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Highlights
Hydrophilicity of NaA mesh was controlled by using Si/Al ratio in zeolite crystal.

The NaA meshes were regenerated by re-calcination, while keeping oil rejection rate
more than 99%.

The NaA zeolite mesh exhibited good stability in acidic, basic, and hot solution.

Abstract
NaA zeolite was fabricated on a stainless steel mesh by secondary growth method through optimizing aluminum/silicon ratio
(ASR) to effectively separate oily water. The NaA zeolite-coated mesh with the highest superoleophobic property had an ASR of
1.21 and an oil contact angle of 163.7°. The highest membrane flux obtained was 13,513 L m  h  for an ASR = 0.91 and the
highest separation efficiency was 99.5% for an ASR = 1.21. NaA zeolite meshes were recycled and reused for 15 cycles by rinsing
the membrane with DI water between each test. The oil rejection rate of the mesh for ASR = 0 decreased approximately 2.7%
after 4 cycles of separation, but the oil rejection rate of the meshes for ASRs = 0.3–182 did not change with 4 cycles of oil water
separation, which is attributed to the uniformity of the NaA zeolite coating and its thermal stability. For long-term usage, the
NaA zeolite meshes were regenerated by re-calcination, with an average oil rejection rate after three cyclic calcinations of more
than 99.3%. In hot and corrosive solutions, the NaA zeolite meshes were stable, showing oil rejection rates above 99.3%. NaA
zeolite meshes were also used for separation of various oils, such as n-hexane, mineral oil, olive oil, and diesel. The oil rejection
rates were higher than 98.3% in all cases, which demonstrates that NaA zeolite mesh is very promising technology for oil/water
separation applications.
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1. Introduction
The availability of clean water has been an important issue around the globe, where the safety and maintenance of clean water
sources is critical to environmental, societal and human health. Oil spills attract the attention of the public because of their
negative impact on human health, the environment and regional economics [1], [2], [3]. Oil spills cause drastic human health
issues such as vegetative-nervous symptoms, skin and mucous irritations, and also psychological effects. Moreover, deleterious
effect of oil spills on diverse flora and fauna species is well known [4]. For instance, oil spillage from the tanker Tasman Spirit
contaminated the environment, which affected the people health. The results indicated that the lymphocyte and eosinophil level
in the blood of the people who work in neighboring the spoiling area was increased [5]. Consequently, the development of
oil/water separation technology is a worldwide goal and challenge. Various methods for oil/water separation have been proposed
to refine the water, such as coagulation, adsorption, air flotation, and sorption process [6], [7], [8], [9], [10], [11], [12]. However,
these methods have drawbacks, such as high cost, large machinery and low efficacy [13], [14]. Membrane filters have been widely
used in oil-water mixture treatment due to their high separation capability and facile operation conditions [15], [16]. Micro/nano
and ultra-filtration membranes have also been utilized for oil-water separation [17], [18]. Typically, porous membranes,
regardless of their construction, suffer from fouling, which reduces the permeation efficiency [13], [14], [17], [18]. For instance,
polymeric membranes are attractive due to their effective selectivity, affordable cost, easy handling and low energy consumption
[17], but are prone to fouling by natural organics, proteins and biofilms and corresponding decreases in flux over time. To
remove foulants on the membrane surface, chemical rinsing is a proposed remedy, but strong oxidants can damage the
membrane structure and decrease its lifetime. Moreover, high waste output is another underlying flaw associated with chemical
rinsing which not only contaminate the environment, also threaten people health [19]. Thus, regardless of its own costs and
benefits, efforts on the use of organic membranes have remained an open challenge to be resolved.

