obtain a homogeneous sol. For the preparation of NiO sol, a
similar method was used, but nickel (II) nitrate hexahydrate was
used as the metal nitrate instead. 11.63 g of Ni(NO,),-6H,0, 15.37 g
of citric acid and 5.96 g of ethylene glycol were dissolved in 100 ml
DI water used to prepare NiO sol. Prior to the deposition process,
both ends of the alumina hollow fiber were wrapped with polytet-
rafluoroethylene (PTFE) tape to avoid metal oxides being depos-
ited inside the hollow fiber. Several alumina hollow fibers were im-
mersed in the Zn sol and Ni sol in separate beakers before being
dried in an oven at 120 °C for 24 h. After the drying process, the
PTFE tape was removed and the fibers were calcined in a muffle
furnace at 400 °C at 5 °C/min heating rate for 1 h.

Surface modification using polydopamine was carried out using
a procedure reported elsewhere [13,19,32]. Tris-HCI was dissolved
into DI water to prepare 10 mM of Tris-HCI buffer solution (pH:
8.5). Then, 2mg of dopamine hydrochloride was added in each
ml of 10 mM of Tris-HCl buffer in an open glass vial. Prior to the
polydopamine coating process, both ends of the alumina hollow
fiber were wrapped with PTEE tape to ensure polydopamine coat-
ing occurs only on the outer surface of the alumina hollow fiber.
The alumina hollow fiber was then treated with the dopamine solu-
tion at 20 °C and stirred for 20 h, leading to the polymerization of
the polydopamine (PDA) layer onto the surface of the alumina
hollow fiber. The PDA-modified hollow fiber was then rinsed using
ultra-pure water to remove excess PDA before dried in an oven at
60 °C for 24 h. Surface modification for PDA deposition was car-
ried out once without seed re-deposition.
4. Synthesis of ZIF-8 on Modified Alumina Hollow Fiber

ZIF-8 membranes were synthesized on modified alumina hol-

low fibers using the in situ growth method via solvothermal pro-
cess. In a typical synthesis procedure, zinc chloride, 2-methyli-
midazole (Hmim) and sodium formate (SF) were dissolved in
methanol (MeOH). The molar ratio of synthesis solution that con-
sisted of ZnCl,, Hmim, SF and MeOH was fixed at 1:2:1:313,
respectively, adopting the formulation studied by Liu et al. [27].
This formulation was labeled as SF-1. To study the effect of sodium
format on the formation of ZIF-8, the ratio of sodium formate was
increased to 2, while other compositions remained constant. This
formulation was known as SF-2. Both ends of the alumina hollow
fiber were wrapped with PTFE to avoid the synthesis solution
from entering the lumens prior to the synthesis process. The syn-
thesis solution was filled into a Teflon bottle, which contained the
modified alumina hollow fibers, and later heated at 60°C in an
oven for 24 h. When the solvothermal process was completed, the
ZIF-8 membranes were cooled to room temperature before being
washed several times with methanol to remove loosened ZIF-8
powder on the surface of the membranes and then dried under
room temperature for 24 h.

5. Characterizations

Crystallinity of the ZIF-8 powder was determined by X-ray dif-
fraction (XRD) using Siemens X-ray diffractometer D5000 with
Cu Ko radiation. The step speed of 2°/min and 26 degrees rang-
ing from 5° to 40° were used to record XRD patterns of the sam-
ple. The XRD patterns of ZnO and NiO seeds obtained from the
sol-gel Pechini method were recorded using the same equipment
with 26 degrees ranging from 30° to 80°. Fourier transform infra-
red (FT-IR) analysis was used to determine the presence of PDA
on the alumina hollow fiber. FTIR spectra were recorded using Shi-
madzu IRTracer-100 operating in absorbance mode. The surface
morphology and thickness of both ZIF-8 and alumina hollow fiber
membranes were observed using the field-emission scanning elec-
tron microscopy (FESEM) taken by ZEISS Crossbeam 340.

