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The as-spun alumina hollow fiber membrane was used as membrane support for the development of ZIF-8
membrane. The ZIF-8 layers were successfully grown on the support by using the in-situ solvothermal method
and layer-by-layer method. The morphology and physicochemical properties of the membranes were charac-
terized using the field emission scanning electron microscope (FESEM), X-ray diffraction spectrophotometer
(XRD), Fourier-Transform Infrared Spectrophotometer (FTIR). The adsorption study revealed that the removal of
copper(Il) ion was pH-dependent. The adsorption capacity for copper(Il) adsorption is 76.5 mg/g. The adsorption
mechanism of copper(II) onto the ZIF-8 membrane was best fitted to the Freundlich isotherm and pseudo-second-

order model. The filtration study showed that the membranes could remove up to 90% of copper(II) ions from the

aqueous solution.

1. Introduction

Water is the source of life. Each person on Earth needs at least 20-50
L of clean water for daily activities, including drinking, cooking and
cleaning. Consuming polluted water is a major concern and need to be
taken care of because it might cause death to human and life-beings. The
industrialization has grown at a very fast rate, contributed to the de-
mand for natural resources. The mining activities have led to environ-
mental pollution due to the release of inorganic ions, organic pollutants,
organometallic compounds, radioactive isotopes and nanoparticles [1].

Heavy metal wastewater originated from urbanization and indus-
trialization activities, leading to heavy metal accumulation in the water
bodies. The high solubility of heavy metals in aquatic environments
leads to the high potential to be absorbed by living organisms. Thus, the
accumulation of heavy metal throughout the food chain will cause
harmful effects, especially to humans, as the concentration will increase
along the food chain. The common heavy metals present in industrial
wastewater include nickel, zinc, silver, lead, iron, chromium, copper,
arsenic, cadmium and uranium [2]. However, copper was found to be in
higher concentrations among all the heavy metals because it is
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commonly used in industrial applications. The United State Environ-
mental Protection Agency (USEPA) has determined that drinking water
should have less than 1.3 ppm of copper [2].

Several methods and techniques were reported previously on the
removal of copper ions from wastewater, for example, the adsorption
[3-5], photocatalysis [6], electrochemical [7], chemical precipitation
[8,9], ion exchange [10] and flotation [11,12]. Although a vast number
of techniques were employed for copper(Il) removal, new technologies
with better performance and advantages still being searched to over-
come some advantages from the previous method, for instance, the
incomplete removal, high energy requirements and the production of
toxic waste after the treatment [13]. Therefore, membrane technologies
come into the picture to facilitate the removal of pollutants and water
recovery.

In the present study, alumina hollow fiber membrane, derived from
natural-based material known as alumina, was selected as a support
membrane. Alumina is a naturally occurred aluminium oxide, found in
the environment as minerals known as corundum, diaspore and gibbsite
[14]. Alumina originated from bauxite, the impure form of gibbsite. The
bauxite undergoes extraction process to purify the compounds into a
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usable form. One of the most used processes is the Bayer process [15].
Alumina is the most useful oxide ceramic due to its hard property and
ability to withstand harsh environment, for example, high acidity or
high basicity condition and its resistance towards high temperature.
These attributes making it suitable to be used in various applications
includes membrane separation applications.