Inorganic membranes exhibit great potential for oil-water separation due to their proper chemical and physical properties, high
durability and reusability [15]. Inorganic membranes are categorized as ceramic membranes and carbon-based membranes.
Ceramic membranes are made from metal oxides (e.g. alumina, silica and zirconia), zeolite as well as metal organic framework
[20]. Carbon-based membranes are formed from carbon nanotubes (CNT) and graphene [20]. Generally, ceramic membranes
have attracted significant attention because of their excellent properties such as fouling resistance, and thermal and chemical
stability [21], [22], [23]. Moreover, ceramic membranes are mechanically strong and durable to preserve performance for a long
time and they can cope with high pressures in industrial applications [24]. However, ceramic membranes have some drawbacks
such as low permanence, physical fragility, and also low salt rejection for practical seawater desalination [25]. Carbon-based
membranes like carbon nanotubes have some benefits such as high surface area, antimicrobial activity, tunable pore size, surface
chemistry and electrical conductivity [20]. In addition to being highly permeable and selective, graphene membranes provide
uniform pore size distribution in membranes [7], [26]. Likewise, carbon-type membranes like ceramic membrane are thermally
and chemically stable. However, carbon-based membranes show low resistance to fouling, and controlling the pore size
distribution of the carbon-based membranes is difficult [27].

For treating oily wastewater, inorganic membranes, such as carbon nanotubes, graphene, and zeolite-based membranes have
been proposed [28], [29], [30]. Zeolite membranes have attracted significant attention due to their high surface area, unique
molecular sieving properties, and various pore sizes [31], [32]. Zeolites consist of aluminum, oxygen, and silicone with
tetrahedral crystalline framework, which produces discrete pore sizes [33]. In particular, NaA zeolites have been used in
membrane applications because of their unique properties, such as high thermal stability and tunable pore diameters from 0.3
to 0.5 nm using ion exchange of aquatic calcium or potassium salt [34], [35]. Kiadehi et al. synthesized a NaY zeolite using the
secondary growth method on stainless-steel mesh for hydrogen separation. They reported that the NaY zeolite mesh improved
the hydrogen permeation flux by approximately 12 times relative to a palladium composite membrane [36]. Jiang et al.
synthesized hollow fiber CHA zeolite membranes with varied Si/Al ratios. CHA zeolite membranes with Si/Al ratios > 2.9 showed
the highest separation factor (>10,000), as compared to 5,000 for a Si/Al ratio of 2.7. They reported it is probably because the low
Si/Al ratio resulted in low crystallinity of membranes and the incomplete crystallization or dissolution of CHA zeolite crystals.
The optimized Si/Al ratio enhanced the membrane’s stability in harsh environmental conditions, such as acidic environments,
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because the high crystalline zeolites were not blocked, unlike the lower Si/Al ratio membranes [37]. For alcohol/water separation,
Li et al. improved stability of NaA zeolite membranes by adding a polyelectrolyte on the membrane surface, which produced a
permeability of 875 g m  h  and ethanol separation of 99.8% [38]. Liu et al. investigated the effect of seeding methods, such as
dip-coating, rubbing, and combinations of both rubbing and dip-coating, on the NaA zeolite membrane’s performance. The
combination of rubbing and dip-coating showed a more uniform seed layer and improved its performance for ethanol/water
separation, as compared to separating dip-coating and rubbing seeding methods [39].

One of the major problems in commercial membrane is fouling phenomena, which cause to reduce the membrane permeability
and performance. Fouling has a great effect on membrane efficiency which significant efforts have been made to decrease the
membrane fouling [40], [41], [42], [43]. It was reported that the pristine polysulfone (PSF) ultrafiltration membranes performance
was reduced because of the fouling phenomenon. In this regards, Ju et al. [40] synthesized the anti-fouling poly (ethylene glycol)
diacrylate (PEGDA) membrane for oil/water separation. This membrane showed higher permeation and lower oil fouling than
uncoated polysulfone (PSF) ultrafiltration membranes. Hydrophilic membrane surface absorbs water and prevent the fouling
which is the one attractive approach is to develop anti-fouling membranes. Hydrophobic membranes are intrinsically
vulnerable to oil fouling since hydrophobic materials are prone to adsorbing to the membrane surface due to their oleophilic
properties [44], [45]. Using hydrophilic-material-coated meshes for oil/water separation is promising because they repel oil
droplets and facilitate the removal of oil foulants. Materials such as hydrogel [46], ZnO [47], [48], [49], and TiO  [16], [50] have
been coated on meshes to enhance hydrophilicity for oil/water separation. In spite of the aforementioned membranes’ high oil
rejection efficiencies, their structures are not compatible in hot, acidic, and basic solutions [51], [52]. Zeolite membranes are
favorable because of their chemical, mechanical, thermally stable, and corrosion resistant properties. As shown in Table 1, in our
previous studies [23], [53], boron and aluminum substituted MFI zeolite-coated meshes were developed for oil/water separation.
The zeolite-coated meshes showed high oil rejection efficiency and high stability in acidic, basic, and hot solutions. The
tetrahedral structure of the MFI zeolite provides a unique opportunity for functionalization with hydroxyl groups. However,
there is a need for precisely tunable hydrophilicity as well as high separation efficiency involved in more zeolite structures for
oily water treatment.