6. Evaluation of Membrane Performance in FO System

The performance of ZIF-8 membranes in desalination was stud-
ied using a cross-flow lab-scale FO system as shown in Fig. 1. In this
system, two peristaltic pumps (NE-9000, New Era Pump Systems,
USA) were used to flow the draw and feed solutions. In a typical FO
test, the feed solution was introduced on an active layer of ZIF-8
membrane, whereas the draw solution was flowed in the lumen of
the hollow fiber. This configuration is known as ‘an active layer face
feed solution’ (AL-facing FS). The flow rate of the feed and draw
solutions was fixed at a flow rate of 250 ml/min and 130 ml/min,
respectively. An electronic balance (LT1002E, Changsu TianLiang
Instrument, China) was used to measure weight changes of the feed
solution during the testing.

To determine water flux, DI water was used as the feed solution,
whereas 100,000 ppm (1.7 M) of NaCl was used as the draw solu-
tion. The duration of testing was kept constant at 1 h. The water
flux (Jw) was measured during the separation process and calcu-
lated based on formula 1.

Am

W= 1)
where Am is the weight change of the draw solution, A is the area
of the effective membrane, and At is experimental time.
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Fig. 1. FO permeation set-up to study the performance of ZIF-8 membranes.

1.25 um

Fig. 2. SEM images of alumina hollow fiber support by (a) cross section, (b) enlarged cross section, and (c) outer surface.

To determine the reverse solute flux from the draw solution to
the feed solution across the membrane, conductivity of the feed
solution, which contained DI water, was measured using the con-
ductivity meter before and after testing. Concentrations of salt in
the feed solution were calculated from the conductivity values using
a calibration curve. The reverse solute flux (Js) was computed using
formula 2 [4]:

RA(AD)

Js=—xAt @

where C, is the concentration of salt of the feed solution, while V,
is the volume of the feed solution, and At is experimental time.

A similar permeation set-up was used to measure the salt rejec-
tion (R) of the ZIF-8 membrane. In this procedure, 0.1 M NaCl
and 1.0 M dextrose were used as the feed and draw solution, respec-
tively. The salt rejection, (R) was calculated using Eq. (3) [4]:

C
R:(l—aﬂ)xloo% 3)

where C, is the permeate concentration calculated from the quan-
tity of salt and water transfer from the feed to draw solution. C;is
the initial concentration of salt of the feed solution.
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RESULTS AND DISCUSSION

1. Morphology of Alumina Hollow Fiber Support

Fig. 2 shows the morphology of the alumina hollow fiber pre-
pared using the phase inversion and sintering technique. Using this
technique, the asymmetric structure of an inert support was formed,
consisting of a sponge-like region in the middle of a finger-like
structure that originated from both the lumen and shell side to
form a sandwich-like structure. The formation of the finger-like
structure was due to a slow solvent/non-solvent exchange from the
ceramic suspension to the coagulation bath [33]. The alumina hol-
low fiber, used as an inert support for the ZIF-8 membrane, had
outer and inner diameters of 1.63 mm and 1.08 mm, respectively,
with a thickness of 0.26 mm. The support had a smooth outer sur-
face with a surface roughness of 37.5 nm. Therefore, an intermedi-
ate layer on top of the ceramic hollow fiber was not a priority. The
hollow fiber had excellent porosity, which enabled high pure water
flux at 519.34 L/m’h in a cross-flow filtration system.
2. Synthesis and Characterization of ZIF-8

Fig. 3 shows the XRD spectra of the ZIF-8 particles collected
from a Teflon bottle after in situ synthesis of alumina hollow fibers.
The peaks in both XRD spectra are well matched with the simu-
lated structural data of ZIF-8. The results indicated that highly crys-
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Fig. 3. XRD patterns of ZIF-8 powder from (a) SF-1, (b) SF-2 synthe-
sis solution and (c) simulated data [9].

talline ZIF-8 particles were successfully obtained from both SF-1
and SF-2 synthesis solutions. It can be seen that ZIF-8 prepared
using a synthesis solution of SF-1 produced sharper peaks com-
pared to SF-2, which showed slightly broader peaks. Thus, this
indicates that the crystal grains of ZIF-8 particles made from SF-2
were larger than those formulated from SF-1 based on Scherrer’s
equation.