Alumina has known to offer better water separations than the
polymer-type membranes, not only because of the properties mentioned
previously but also due to its resistance towards fouling. Alumina stable
upon the defouling process, which usually require heat and the appli-
cation of chemicals, thus the use of alumina can reduce the operation
cost for separation process [14]. Inevitably, there are challenges to
reduce the pore size of the natural-based support layer due to its coarse
particle size and also the pores inside the particles [16]. The porous
structure produced from the properties mentioned makes the rejection
of copper(Il) almost impossible. To further improve the support mem-
brane’s surface pore size, a layer of ZIF-8 membranes was deposited on
top of the alumina hollow fiber membrane, producing an adsorptive
membrane. The adsorptive membrane synergizes the advantages and
functions of adsorbent and membrane at the same time. ZIF-8, a type of
metal-organic framework with an aperture size of 0.34 nm, composed of
zinc atoms and 2-methylimidazolate as ligands [17]. The adjustable
cage is making it suitable for various applications. The ZIF-8 have shown
excellent performance in the various field includes water treatment
[18-20], gas separation [21,22] and medical applications [23]. There-
fore, ZIF-8 was selected in this study to develop the dual-function
membrane, commonly known as the adsorptive membrane. The
embedding of ZIF-8 layer on top of the alumina support layer is believed
to improve the performance of the membrane. Adsorptive membranes
are known to have the affinity for ions and molecules and may combine
ions by chelating effects, complexation and ion exchange [24]. Few
studies were reported on the hybrid membrane for copper(II) removal
[25,26]. However, there are still no reports on the application of ZIF-8
membrane on alumina hollow fiber membrane support to remove cop-
per(Il) ions. Therefore, the present study was conducted to prepare,
characterize, and determine the prepared membranes’ adsorption and
filtration performance for copper(Il) ions removal.

2. Experimental
2.1. Materials

2.1.1. Alumina hollow fiber preparation

Al;,03 powder with the size of 1 pym (99.9%), 0.5 um (99.5%), 0.01
um (99.8%) purchased from Alfa Aesar, Arlacel P135 (Unigema), poly-
ethersulfone (PESf, Radal A300, Ameco Performance), and N-methyl-2-
pyrrolidone (NMP) (AR grade, Qrec) as the solvent.

2.1.2. APTES modification
3-(aminopropyl)triethoxysilane
Toluene (ACS reagent, Merck).

(APTES) (99%)(Sigma-Aldrich),

2.1.3. ZIF-8 Membrane Preparation

zinc nitrate hexahydrate (Zn(NOs)2.6H20,98%, Sigma-Aldrich), 2-
methylimidazole (99%, Acros Organics), sodium formate (ACS Re-
agent, Acros Organics) and dimethylformamide (ACS reagent, Merck).

2.2. Preparation of alumina hollow fiber support

The alumina hollow fiber membrane support was prepared via the
phase-inversion and sintering technique. The details of the fabrication
process can be found elsewhere [27]. Alumina powder with different
particle size (0.01 um:0.05 um:1 pym) at a ratio of 5:3:2 was used to
prepare the membrane suspension. The suspension composed of 53 wt%
of alumina, 36.87 wt% of N-methyl-2-pyrrolidone (NMP) and 1.3 wt% of
Arlacel, was rotated and milled in a planetary ball mill (model: NQM-2
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Planetary ball mill) for 48 h before the addition of polyethersulfone as
polymer binder (8.83 wt%) the process was continued for another 48 h
before the degassing process was executed for gas or bubble removal.
The spinning process was performed by flowing the mixtures into a
tube-in orifice (OD = 3 mm, ID = 2.8 mm) at 9 mL min~! through a
syringe pump (Harvard Equipment). Water was flowed at 10 mL min
through the center of the spinneret to form a lumen. The air gap for the
spinning process is 10 cm. During the spinning process, the membrane
produced was allowed to immerse in the water as an external coagulant
bath for 24 h to complete the phase-inversion process. The membrane
was then cut into the same length around 30 cm each and dried at room
temperature for another 24 h. Then, the alumina hollow fiber mem-
branes were sintered at 1400 °C in a tubular furnace (XL-1700) started
from room temperature to 400 °C at a rate of 3 °C min " and held for 1 h.
The heating process was further continued at 800 °C with the heating
rate of 4 °C min~! and held for 2 h. The sintering temperature was fixed
at 1400 °C, held for 8 h at the temperature rate of 5 °C min~'. Finally,
the sintering process was completed when the target temperature was
cooled down to room temperature at a rate of 5 °C min™".

2.3. Preparation of ZIF-8 membrane

2.3.1. 3-(aminopropyDtriethoxysilane (APTES) modification on alumina
hollow fiber membrane

APTES modification on the alumina hollow fiber membrane support
was done according to the previous method with slight modification
[28]. First, the alumina hollow fiber membrane was sonicated in
acetone, methanol and deionized water for 5 min. The cleaned alumina
hollow fiber membranes were then silanized with 2% APTES solution in
toluene for 2 h. After the reaction, the modified membrane was washed
with ethanol and dried. The solvent on the membrane’s surface was
removed by heating the membranes in the oven for 30 min at 60 °C
before proceeded to the solvothermal growth of ZIF-8.