Table 1. Various inorganic hydrophilic materials coated on stainless steel mesh for hexane/water separation.

PVP/TiO 16,500 ∼ 99% 16

Chitosan 21,535 >99% 43

Polyacrylamide – >99% 45

Hydrogel – >99% 46

ZnO – >95% 47

ZnO – >98% 49

MFI-type Zeolite >80,000 >99% 23

Boron substituted MFI-type Zeolite >14,000 >99% 53

SiO 26,280 >99% 51

In this work, a NaA zeolite-coated membrane with tunable hydrophilicity was prepared using a secondary growth method and
placed in practice for high-level oil/water separation. The zeolite-based membrane was calcinated and retested to evaluate the
oil/water separation efficiency, reusability, regenerability, and stability. The ratio of Al/Si (ASR) in the NaA zeolite mesh was
considered as a key factor. Moreover, the NaA zeolite-coated mesh was tested for various oils including olive oil, mineral oil, and
diesel to assess the effect of the type of oil on oil/water separation efficacy. The degree of hydrophilicity was evaluated along with
for mesh stability analysis in in acidic, basic and hot solutions. Such modification paves a way to produce a cost-effective and
high efficient membrane to effectively treat oily wastewater such as produced water.
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2. Material and methods

2.1. NaA seed synthesis

The procedure for preparing NaA seeds has been previously reported by Zhang et al. [54] and only an abbreviated description is
provided here. Sodium aluminate (Al (Al O ):50–56%, Na (Na O):40–45%), sodium metasilicate nonahydrate (≥98% purity) and
sodium hydroxide (99.99%) were purchased from Sigma-Aldrich (USA). Sodium aluminate (7.16 g) was added to 35 g of deionized
(DI) water, and the resulting aluminate solution was stirred for 5 min. Silicate solution was produced by adding 20.72 g of
sodium metasilicate nonahydrate to 42 g of DI water, and the resulting solution was stirred at 50 °C for 10 min. Subsequently, the
silicate solution was gradually added to the aluminate solution under vigorous stirring for 15 min. The resulting solution was
transferred into a hydrothermal vessel and processed at 100 °C for 4 h. The synthesized NaA zeolite powder was washed in
deionized water in a centrifuge and dried. Then, NaA seeding solution (3 wt%) was obtained by adding 1.5 g of NaA zeolite
powder into 50 mL of DI water. The pristine stainless steel mesh (0.9 in × 0.9 in) was washed and cleaned by ethanol, acetone, and
deionized water, in that order. The cleaned mesh was dried overnight at 50 °C in an oven. Before hydrothermal synthesis, the
cleaned mesh was seeded by dip-coating method (immersed in in NaA seeding solution) for 5 min (Fig. 1a).

Download : Download high-res image (234KB) Download : Download full-size image

Fig. 1. Schematic illustration of the synthetization of the NaA zeolite coated mesh (a) dip-coating, (b) hydrothermal synthesis, (c)
zeolite-coated mesh, and (d) oil/water separation procedure.