In this study; the outer surface of the alumina hollow fibers was
deposited with ZnO and NiO particles, using the sol-gel Pechini
method, and PDA to improve the growth of ZIF-8 membrane.
Preparation of ZIF-8 membranes by in situ growth without sur-
face modification has been shown to cause the formation of mem-
branes with poor performance, as reported by [16,19]. Therefore,
metal oxides were used as a seed or template in promoting crystal-
lization of MOFs on the alumina hollow fiber. The deposition of
metal oxides onto the alumina hollow fiber occurred by surface
interaction due to surface hydroxyl group present on both seeds
and the support. This finding has been discussed by Garcia et al
[34]. In the case of ZIF-8, ZnO was typically used to prepare a
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Fig. 4. XRD pattern of (a) ZnO and (b) NiO seed from sol-gel Pechini
method.
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well-intergrown and continuous membrane. This is because ZnO
promotes the formation of ZIF-8 crystals by generating a large num-
ber of nucleation sites, as zinc from bulk ZnO saturated on the
support reacts with the ligand [25]. To study the ability of other
metal oxides to promote ZIF-8 growth, NiO was deployed as a
seed for the preparation of ZIF-8 membranes. Besides that, PDA,
which is a linker, had also been used in this work to link ZIF-8
crystals covalently on the surface of the support, to form a dense
membrane.

The XRD analysis, as shown in Fig. 4, showed that ZnO and
NiO seeds were successtully synthesized from the sol-gel Pechini
method. In Fig. 4(a), the sharp diffraction peaks from as-prepared
ZnO at 26 of 31.8, 344, 36.2, 56.6 and 62.8° were identified as the
(100), (002), (101), (110) and (103) crystal planes of ZnO, respec-
tively, which is in agreement with the standard values (ICDD 01-
079-5604). For as-prepared NiO, peaks at 26 of 37.2, 43.2, 62.8,
75.5, 79.3° can be associated as the (111), (200), (220), (311), and
(222) crystal planes, respectively (Fig. 4(b)), are well matched with
the standard values of NiO (ICDD 01-078-0643). Furthermore,
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Fig. 5. FTIR spectra of (a) bare alumina hollow fiber and (b) PDA-modified alumina hollow fiber.
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well-defined diffraction peaks indicate the formation of high crys-
tallinity and high quality of as-prepared ZnO and NiO.

PDA was polymerized on the surface of alumina hollow fiber.
Initial observations showed that the white appearance of alumina

hollow fiber turned to dark brown after PDA modifications. This
indicates that PDA had been deposited on the surface of the sup-
port, as shown in Fig. 5, which is similar to the observations made
by Zhou et al. and Wei et al. [32,35]. Based on Lee et al. [26], PDA

Fig. 6. FESEM images of (a) ZnO/ZIF-8 (SF-1), (b) ZnO/ZIF-8 (SF-2), (c) NiO/ZIF-8, (d) PDA/ZIF-8 and (¢) PDA/ZIF-8 (regrowth) mem-
branes for the (i) surface, (ii) magnified surface and (iii) cross-section.
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was deposited by self-polymerization through oxidation process,
in which interact covalent and non-covalently with the surface of
the support. The presence of PDA on the alumina hollow fiber was
confirmed by comparing FTIR spectra of bare alumina hollow fiber
and PDA-modified alumina hollow fiber. From Fig. 5, the FTIR
spectrum for PDA-modified alumina hollow fiber showed weak
absorbance peaks at bands 1,021 cm ™', 1,262 cm ™, 1,650 cm ™' and
2,919 cm™". This is expected as intensities of the FTIR peaks were
influenced by the amount of PDA deposited on the alumina hol-
low fiber. Additionally, this result is similar to the work reported
by Zhou et al. who analyzed the deposition of PDA on alumina tubes
[32]. The presence of band 1,021 cm™ can be assigned to C-O vibra-
tion, and band 1,262 cm™" can be associated with C-OH vibration.
The bands at 1,650 cm ™" and 2,919 cm™' can be assigned to N-H
(amide) and C-H vibrations, respectively [36].