2.3.2. In situ solvothermal preparation of ZIF-8

APTES-modified and unmodified alumina hollow fiber membrane
were fully immersed in the precursors’ solution containing 2-methylimi-
dazole, sodium formate and zinc nitrate hexahydrate with the molar
ratio of 0.65 HCOONa: 1.0 Zn(NO3)s: 1.5 Hmim: 450 DMF in a Teflon
bottle. The solution was heated at 120 °C for 24 h, 48 h and 72 h. The
resulting membranes will be washed with methanol and dried at 60 °C
for 24 h. The membrane without APTES modification is denoted as
ZNA24, whereas the APTES modified membranes are denoted as ZA24,
ZA48 and ZA72. For the ZIF-8 membranes prepared via the layer-by-
layer method, the modification method was executed according to the
method reported by Nagaraju et al. with slight modification [29]. The
APTES modified membranes were first soaked in the Teflon bottle
containing 2-Hmim solution and heated at 120 °C for 6 h. The mem-
branes were then collected and soaked in the fresh solution mixture of
zinc nitrate hexahydrate and sodium formate in another Teflon bottle.
The bottle was heated in an oven at 120° for another 6 h. The procedures
were repeated for 1 cycle and 2 cycles and the membranes denoted as
Cycle 1 and Cycle 2 respectively. Fig. 1 illustrated the general synthesis
of ZIF-8 on alumina hollow fiber membrane in the presence of APTES as
the organic linker.

2.4. Characterizations

The surface and cross-section morphology of alumina ceramic
membrane was viewed using a Scanning electron microscope (SEM)
(Hitachi). A sample with 3 mm length was placed on a stab before being
coated with platinum under vacuum for 3 min at 20 Ma (QUORUM).
The alumina membrane’s pore size distribution was measured using
Mercury Porosimeter (Micrometrics AutoPore IV 9500). The crystal-
linity of ZIF-8 membranes was determined using X-ray diffractometer
D5000 with CuKa radiation with a wavelength of 0.15406 nm at 40 kV
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Fig. 1. General synthesis scheme for ZIF-8 membrane preparation.

and 40 mA. The step speed of 2°/min, ranging from 5° to 40° was used to
record the samples XRD patterns. The presence of important ZIF-8 peaks
was determined using Fourier Transform Infrared Spectroscopy (FTIR)
analysis, recorded using Shimadzu IR Tracer-100 operating in trans-
mittance mode. The morphology images of the ZIF-8 membranes were
obtained using JEOL JSM-7600F field emission scanning electron mi-
croscope (FESEM) at an acceleration voltage of 2 kV.

2.5. Batch Adsorption Study

For copper(II) adsorption study, batch adsorption experiments were
carried out by soaking 0.20 g of the membrane with 50 mL of copper(Il)
ion solutions at pH 6 for 6 h at room temperature, shaken at 150 rpm.
The metal ion concentration was analyzed by UV-visible spectropho-
tometer (Lambda 25) at a wavelength of 275nm, using poly-
ethyleneimine (PEI) as reported by a previous study [30]. The
percentage of copper(Il) removal and adsorption capacity of the mem-
brane was calculated using Eq. (1) and Eq. (2) respectively.

Co 7Ce
— X

100 1
C. (€Y

Cu(Il)removal (%) =

g= GOV @
Where C,(mg/L) refers to the initial and C, refers to the final concen-
tration of copper(II) ion, m is mass of the adsorbent, and V is the volume
of copper(Il) solution.

Evaluation of the sorption mechanism was carried out based on
Langmuir and Freundlich isotherms. The Langmuir isotherm applies to
adsorption on completely homogeneous surfaces with negligible inter-
action between adsorbed molecules. Meanwhile, the Freundlich
isotherm can be applied for heterogeneous surfaces and multilayer
sorption. Eqs. (3) and (4) represents Langmuir and Freundlich,
respectively.