2.2. Zeolite-coated mesh synthesis

The synthesis solution for secondary growth was prepared using the following procedure [54]: Sodium hydroxide was dissolved
in DI water under vigorous stirring for 5 min. Then, sodium aluminate was added and the resulting solution was stirred for 3 h.
Subsequently, a uniform solution was obtained by adding sodium metasilicate nonohydrate and the solution was stirred
vigorously for 30 min. The molar ratio of the solution was maintained at H Na O Si: NaOH: H O:NaAlO  = 1:1.89:172:X,
respectively. The value of X was varied from 0 to 1.82. The dried seeded mesh was kept vertically inside a 20 mL autoclave reactor
which contained 18 mL of synthesis solution and hydrothermal synthesis was carried out at 100 °C for 4 h (Fig. 1b and c). After
hydrothermal growth, the fabricated membrane was taken out from the reactor and washed with DI water. Then, the NaA zeolite
coated mesh was calcined at 450 °C for 4 h with a heating and cooling rate of 30 °C/h.

2.3. Oil/Water separation experiments

To evaluate the NaA zeolite meshes performance for oil/water separation, it was placed between two Teflon sheets and sealed
completely by epoxy resin, as reported in our previous studies [23], [53]. The oil/water separation efficiency was measured for
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different oils, such as n-hexane, diesel fuel, olive oil, and mineral oil. To investigate the fouling resistance and endurance of the
NaA zeolite coated meshes, oil/water separation was conducted for 15 separation cycles. The oil was colored with Sudan Red 4
(Amresco company, USA) to distinguish it from water. 20 mL of DI water was poured on top of the fabricated membranes before
the test for pre-wetting. The oil/water mixture (50% v/v, 40 mL) was poured on the surface of the zeolite meshes (with 6.36 cm
surface area) and the separation was driven by gravity (Fig. 1d). After few seconds (9–15 s depends on ASR), water permeated the
mesh while the oil was repelled beyond the mesh surface (Video S1 in normal water condition and Video S2 in hot water
solution). The oil rejection rate is defined and evaluated as follows:

where η stands for oil rejection rate, and C  and C  are the concentration of oil in feed and permeate, respectively. The
permeation flux was calculated using the following equation:

where J is permeation flux (L m  s ), V (L) is the volume of the permeate, A (m ) is the effective membrane surface area, and t (s)
is the permeation time.

2.4. Characterization

A FEI Quanta 600F field emission scanning electron microscope (SEM) equipped with an Energy Dispersive Spectrometry (EDS)
X-ray microanalysis unit was used to examine the surface morphology and elemental dispersion of the NaA zeolite mesh,
respectively. The phase and crystal structure of the NaA zeolite mesh was characterized by X-ray powder diffraction (XRD)
(Bruker D8-A25-ADVANCE) scanning from 2Θ of 5–40°. UV–vis spectrophotometer (Beckman Coulter DU 730) and the analytical
weighing scale (Cole-Parmer Instrument Company-USA) was used to measure the oil concentration in the permeate. A contact
angle goniometer (Rame-Hart Goniometer model 250) was used to measure the contact angles of the mesh at room
temperature. While measuring contact angle, a section of the mesh was put on plastic coverslips to hold the mesh and to avoid
its submersion into water. To obtain a reliable oil contact angle (OCA), the results reported herein are on the average of three
measurements on the three different areas of the NaA zeolite mesh. Moreover, n-hexane (2 µL) was descended on the membrane
surface for each contact angle measurement.

3. Results and discussion

3.1. Characterization of NaA zeolite mesh

The surface morphologies of the pristine and NaA zeolite coated meshes were examined by SEM. Fig. S1 shows the SEM images
of pristine mesh with average pore size of ∼ 150 µm diameter, where the inset shows that the bare mesh has a smooth surface
[51]. For an ASR = 0 (Fig. 2a0–a2), the coating is highly nonuniform when compared with those processed with a higher ASR (0.3–
1.82), which indicates the crystallization was incomplete. However, with increasing ASR (Fig. 2b–e), it was found that the mesh
surface was entirely coated by NaA zeolite crystals. The pore size of the meshes decreased from 150 µm (pristine mesh, Fig. S1) to
about 10 µm (ASR = 1.21, Fig. 2e0). As shown in Fig. 2c2, d2, and e2, the NaA zeolite meshes were aggregated on the stainless steel
mesh surface and showed higher surface roughness, a very crucial factor for the underwater super-oleophobicity of the mesh
[51], [55]. For ASR > 1.21 (Fig. S1b and S1c), the mesh pores were found to be partially or completely blocked, which drastically
reduced water flux.