Supported ZIF-8 membranes were synthesized in situ on alu-
mina hollow fiber using the solvothermal process at 60 °C for 24 hr.
Fig. 6 shows the FESEM images of ZIF-8 membranes prepared
using SF-1 and SF-2 synthesis solutions, on the outer surface of alu-
mina hollow fiber with different surface modifications. As demon-

strated in Fig. 6(a) (i) and (ii), the surface of the ZnO/ZIF-8 (SF-1)
membrane was completely covered with the ZIF-8 membrane.
From the cross-section view shown in Fig. 6(a) (iii), it was shown
that a well-defined ZIF-8 membrane has been formed with a
thickness of 6 um, consisting of smaller and larger ZIF-8 crystals.
Smaller ZIF-8 crystals adhered to the surface of the larger ZIF-8
crystals, with the latter deposited on the surface of the alumina
hollow fiber. The formation of uneven ZIF-8 crystals suggested
that the crystals did not fully undergo nucleation to achieve a sta-
ble equilibrium ZIF-8 morphology, from the cubic to rhombic
dodecahedron shape, even after 24 h of synthesis. As reported by
Cravillon et al., a combination of smaller and larger ZIF-8 crystals
can only be seen at the early synthesis period, as later on the smaller
crystals will grow into large crystals assuming the shape of thom-
bic dodecahedron [29]. ZnO particles deposited onto the alumina
hollow fiber acted as a secondary source of zinc to react with Hmim
ligand as an anchor for ZIF-8 crystals to form a membrane on the
outer surface of the alumina hollow fiber [25]. The use of ZnO
seed, synthesized using the sol-gel technique for the preparation of
ZIF-8 had been previously reported by Zhang [16], which is con-

Fig. 7. FESEM and EDX images of (a) ZnO/ZIF-8 (SF-1), (b) ZnO/ZIF-8 (SF-2) and (c) NiO/ZIF-8 membranes.
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sistent with our observation.

Fig. 6(b) shows the FESEM images from the top-view and cross-
sectional view of the ZnO/ZIF-8 membrane, synthesized using SF-
2 synthesis solution. The images showed the support to be fully
covered by a uniform layer of ZIF-8 crystals. As a result, ZIF-8
membrane with thickness of 8.5 um was formed. It can also be
seen that the crystals of the ZIF-8 membrane resemble a cubic
shape. An increase in SF molar ratio from 1 to 2 caused the size of
the ZIF-8 crystals to become smaller, which is in agreement with
the XRD analysis. SF acted as a modulator where its function is to
deprotonate the bridge between Hmim ligands with Zn™", increas-
ing the amount of SF resulting in smaller ZIF-8 crystals to grow
due to accelerated nucleation of a larger number of nuclei [29,37].
This contributed to an increase in the membrane thickness as the
crystals were closely packed together to form the ZIF-8 mem-
brane. Fig. 7(a) and 7(b) shows the FESEM-EDX of ZnO/ZIF-8
(SF-1) and (SF-2), respectively. From the element mapping, alu-
minium element was detected in the surface for both membranes.
However, the mapping intensity for ZnO/ZIF-8 (SF-2) was higher
than of (SF-1), which is represented by green color. By increasing
SF molar ratio from 1 to 2, the deposition of ZIF-8 membrane
became poorer. High amount of SF was predicted to hamper the
ZIF-8 crystals growth and retard its nucleation [38].