C. c, 1

e = e 3
qe n  bqu

g.= KpCl" Q)
Where,

C. = equilibrium concentration (mg/L)

g. = adsorption capacity at equilibrium (mg/g)

gm = maximum adsorption capacity of the adsorbent (mg/g)
b = Langmuir adsorption constant

Kr = Freundlich adsorption constant

n = heterogeneity factor

Then, the evaluation of the reaction orders based on the adsorbent’s
capacity was carried out using first-order and second-order of adsorp-
tion kinetics as shown in the Egs. (5) and (6), respectively.

In(q, — q;) = Ing, — kit 5)
t 1 1

= h (6)
4 kaq? g

Where,

g. = adsorption capacity at equilibrium (mg/g)
q: = adsorption capacity at time (mg/g)

t = time (min)

k1 = equilibrium constant for first-order

ko = equilibrium constant for second-order

2.6. Filtration study

2.6.1. Permeate and copper(Il) rejection

A cross-flow filtration system was used to determine the solute
permeate and rejection of copper(Il). Firstly, the feed solution was
pumped into the outer side of the hollow fiber membrane, allowing the
water to penetrate to the membrane’s inner side. The solution then flows
through the lumen to the other unsealed end of the hollow fiber mem-
brane. The system’s trans-membrane pressure is fixed at 1 bar, and the
process was run at room temperature. The permeates was stabilized for
about 30 min before being collected for flux and rejection determina-
tion. Fig. 2(a) is the cross-flow system diagram whereas the Fig. 2(b) is
the specification of the hollow fiber module. The solute flux was
calculated using Eq. (7) [31].

Vv

Jy=—— 7
t x A 2

Where, J,, = Solute flux.

V = volume of permeate (m3),
t = time of permeate collected (h)
A = total surface area of hollow fibre membrane (mz)

For copper(Il) filtration study, copper(Il) sulfate (CuSO4) solution
with the concentration of 10 ppm was used. The percentage of copper
(II) removal was also determined by using Eq. (1).
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Fig. 2. (a) Cross-flow filtration system set up (b) specification of the hollow fiber module.

3. Results and discussion
3.1. Preparation of alumina hollow fiber membrane

Fig. 3 depicted the cross-section scanning electron image (SEM) and
surface images of pristine alumina hollow fiber membrane prepared via
phase-inversion and sintering method. The outer diameter of the
membrane is 1.73 mm, and the inner diameter of the membrane is
1.03 mm. The thickness of the membrane in 0.70 mm. The SEM image
showed that the membrane has a finger-like combination at the shell and
lumen side of the membrane. The morphology can be attributed to the
instantaneous demixing after the immersion of the precursor in the non-
solvent bath [32]. The sponge-like structure in the middle of the hollow

fiber membrane is attributed to the delayed demixing due to the longer
precipitation process and the slow formation of the membrane. How-
ever, as shown in the SEM micrograph, a thin layer of sponge-like
structures is on top of the large finger-like configuration. This
morphology is an advantageous characteristic for the deposition of ZIF-8
layer on top of the membrane because the sponge-like structure com-
prises narrow pores. Therefore it can help to avoid the penetration of
ZIEF-8 particles into the inner part of the membrane.

The surface image of the alumina hollow fiber (Fig. 3b) also
exhibited the membrane’s high porosity. Mercury Intrusion Porosimetry
(MIP) analysis was also conducted to determine the porosity of the
alumina support. The results showed in Fig. 4 revealed that the mem-
brane support comprises two distinct pore size diameter. The bigger

Fig. 3. SEM images of alumina hollow fiber (a) cross-section (b) surface.
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Fig. 4. Pore Size Distribution of Alumina Hollow Fiber Membrane Support.

diameter at around 100 pm represented the appearance of the finger-
like structures. In contrast, the smaller pores around 0.01-0.1 ym
signified the existence of the sponge-like structures. The MIP data also
the porous structure of the alumina support membrane. Therefore,
further modification on the surface of the support membrane is required
to reduce the membrane’s surface porosity to enhance the performance
of the membrane for copper(Il) ions removal.