2
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Fig. 2. SEM photos of NaA zeolite coated mesh with (a) ASR = 0, (b) ASR = 0.31, (c) ASR = 0.61, (d) ASR = 0.91, and (e) ASR = 1.21.

To evaluate the stoichiometry of the NaA zeolite mesh, EDS was performed on the pristine and the zeolite coated mesh
(ASR = 1.21). Based on Fig. S2a, iron, chromium, and nickel are the main components of the pristine mesh, as expected per the
manufacturer's specifications. The carbon peak is attributed to the carbon adhesive used to hold the mesh onto the SEM
specimen holder. For the zeolite coated mesh with ASR = 1.21 (Fig. S2b), the elemental stoichiometry is 49% O, 15% Na, 15% Al,
and 12% Si, which confirms that NaA zeolite film has been deposited on the stainless steel mesh.

The XRD pattern of NaA zeolite powder, pristine stainless steel mesh, and NaA zeolite mesh are shown in Fig. S3. The XRD
pattern of the NaA zeolite powder (Fig. S3c) ranges from 5 to 35°, which corresponds to the characteristic peaks of NaA zeolite
crystals [56], [57]. The XRD pattern of NaA zeolite coated mesh (Fig. S3a) presents characteristic peaks of NaA zeolite crystals, as
well as some peaks coming from the stainless steel mesh [36], [56], [57], which is to be expected.

3.2. Wettability study of NaA zeolite coated mesh
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The wettability of pristine mesh and NaA zeolite coated mesh were assessed by water contact angle (WCA) and oil contact angle
(OCA) measurements. As shown in Fig. S4a, for a 2 µL DI water dropped on the surface of the pristine mesh, the WCA is 115.3°,
indicative of the intrinsic hydrophobicity of the pristine mesh. For the zeolite coated mesh (ASR = 1.21), the WCA is 0° (Fig. S4b),
indicating that the NaA zeolite significantly increases the hydrophilicity of the mesh. To study the effect of ASR on the
wettability of membrane, underwater OCA was measured using n-hexane (2 µL). Fig. 3 shows the underwater super-oleophobic
property of zeolite meshes for various ASRs. The underwater OCA of the zeolite mesh (ASR = 1.21) is 163.7° (Fig. S5c), indicating
that the underwater super-oleophobicity of the membrane increases with the introduction of aluminum. In other words, the
oil-fouling of the zeolite meshes decreases with increasing ASR from 0 to 1.21.

Download : Download high-res image (55KB) Download : Download full-size image

Fig. 3. Underwater oil contact angles of n-hexane on the zeolite-coated mesh as a function of Al/Si ratio.

With increasing ASR from 0 to 1.21, OCA value increase from 132.0° to 163.7° (Fig. 3) and then slightly decreases to 160.7° for an
ASR = 1.82. Given the high levels of OCA (e.g., 163.7° at ASR = 1.21), it is possible that a water layer forms between the NaA zeolite
coated mesh and the n-hexane droplet [23], [55], [58]. If NaA zeolite crystals are engaged and anchor the water layer, it could repel
the oil from adhering to the surface [23], [53]. The empty 2p orbitals of Al  ions have an enormous tendency to link with water,
resulting in an increase in the density of hydroxyl groups on the surface of the NaA zeolite crystals. Therefore, the enhanced
hydrophilicity of the hydroxylated surface remarkably helps to reject oil molecules [23], [53]. Assuming that the capacity of empty
2p orbitals of Al  ions is limited, after incrementing the ASR there was not considerable increase in OCA values. However, the
OCA decreased slightly for ASR > 1.21.