The FESEM analysis on the ZIF-8 membrane, which used NiO
particles as seeds, prepared using the SF-1 synthesis solution is
shown in Fig. 6(c). The ZIF-8 membrane is seen to grow directly
onto the alumina hollow fiber in clusters. The shape of the ZIF-8
crystals is rectangular, which completely differs from the shapes of
the ZIF-8 crystals displayed in Fig. 6(a) and Fig. 6(b). Further-
more, ZIF-8 membranes that were synthesized using NiO parti-
cles as seeds suffered from severe delamination. Fig. 7(c) shows
the FESEM-EDX mapping of the ZIF-8 membrane that differenti-
ated elements in the membrane, seed and support. Poor deposi-
tion of ZIF-8 on the alumina hollow fiber suggested that NiO did
not promote surface nucleation of ZIF-8, although zinc and nickel
have similar ionic charges. This is because Ni** did not react with
Hmim ligands in the same manner as its reaction to Zn™* in creat-
ing an active site for ZIF-8. Based on this finding, it can be con-
cluded that the seed should have a similar metallic element to the
metal ion used in synthesizing MOF to induce crystal growth on
porous supports.

When in situ solvothermal synthesis was carried out on alu-
mina hollow fiber consisting of PDA, the surface of the support
was unexpectedly not covered with a ZIF-8 layer as the crystal
growth was isolated and scattered, as shown in Fig. 6(d) (i) and
(ii). The crystals were smaller even when compared to the ZIF-8
crystals using the SF-2 synthesis solution, although similar synthe-
sis conditions were used for all membrane samples. As a result, no
membrane layer was found when FESEM analysis was carried out
on the cross-sectional of the alumina hollow fiber, as shown in Fig.
6(d) (iii). This study was unable to demonstrate that PDA could
be used to promote well-intergrown ZIF-8 membranes as previ-
ously reported [13,19]. This result could be due to a limited amount
of amine and hydroxyl groups on the alumina hollow fiber after
the deposition of PDA, as shown in Fig. 5. These groups are respon-
sible to react covalently with Zn”" ions from zinc precursor to form
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Table 1. Water contact angle measurement

Membrane type Contact angle
ZnO/ZIF-8 (SE-1) 64.14+4.31°
ZnO/ZIF-8 (SE-2) 63.27+10.05°
NiO/ZIF-8 54.73+1.44°
PDA/ZIEF-8 32.59+2.71°
PDA/ZIF-8 (re-deposition) 45.41+4.00°
Pristine alumina hollow fiber 30.72+11.92°
ZIF-8 [39] 92°

a continuous ZIF-8 membrane on the surface of the support [19].

The ZIF-8 crystals deposited on the PDA modified surface resem-
bled seed particles for secondary growth, as reported by [14] who
prepared ZIF-8 hollow fiber membranes by secondary growth.
The re-deposition of ZIF-8 membrane was carried out using simi-
lar synthesis solution (SF-1) and synthesis conditions. This pro-
cess enabled a thin ZIF-8 membrane to be formed despite some
uncovered areas as shown in Fig. 6(e). There were visible cracks
on the ZIF-8 membrane, resulting in a non-continuous layer. This
result can be explained by the fact that the PDA layer was present
in a small quantity on the outer surface of the alumina hollow
fiber. This was proved by FTIR analysis, although the peaks that
represented PDA can be observed, but low concentration of PDA
caused low intensity of the FTIR peaks. A small amount of this poly-
mer caused the formation of small ZIF-8 crystals at scattered loca-
tions. Re-deposition of ZIF-8 was ineffective as it led to an uneven
growth of ZIF-8 layer on the seeds, resulting in the formation of
membrane defects.