3.2. Synthesis of ZIF-8 membrane on alumina hollow fiber membrane

The presence of functional groups in ZIF-8 membranes was analyzed
using FTIR and shown in Figs. 5 and 6. Fig. 5 compared the functional
group existed in the ZIF-8 membrane prepared with APTES and without
the presence of APTES. The intense band observed for ZIF-8 alumina
hollow fiber membrane with APTES modification revealed the

formation of ZIF-8 layer on the alumina support. The C°N stretching was
identified at 1589 cm™, whereas the peak at around 1380 cm™! attrib-
uted to the entire ring stretching fingerprint. Several bands were also
observed in the range of 1350-900 cm™, associated with the presence of
in-plane bending of the ring and the bands around 750-690 cm™
correlated to the existence of aromatic sp> C-H bending. The Zn-N
stretching can be observed at a wavenumber of around 450 cm™.

On the other hand, the ZIF-8 membrane prepared without APTES
modification showed no apparent ZIF-8 bands at the IR region, indi-
cating that the formation of ZIF-8 membrane on top of the alumina
support is not well-grown or in traces amount. Fig. 6 compares the FTIR
spectra for all the prepared membrane with APTES modification. The
band intensity increase when the duration of synthesis for in situ sol-
vothermal synthesis increase from 24 h to 72 h. The FTIR transmittance
bands showed that the ZIF-8 layer was successfully formed on top of the

without APTES

with APTES

vC=N vin —N

vRing

4000 3500 3000 2500

2000 1500 1000 500

=1
Wavelength (cm™)

Fig. 5. FTIR spectrum for ZIF-8 prepared with APTES and without APTES modification.
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Fig. 6. FTIR spectra of all the prepared membranes.

alumina support for the membrane prepared via the layer-by-layer
technique. Noticeably, the intensity of the bands intensifies with the
increase in the number of cycles performed.

The XRD data obtained is shown in Fig. 7 and Fig. 8. By referring to
Fig. 7, the XRD peaks for ZIF-8 growth on APTES modified alumina
membranes were in good agreement with previous reports, thus con-
firming the formation of pure crystalline ZIF-8 phase [33,34]. While for
the unmodified alumina surface, the growth of ZIF-8 on top of the
membrane seems to be unsuccessful because the presence of ZIF-8 can
only be detected as traces. As expected, the APTES modified alumina
membrane showed the characteristic reflection of ZIF-8 at 20 = 7.30,
10.35, 12.70, 14.80, 16.40 and 18.00°, attributed to the (110), (200),
(211), (220), (310), and (222) planes, respectively [35]. All the mem-
branes with APTES modification, prepared at different reaction time

also showed the same characteristic reflection. The ZA72 showed the
highest intensity, indicating that the longer reaction time produced
ZIF-8 membrane with a better crystalline structure. While for membrane
prepared via layer-by-layer, the membranes show the characteristic
reflection of ZIF-8 peaks, but with rather lower intensity than the prior
method as shown in Fig. 8. By comparing the intensity of 1 cycle
membrane and the 2 cycles membrane, the 2 cycles membrane has more
intense XRD peaks than the 1 cycle membrane. Therefore, it is noted that
the number of cycles affects the peak intensity of the XRD peak of the
ZIF-8 membrane [36]. The increase in the number of cycles is expected
to increase the possibility of forming more ZIF-8 crystals because the
chances of the precursors to react with each at the second cycle are
higher than the single cycle. The higher intensity in second cycle
membrane indicated the higher deprotonation of 2-methylimidazole

- -
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Fig. 7. XRD peaks of ZIF-8 and ZA24, ZA48 and ZA72 membranes.
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[37] and the formation of ZIF-8 with better crystallinity and better
coverage [38]. Better coverage of ZIF-8 on the membrane gives chances
for more adsorption sites for copper(Il) ions and enables the ions’
filtration better than the not-fully covered membrane. ZIF-8 with high
crystallinity also tends to be stable rather than the low crystallinity
structure. The high crystalline structure also indicates the good forma-
tion of ZIF-8 crystal membrane with fewer guest molecules in the crystal
structure [35]. If the guest molecules in the crystal framework are ab-
sent, the chance for copper(Il) adsorption is higher, thus improving the
copper(I) removal.