3.3. Zeolite-coated mesh performance for oil/water separation

As shown in Fig. 4, the oil rejection rate for ASR = 0 decreased from 96.2% to 93.7% after 4 separation cycles, probably because
there are no Al  ions that can enhance membrane surface hydrophilicity. However, the oil rejection rates of the mesh with ASRs
of 0.3–1.82 were higher than that of ASR = 0, and the mesh with ASR of 1.21 showed the highest oil rejection rate of 99.4% during
4 separation cycles. Since Al  ions were incorporated in the zeolite structure by replacing Si  ions, the empty 3p orbital on the
Al  ion accept unaccompanied pair electrons from electron donors. Therefore, it is expected that a larger concentration of Al
ions will increase the oil rejection [34], [23]. In other words, the higher the concentration of Al  ions incorporated into the
membrane structure, the higher the oil separation rate. Once an oil/water mixture liquid is applied to the membrane surface,
hydroxyl groups attach to Al  ions through synchronized bonds [37], [23], which converts the surface of the mesh from
hydrophobic to hydrophilic through hydrogen bonding of hydroxyl groups. Consequently, a larger ASR in the mesh increases
the connection between water and the mesh surface and leads to a higher oil rejection rate [23], [54].
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Fig. 4. The oil rejection rate of NaA zeolite-coated mesh as a function of Al/Si ratio.

Fig. 5 is a plot of the permeation performance of NaA zeolite-coated meshes as a function of ASR. According to Fig. 5, the water
flux increases with increasing ASR, where the maximum water flux of 13,356 L m  h  is achieved for an ASR = 0.91 and
subsequently decreases with increasing ASR. This decreasing trend of the flux for ASR > 0.91 is attributed to the combination of
underwater OCA and the decreasing pore size of the zeolite coated mesh (Figs. 2 and S2) [16]. Since the underwater OCA value is
proportional to water penetration across the mesh [16], [59], the smaller OCA could decrease water penetration across the zeolite
mesh, indicative of a weakening of the water capillary films. To further evaluate oil separation potential of the NaA zeolite coated
mesh, the best zeolite mesh (ASR = 1.21) was selected and tested in various oils, such as n-hexane, mineral oil, olive oil, and diesel
fuel. Fig. 6 shows that the oil rejection rates for various oils were above 98.1%.

Download : Download high-res image (87KB) Download : Download full-size image

Fig. 5. Effects of varied Al/Si ratios on water flux and oil rejection rate of the zeolite-coated meshes.
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Fig. 6. Oil rejection rate of NaA zeolite-coated mesh with ASR = 1.21 for various oils.

3.4. Reusability and stability of the NaA zeolite coated mesh membrane for oil water separation

One of the primary challenges in membrane technology is fabricating anti-fouling membrane for long-term usage. Generally,
membranes are highly prone to fouling, which reduces their separation efficiency and increases energy consumption [60]. To
test the long-term reusability of the zeolite mesh for oil/water separation, we selected the mesh with ASR = 1.21 and evaluated for
multiple separation cycles. After washing the used membrane with DI water and waiting for 10 min, the next oil/water
separation was performed. As shown in Fig. 7, the oil rejection rate for the zeolite mesh with ASR = 1.21 after operating for 15
separation cycles remains more than 99%.

Download : Download high-res image (91KB) Download : Download full-size image

Fig. 7. Oil rejection rate of the NaA zeolite-coated (ASR = 1.21) mesh during 15 separation cycles of oil/water mixture.

The results indicated impressive stability and reusability of the zeolite mesh. To assess the stability, the zeolite mesh was tested
in acidic, basic, and hot oil/water mixtures, respectively. Before the test, the mesh was pre-wetted by 1 M HCl (acidic), 1 M NaCl,
and hot water, respectively.