Table 1 shows the water contact angle of the membranes. The
water contact angle of all synthesized membranes was higher than
that of pristine alumina hollow fiber due to the deposition of ZIF-
8, which is a hydrophobic material. Both ZnO/ZIF-8 (SF-1) and
(SE-2) have the highest water contact angle followed by NiO/ZIF-8,
PDA/ZIF-8 (re-deposition) and PDA/ZIF-8 at the angle of 64.14+
431° 63.27+10.05°, 54.73£1.44°, 4541+4.00° and 32.59+2.71°,
respectively. The lower water contact angle for NiO/ZIF-8, PDA/
ZIF-8 and PDA/ZIF-8 (re-deposition) membranes indicates the
poor deposition of ZIF-8 crystals, in an agreement with FESEM
analysis earlier. Compared to water contact angle from reference at
92°, both ZnO/ZIF-8 membranes have lower water contact angle.
This can be associated to the formation of thin ZIF-8 layer on alu-
mina hollow fiber causing water in contact with the surface of the
support during the measurement which. This was in agreement
with the result in Fig. 7 that the aluminium element be detected
using FESEM-EDX analysis. The re-deposition of ZIF-8 should be
carried out to minimize defect.

3. FO Performance of ZIF-8 Membranes for Desalination

To evaluate the performance of ZIF-8 membranes in terms of
water flux and reverse solute flux in FO system, distilled water was
used as a feed solution, whereas 1.7 M NaCl solution was used as
the draw solution. The draw solution was introduced into the lumen
of the alumina hollow fiber, while the feed solution was introduced
on the outer surface of the ZIF-8 membrane. The FO concept used
the osmosis phenomenon, resulting in water to migrate from a
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Fig. 8. Water flux and reverse solute flux of prepared ZIF-8 mem-
branes and bare alumina membrane. The draw solution was
100,000 ppm (1.7 M) NaCl solution, and DI water was cho-
sen as feed solution.

low concentration to a high concentration. To confirm the perfor-
mance of the ZIF-8 membranes, pristine alumina hollow fiber was
used as a control. Fig. 8 shows the water fluxes and reverse solute
fluxes of the ZIF-8 membrane and pristine alumina hollow fiber.
The ZnO/ZIF-8 membranes synthesized using SF-1 and SF-2 syn-
thesis solutions exhibited water fluxes as high as 13.3 kg/m”-h and
12.5 kg/m’-h, respectively. On the contrary, reverse solute flux for
ZnO/ZIF-8 membrane (SF-1) was slightly lower (0.95 mol/m’h)
than ZnO/ZIF-8 (SF-2) at 1.64 mol/m™h. The difference in water
flux between SF-1 and SF-2 can be associated with the membranes
thickness. Thick membranes typically increase resistance and restrict
water pathway across the membrane.

The water flux results for both membranes are comparable to
the pervaporation results reported by Zhu et al. [13]. The authors
reported their ZIF-8 membrane to display a water flux as high as
13.5kg/m*h at 100 °C through pervaporation. ZnO/ZIF-8 mem-
branes in this study exhibited a relatively higher water flux com-
pared to commercial cellulose acetate (CA) (~8 kg/m’h) and com-
parable to commercial thin-film composite (TFC) (~15kg/m’-h)
membranes from Hydration Technology Inc. (HTT). However, the
as-prepared membrane displayed much higher reverse solute fluxes
compared to both HTT membranes (CA at ~0.01 mol/m*h and
TFC at 0.07 mol/m*h) using 1 M NaCl draw and DI water feed
solution [40]. High water flux is associated with the presence of
non-polar groups (CH;) in ZIF-8, resulting in hydrophobic frame-
work with low affinity towards water molecules. Gupta et al. demon-
strated that hydrophobic/non-polar ZIF produced higher water
permeance compared to hydrophilic/polar ZIFs, as water strongly
bound into the hydrophilic framework reduces water flow [41].
They concluded that water flux was dependent on ZIFs functional
group polarity rather than its pore size. Both ZIF-8 membranes
were subjected to salt rejection studies to predict any defect occur-
rence on the ZIF-8 layer since the reverse solute fluxes were rela-
tively high.