Fig. 9 shows the FESEM images of ZIF-8 membranes prepared via a
solvothermal method at a different time of synthesis and ZIF-8 mem-
brane prepared via layer-by-layer techniques. Fig. 8a(i) and (ii) is the
morphology of ZIF-8 growth on the non-modified alumina substrate.
The FESEM images reveal that the membrane prepared without the
APTES modification formed layer with no rhombic dodecahedron shape.
On the other hand, the ZIF-8 membranes prepared with the APTES
modification has the rhombic dodecahedron shape. The rhombic do-
decahedron shape is reported to be the stable equilibrium morphology of
ZIF-8 [39]. A study by Linder-Patton et al. revealed that the dodecahe-
dron shape has a more active site for adsorption than the cube shape of
ZIF-8 particles [40]. The APTES enables better growth of ZIF-8 on the
surface of alumina hollow fiber membrane because APTES can effec-
tively enhance the heterogeneous nucleation of the ZIF-8 crystals [41].
Besides, the APTES modified alumina hollow fiber membrane can
enhance the surface hydrophobicity of the alumina membrane. There-
fore, the hydrophobic property of ZIF-8 membrane tends to grow well on
the hydrophobic surface, just like the "like grows like" principles [42].

Duration of synthesis also plays a vital role in determining the shapes
of the ZIF-8 formed during the synthesis. In can be seen from the Fig. 8b
(1), b(ii), c(i), c(ii), d(i) and d(ii), the ZIF-8 crystals prepared at synthesis
time of 24 h has the thinnest layer of ZIF-8 membranes whereas the
ZA72 has the thickest layer among all. Apart from that, the crystal size of
ZIF-8 also observed to be increased by increasing the reaction time.
Whilst, for Cycle 1 and Cycle 2, the layer has no obvious crystal shape
with thin layer but more compact compared to the membranes prepared
via in situ solvothermal methods.

Journal of Environmental Chemical Engineering 9 (2021) 105343
3.3. Adsorption study of copper(ID)

3.3.1. Effect of pH on copper(Il) removal

The pH of copper(Il) solution is one of the important factors affecting
the adsorption capacity and the removal efficiency of copper(ll) in a
solution due to the ability of pH to influence the structural stability and
the surface charge of the adsorbent [19]. Fig. 10 described the effect of
pH on the copper(Il) adsorption on ZA24, ZA48 and ZA72 at pH 5 to pH
8. The results denoted that, all the membranes exhibited the highest
capability of adsorption at pH 6. Among the three membranes, ZA72
showed the highest copper(II) removal. The high removal of copper(II)
might be related to the higher thickness of the ZIF-8 layer of the mem-
brane compared to other membranes. Several studies proved that the
thicker MOF membrane has higher adsorption capability than the
thinner membrane [43,44]. The thicker membranes have more
adsorption sites due to the higher amount of adsorbents.

The figure also implied that the removal of copper(Il) reduces with
the increase of pH value. At pH 5, the adsorption percentage is low due
to the competitive factor between H" and Cu?* for the adsorbents’ ex-
change site [45]. The membranes showed highest adsorbance capacity
at pH 6; however, the adsorption on membranes decreases when the pH
increase to pH 7 and 8. This phenomenon is due to the precipitation of
copper(Il) ion at pH higher than pH 6 [46].

3.3.2. Batch Adsorption Study

Table 1 shows the data for the adsorption study of copper(II) ions on
ZIF-8 membranes which includes the isotherms and kinetic study. The
adsorption test was carried out at pH 6, at the concentration range of
20-100 ppm for 6 h. The data indicated that copper(Il) ’s adsorption
mechanism was best fitted the Freundlich model with the R? value of
0.9436 compared to the Langmuir model with the R? of 0.53717. The
Freundlich model inferred that the copper(Il) ions adsorbed on the
heterogeneous surface by multilayer adsorption [47], while the slope
(1/n) indicated that the adsorption intensity or surface heterogeneity of
the adsorbents. The surface is more heterogeneous if its value reaches
closer to zero [48]. The data of this adsorption study, the 1/n = 0.85,
denotes the ZIF-8 membrane surface’s less heterogeneity. On the other
hand, n describes the types of interaction involved during the adsorption
process [49]. If n> 1, the adsorption involves chemical interaction
whereas, if the n < 0 demonstrates the physical interaction occurred. If
n = 1 means no adsorption process will occur. In this study, the value of
n = 1.179, thus the interaction between copper(II) and ZIF-8 membrane
could be designated as a chemisorption process. The Freundlich and
Langmuir isotherm graph are shown in Fig. 11.