Fig. 8 shows that the zeolite mesh is quite stable in corrosive or hot aqueous solutions. The average oil rejection rate in normal
(23 °C), hot water (90 °C), acidic, and basic solutions is 99.4%, 99.7%, 99.4%, and 99.4%, respectively. The zeolite coated meshes
have high stability in corrosive or hot aqueous solutions, which makes them potential candidates for industrial oil/water
separation applications. SEM images of the mesh before and after testing in corrosive or hot aqueous solutions are presented in
Fig. 9 to show the mechanical stability of the zeolite layer. Although some cracks are observed on the mesh surface, the NaA
zeolite structure remains unchanged, indicative of the high stability of the NaA zeolite structure in harsh conditions, which is
supported by permeation results.

Download : Download high-res image (128KB) Download : Download full-size image

Fig. 8. Oil/water separation rate of NaA zeolite-coated mesh with ASR = 1.21 in ordinary, acidic, basic, and hot solutions.
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Fig. 9. SEM photos of NaA zeolite-coated mesh a) before and b) after oil/water separation test in harsh environmental conditions.

Moreover, reusability is one of the most significant features of the zeolite mesh. We examined the reusability by the re-
calcination process. The used zeolite coated-mesh were re-calcined in the oven at 550 °C for 6 h with heating and cooling
ramping rates of 30 °C/h. During the calcination process, the organic material (epoxy, rubber rings, and adhered oils) attached to
the mesh were burned away. Upon subsequent use, the oil rejection rate is nearly unchanged and the average oil rejection rate
after 3 re-calcination cycles is > 99.4% (Fig. 10), as compared to that before calcination (99.7%). After 4 cycles of calcination, the
zeolite-coated mesh exhibit reproducibility in terms of oil/water separation performance, which demonstrates that the
recalcination is a simple and fast method to refresh the used mesh without sacrificing performance. The re-calcination can not
only save the membrane regeneration time, but also decreases the operational cost [23].

Download : Download high-res image (106KB) Download : Download full-size image

Fig. 10. Oil rejection rate of the NaA zeolite-coated meshes with ASR = 1.21 before and after calcination for oil/water separation.

To further investigate the stability of the zeolite mesh, EDS has been performed before and after cyclic re-calcinations to observe
changes in the zeolite stoichiometry and is summarized in Table 2. The ASR decreases slightly from 1.21 to 1.11 after 3 re-
calcination cycles, which is attributed to the loss of Al. During the re-calcination process, organic components, epoxy, and
residual oil on the mesh surface can be burned and converted to form water [61]. The re-calcination process in the presence of
water under 550 °C causes dealumination in the zeolite structure.
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Table 2. Elemental surface composition of NaA zeolite coated mesh (ASR = 1.21) before and after 3 times re-calcination.

Before re-calcination 21.59 17.86 1.21

After 1st re-calcination 21.10 17.52 1.20

After 2nd re-calcination 20.55 17.24 1.19

After 3rd re-calcination 16.61 14.98 1.11

a

Before separation test.

b

After separation test.

4. Conclusion
We synthesized NaA-type zeolite-coated mesh and controlled hydrophilicity by varying the Al/Si ratio (ASR). The zeolite mesh
with ASR = 1.21 showed the highest separation efficiency of 99.5%. By increasing ASR from 0 to 1.21, the oil contact angle
increased from 132° to 163.7°, an indication of increasing hydrophilicity of the mesh. However, with further increasing of the
ASR from 1.21 to 1.82, the oil contact angle slightly decreased to 160°. NaA zeolite layer formation on the mesh was confirmed by
EDS, with a composition of 49% O, 15% Na, 15% Al, and 12% Si, respectively. The zeolite-coated mesh (ASR = 0.91) had a water
flux of > 13,513 L m  h  and the zeolite-coated mesh (ASR = 1.21) had an oil rejection rate of > 99.4%. The zeolite mesh exhibited
good stability, reproducibility, and refreshability in corrosive or hot aqueous solutions. The mesh performance in various oils,
such as n-hexane, mineral oil, olive oil, and diesel, the oil rejection rate was above 98%. The results show that the NaA zeolite-
coated membrane is suitable for oil/water mixtures separation.
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