When NiO and PDA were used as seeds, ZIF-8 membranes
exhibited negative water fluxes. Negative water flux is an undesir-
able condition, as it involves the diffusion of the draw solution to

the feed solution, halting the osmosis phenomenon through a semi-
permeable membrane. FESEM and FESEM-EDX analysis has shown
the membranes had severe cracks that cause exhibited negative water
fluxes. NiO-ZIF-8 and PDA-ZIF-8 membranes have water fluxes
of —50 kg/m,-h and —5.2 kg/m,-h, respectively. There was a slight
improvement in the water flux of the PDA-ZIF-8 membrane after
the re-deposition process, despite the membrane exhibiting a neg-
ative flux of —1.7 kg/m,-h. These results are consistent with the ones
produced by the pristine alumina hollow fiber that exhibited the
highest negative flux of —91.14kg/m”-h. As the pristine alumina
hollow fiber did not have a selective membrane on its outer sur-
face, it could not retain the solute in the draw solution from pass-
ing through into feed solution, resulting in poor separation per-
formance.

The permeation of solutes for both NiO/ZIF-8 and PDA/ZIF-8
membranes from the draw solution to the feed solution was fur-
ther evaluated using their reverse solute fluxes. From Fig. 8, the
pristine alumina hollow fiber had the highest reverse solute flux of
160.9 mol/m™h, followed by NiO/ZIF-8 membrane (42.66 mol/
m”h), PDA/ZIF-8 membrane (27.42 mol/m>h) and the PDA/ZIF-
8 membrane subjected to the re-deposition process (3.22 mol/m’-
h). The trend was similar to the water flux, showing that an increase
in the flow rate of the feed solution was caused by solute penetra-
tion into the feed solution. Thus, it can be concluded that the mem-
branes were not suitable for desalination.

Efficiency of the ZnO/ZIF-8 membranes in rejecting salt was
determined using the FO system. 0.1 M NaCl and 1 M dextrose
were used as the feed and draw solutions, respectively. This study
was to confirm the high reverse solute fluxes of ZnO/ZIF-8 for
both the SF-1 and SF-2 synthesis solutions. In this measurement,
salt rejection was measured based on the forward solute flux from
the feed solution to the draw solution. Fig. 9 shows that the ZnO/
ZIF-8 membrane, synthesized using the SF-2 synthesis solution,
exhibited 54.9% salt rejection, slightly higher compared to 52.1%
salt rejection obtained using ZnO/ZIF-8 membrane, synthesized
using SF-2 synthesis solution. However, this finding was still far
from achieving the theoretical performance of ZIF-8 for the desalina-
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Fig. 9. Salt rejection of ZnO/ZIF-8 (SF-1) and ZnO/ZIF-8 (SF-2)
membranes. The draw solution was 1.0 M dextrose solution
and feed solution was 0.1 M NaCl solution.
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tion process. As reported by Hu et al, a simulation study predict-
ing the performance of ZIF-8 membranes for RO desalination
should obtain 100% salt rejection, as Na* and CI” ions cannot pass
across the membrane [42]. Lower salt rejection of ZnO/ZIF-8
membranes suggested that the membrane had some sort of defect
or flexible pore aperture [43] or combination of both that can reduce
the membrane selectivity. The most likely defect to occur in ZIF-8
membranes is the formation of grain boundaries between ZIF-8
crystals. The main reason for moderate salt rejection can be asso-
ciated with the presence of grain boundaries which results in non-
continuous membrane as previously shown in FESEM images (Fig.
6). Grain boundaries are known as surface imperfections in poly-
crystalline materials that separate grains of different orientations.
These defects allow the solute to pass across the membrane easily
as depicted in Fig. 10. As ZIF-8 is categorized as a crystalline mate-
rial, it is impossible to avoid the formation of this defect. However,
the number of defects in the material can be minimized by allow-
ing the crystal to grow bigger.