Pseudo-first order and pseudo-second-order model were used in this
study to determine the adsorption mechanism of copper(Il) on the ZIF-8
membrane. The correlation coefficient (RZ) indicated the conformity
between experimental data and the model-predicted value. The kinetic
data of pseudo-first-order and pseudo-second-order is shown in Table 1.
The results indicated that the adsorption kinetics of the ZIF-8 membrane
is better fitted the pseudo-second-order model rather than the pseudo-
first-order model with the correlation coefficient (RZ) value of 0.9738.
Hence it can be established that the adsorption of copper(Il) ions on the
ZIF-8 membrane perfectly follow the pseudo-second-order kinetic
model. Additionally, the value of theoretical g, from the pseudo-second-
order model was close to the experimental value. In this model, the rate-
limiting step was the surface adsorption, involving chemisorption,
where the removal from a solution is due to physicochemical in-
teractions between two phases [50]. The graph for pseudo-first-order
and pseudo-second-order graph are shown in Fig. 12.

According to Zhang et al. the removal of copper(II) on ZIF-8 involves
the ion exchange if the copper(Il) solution concentration is below
200 ppm [19]. The adsorption mechanism is shown in Fig. 13. During
the adsorption process, the zinc(II) ion in ZIF-8 framework is replaced by
copper(Il), thus forming a new complex. The phenomenon is due to the
similar atomic radius of zinc and copper ion. The electron layer of zinc is
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Fig. 9. FESEM images of a(i) ZNA cross-section a(ii) ZNA surface b(i) ZA24 cross-section b(ii) ZA24 surface c(i) ZA48 cross-section c(ii) ZA48 surface d(i) ZA72 cross-
section d(ii) ZA72 surface e(i) Cycle 1 cross-section e(ii) Cycle 1 surface f(i) Cycle 2 cross-section f(ii) Cycle 2 surface.
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100 more stable than copper, thus making the coordination of copper com-
s ZA24 plexes stronger than the zinc complexes.
01« zass
= 80 4—ZAT2 3.4. Filtration study
=
— 70 F
© The performance of ZIF-8 membranes was further determined by
3 60 conducting the filtration process using a cross-flow filtration system at
g 1 bar. The membrane’s performance in terms of the results of copper(II)
x 504 r ) ion removal capacity and water flux is demonstrated in Fig. 14. The
§ 404 pristine membrane showed the highest flux among all tested membranes
7 - with almost 700 Lm “2h’!, However, the pristine membrane unable to
2 304 ) i - s reject the copper(1l) ions. This phenomenon is due to the high porosity of
O e & the membrane and the average pore size, which are bigger than the
204 & , T e 3 copper(Il) ions, as signified by the MIP data discussed earlier. Whilst,
104 . " among all of the ZIF-8 membranes, the ZA24 membranes exhibited the
= highest flux among all, with almost 500 Lm2h’!, but only rejected about
0 T T T T 30% of the copper(Il) ions. The result is due to the porous structure of
5 6 7 8 the ZA24 compared to the other ZIF-8 membranes as can be seen from
pH the FESEM images. The high porosity leads to less copper(Il) ions
rejection and also highest flux among all. The ZA48 and ZA72 showed an
Fig. 10. The effects of pH on copper(Il) removal. increase in copper(Il) rejection but a significant flux decrease. The dif-
ference in membrane thickness is believed to be the possible reason for
the membranes’ different performance because thick membranes have
higher resistance and restrict water pathway across the membranes
[34].
Table 1 On the other hand, membrane prepared via layer-by-layer technique
Adsorption isotherm and kinetic study data. demonstrated the highest rejection, with the copper(II) rejection of 90%
Adsorption Tsotherm but with the lowest flux (133 Lm’zh’l). The results can be related to the
Langmuir Model am Ky R2 compact and dense structure of the ZIF-8 layer formed on the alumina
2.68 x 10? 0.0102 0.53717 support. Dense layer on top of the membrane plays important roles in
Freundlich Model N kg R? the membranes’ selectivity [51]. The dense layer also provides better
L 1.1719 34171 0.94363 mass transfer resistance to the membrane, thus improving the rejection
Kinetic Study qe (exp) 76.5mg/g . .
First Order % ks R? of copper(Il) ions better than other prepared membranes with a more
39.64 mg/g 0.00267 0.8777 porous structure. From the results obtained, the relationship between
Second Order qe k2 R? flux and copper(II) rejection is inversely correlated. The porosity and
65.32 mg/g 0.0276 0.97382 thickness of membrane play a vital role in determining the trade-off
effect. The dense and compact membrane is undoubtedly exhibited
higher ions rejection performance, but the low water flux exhibited is
also not favourable. Therefore, to achieve high water flux, the pore size
of ZIF-8 membranes must be controlled so that the membrane can retain
48
il b 0.60
= " "
4.2+
0.55 =
4.04
¥ 38+ F U 050 :
2 R =0.9436
364 .
0.45 - R=10.5372
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Fig. 11. The Freundlich and Langmuir plot of copper(II) adsorption.
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Fig. 12. The pseudo-first-order and pseudo-second-order kinetic model for copper(II) removal on ZIF-8 membrane.