The salt rejection of ZnO/ZIF-8 membranes obtained in this
work was higher compared to the ZIF-8 membrane developed by
Duke et al. [12]. The membrane allowed salt rejection of up to
6.3% using a pressurized system. This trend could be correlated
with the separation process using forward osmosis, performed at
ambient pressure, while keeping the structure of the ZIF-8 mem-
brane intact. As reported by Duke et al, the reason for poor RO
desalination performance of ZIF-8 membranes was due to the loss
of Zn™* from the ZIF-8 framework [12]. They also reported that
when feed pressure was increased from 150 kPa to 200 kPa, the salt
rejection decreased from 6.3% to 0%. This suggested that loss of
Zn™ can be associated with a high-pressure system, indicating that
ZIF-8 membranes should be used in FO, which clearly offers bet-
ter results compared to if used in RO.
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CONCLUSION

We developed ZIF-8 membrane on alumina hollow fiber for
desalination application using in-situ growth by solvothermal pro-
cess. In the membrane preparation process, the support was depos-
ited with ZnO, NiO and PDA to study the effect of different surface
modification seed. From XRD analysis, we successfully synthesized
ZIF-8 in both SF-1 and SF-2 synthesis solution. Proved by FESEM
analysis, there was no continuous and dense ZIF-8 membrane
formed for PDA/ZIF-8, PDA/ZIF-8 (re-deposition) and NiO/ZIF-
8 membrane. The ZIF-8 crystal appeared scattered on PDA modi-
fied support. Even though the ZIF-8 thin layer was formed after
re-deposition, the layer suffered from cracks. The FTIR analysis
on PDA modified support showed weak absorbance peaks that
represented PDA, especially for hydroxyl group vibration, which
was responsible for the attachment of ZIF-8 with the support.
Weak intensities of PDA peaks indicate low concentration of PDA
deposited. The NiO/ZIF-8 membrane suffered from severe crack
and delamination of NiO layer as well as formation of islands of
ZIF-8 crystal. Introduction of foreign metal oxide such as NiO did
not promote the nucleation of ZIF-8. However, only ZnO/ZIF-8
modified support showed a well-defined pure phase ZIF-8 mem-
brane. This is attributed to zinc oxide as a secondary source to react
with Hmim ligand, allowing ZIF-8 membrane to be anchored to
the support surface. By increasing the molar ratio of SE the size of
ZIF-8 crystals was reduced, resulting in an increase in membrane
thickness. The PDA/ZIF-8, PDA/ZIF-8 (re-deposition) and NiO/
ZIF-8 membranes exhibited negative water flux of —50 kg/m*h,
-5.2kg/m*h and —1.7 kg/m*h with reverse solute flux of 42.66
mol/m*h, 27.42 mol/m*h and 3.22 mol/m’h, respectively. High
reverse solute indicates the membranes were unable to retain the
solute from draw solution diffused into the feed solution. ZnO/
ZIF-8 (SF-1) membrane managed to achieve water flux of up to
13.3kg/m*h and reverse solute flux 0.95 mol/m*h, while ZnO/
ZIF-8 (SF-2) exhibited water flux 12.5 kg/m*-h with higher reverse
solute flux 1.64 mol/m>h. The ZnO/ZIF-8 (SE-1) and (SF-2) dis-
played a moderate salt rejection at 52.1% and 54.9%, respectively.
Moderate ion rejection was attributed to grain boundaries defect,
allowing Na" and Cl ions to pass across the membrane through
poor ZIF-8 crystal grains. As a consequence, we found ZIF-8 to be
a promising membrane material for desalination by FO. However,
improvements in membrane morphology to prepare a well-inter-
grown, continuous and thin membrane are needed to improve the
performance in terms of water flux, reverse solute flux and salt
rejection.
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