Fig. 13. The adsorption mechanism of copper(Il) ions by ZIF-8 membrane.

the copper(II) ions to pass through the membranes, without restricting
the water to pass through. The membranes’ thickness also needs to be
controlled to reduce the water pathway resistance across the mem-
branes. Table 2 compares the previous related study on the use of
ceramic-based adsorptive membrane for copper(Il) removal.

4. Conclusion

The ZIF-8 membranes were successfully prepared via in situ sol-
vothermal method and layer by layer method with APTES as the linker.
The APTES modification on alumina support exhibited a significant ef-
fect on the formation of ZIF-8 layer on the alumina support. ZIF-8
membranes prepared via in situ solvothermal method have higher

10

crystallinity than the membranes prepared via layer by layer method.
Besides, the increasing duration of the in situ solvothermal method’s
reaction time produced thicker ZIF-8 membrane with almost the same
crystal structure compared to the shorter synthesis time membrane.
Batch adsorption study of copper(Il) on ZIF-8 membrane revealed that
the adsorption mechanism is well fitted with the Freundlich and pseudo-
second-order model for the isotherm and kinetic study, respectively. The
copper(Il) ion solution’s filtration can remove up to 90% of the copper
(ID) ions with the flux of 133 Lm?h™. In conclusion, copper(Il) ions can
be instantaneously removed by the ZIF-8 hybrid membrane via
adsorption and filtration, therefore becoming a promising potential for
future heavy metal wastewater treatment application.
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Fig. 14. The solute flux and copper(Il) rejection of ZIF-8 membranes.

Table 2
Comparison of ceramic-based/materials adsorptive membrane for copper(Il)
removal.

Types of membrane Adsorption  Flux Rejection  References
capacity (%)
(Gmax)
Chitosan oxidized-CNT in pore 7.04 23.45kg/ 76.76 [52]
channel of alumina ceramic m?h
support
Ceramic membranes Not Not 99 [53]
containing a mixture of local mentioned mentioned
clay and sawdust
(dimensions:
15cm x 15 cm x 2 cm)
Mixed matrix membrane (PES 14 Not 66 [54]
added with alumina mentioned
nanoparticles)
y-alumina coated on Ppy 20.6 Not 81 [55]
membrane mentioned
PSf added with:
(@ Bentonite 1.0 46 Lm>h' 59.2 [56]
(i) Sepiolite 0.29 144Lm™>h" 21.5
(iii) Zeolite !
2.82 126 Lm?h" 97.0
1
ZIF-8 membranes on alumina  76.5 133Lm2h 90 Present
hollow fiber support 1 study
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