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Abstract

Thin-film composite (TFC) membranes show great potential in dye nanofiltration but
their performance still required further improvement. In this work, ultra-small EMT
zeolite nanocrystals were embedded into the interfacial polymerized polyamide (PA)
layer supported on porous nylon via spray dispersion method and used in dye
separation. Ultra-small nanosized EMT zeolite crystals with plate-like morphology
were synthesized from organic-free precursor suspensions at ambient conditions (30
°C). The plate-like EMT nanocrystals were homogeneously dispersed in the thin-film
nanocomposite (TFN) membranes, mitigating the formation of agglomerates during
the interfacial polymerization. The TFN membrane prepared with 0.05 w/v % EMT
nanocrystals had a water permeance up to 24.37 L m? h™* bar?, which is nearly 6
times higher than the pristine PA TFC membrane, and maintain the dye rejection
(crystal violet) of 99.98 %. A new method for preparation of high quality TFN
membranes containing zeolite nanocrystals was developed. The potential use of the
TFN membranes with the ultra-small zeolite crystals for dye nanofiltration was

demonstrated.

Keywords: Thin-film nanocomposite membranes; Nanofiltration; Nanosized zeolite;

Spray dispersion.
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1. Introduction

Wastewater from the textile and printing industry is one of the main cause of current
water pollutions.[1-4] Dyes are toxic to aquatic life even at a very low concentration,
so the removal of dyes from textile and dyeing wastewater before discharging into the
environment is of great importance.[5-8] Technologies including the chemical
oxidation, photo-catalysis, coagulation and membrane filtration process have been
developed to treat the dye wastewater.[9-13] Membrane separation technology with
features as low-cost, energy-saving, and easy installation is attractive for wastewater
treatment and water recycling processing. Nanofiltration (NF) has received more
attention especially for water purification and pollution control owing to its high
permeate flux (compared to reverse osmosis, RO), and excellent rejection rate of
divalent and multivalent ionic contaminants compared to ultra-filtration.[14, 15] Both
high water flux and dye rejection are essential for the development of nanofiltration
membranes. Thin-film composite (TFC) membranes with a high separation
performance and stability over a wide range of pH and temperature, are usually
prepared through interfacial polymerization (IP) of a diamine and an acyl chloride on
a porous support membrane, which are most frequently used for the NF process.[16]
Thin-film nanocomposite (TFN) membranes containing a variety of fillers, such as
(silver nanoparticles, metal-organic frameworks (MOFs), covalent organic
frameworks (COFs), zeolites, etc.) have been developed to enhance the hydrophilicity,
permeability and selectivity of the membranes.[17-20] Deng et al. introduced silver
nanoparticles (Ag NPs) with a mean diameter of 15 nm in the polyamide TFC
membrane via covalent bonding using a linking agent (cysteamine).[17] Compared
with the original TFC membrane, the water permeance of the TFN membrane
modified with Ag NPs increased from 2.41 to 3.36 L m™? h™* bar, and the retention
rate for sodium chloride was only reduced by < 3%. The impermeable fillers can
increase membrane permeability through enhancing the surface hydrophilicity, which
may also compromise the solute rejection. The introduction of ordered porous
nanoparticles may solve this problem. MOFs with uniform pores, which are
compatible with polymers, now have been widely studied as a filler of TFC
membranes. Bruggen et al. embedded hydrophilic ZIF-8 (Zn-based MOF) NPs into
the polyamide (PA) layer of TFC, which doubled the water permeability (14.9 L m™

h* bar) without sacrifice of the rejection degree (99.2 %).[21] Moreover, the entire
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organic-organic covalent bonds inside COFs endow them better affinity with organic
polymers. Su et al. prepared TFN membranes incorporated with COFs nanoparticles,
which showed increased ethanol permeance of 7.98 L m? h™* bar! at 0.05 wiv %
concentration, 46.7% higher than the pristine TFC membranes.[18] However, the
issues such as complex organic ligands, large amount of organic solvents and energy
needed by solvothermal synthesis should be concerned for the scale-up preparation
and practical application. As another kind of fillers, zeolites with high porosity,
regular channel system, and most importantly with high hydrothermal stability have
been doped into the TFN membranes. Ghaemi et al. prepared TFN membrane with
SAPO-34 zeolite nanoparticles, and the water permeability increased gradually from
2.73 t0 8.8 L m? h™* bar! due to high hydrophilicity and nanochannels created in
membrane.[22] However, the poor compatibility between the polymer membranes and
the inorganic zeolite crystals resultes in heterogeneous dispersion and non-selective
interface voids that degrades the NF performance.[23] The nanosized particles and
post-modification of zeolite are two main strategies to mitigate this issue, and the
former one is usually preferred due to its simpler operation.[24, 25] EMT zeolite with
large pores (12-ring window) and hypercages is more suitable candidate to sieve dyes
with higher water permeance compared with small pore (8- or 10-member ring)
zeolites, while related researches are rarely reported due to the synthesis difficulty of
pure phase and usage of organic structure directing agents (OSDAS).

Herein, the S-EMT zeolite with ultra-small size (~15 nm) are prepared in mild
condition without OSDAs, and well incorporated into PA layers by the spraying. The
ultra-small EMT zeolite crystals with uniform pore size and high hydrothermal
stability are promising filler for the construction of TFN membranes for efficient
nanofiltration.[26] The EMT/PA membrane with improved water permeance and dye
rejection rates were prepared. The TFN membranes possess the following advantages:
(1) the ultra-small EMT nanocryatls (~15 nm) can be easily combined with the
polymers and avoid the interface voids; (2) the facilely spraying method allows to
increase the amount of EMT zeolite nanocrystals without the agglomeration; (3) the
EMT zeolite nanocrystals are synthesized at ambient conditions with high yield and

without OSDASs, thus reducing the energy and chemicals consumption.
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2. Experiments

2.1. Materials

All the reagents were used as received. Methylene blue (C16H15CIN3S-3H,0, 98%),
crystal violet (CasH31N3, 99%), Congo red (Cs2H22NegNaxO6S,, 99%) were purchased
from Sinopharm Chemical Reagent Co., Ltd.,, China. Nylon membrane filters
purchased from GE Healthcare Life Sciences, were used as the support substrate for
TFC and TEN membranes (membrane diameter: 47 mm, pore size: 0.2 um and CAT
No.: 7402-004). Piperazine (PIP, C4H1oN2, > 99%) were purchased from Chemical
Reagent Co., Ltd., China. Trimesoyl chloride (TMC, > 99.0%) were purchased from
Sigma-Aldrich. Cyclohexane (CgHiz, 99.5 %) were purchased from Tian Jin Fuyu
Fine Chemical Co., Ltd. Sodium hydroxide (NaOH, >99%) were purchased from
Sinopharm Chemical Reagent Co., Ltd., China. NaAlO, (56.7% Al,O3, 39.5% Na,0)
and Na,SiO3 (29% SiO,, 8% Na,O, 28.85 g) were purchased from Sigma-Aldrich.

2.2 Syntheses of EMT zeolites

The ultra-small EMT zeolite nanocrystals (named S-EMT) were synthesize according
to the methodology reported earlier.[25] A colloidal suspension was formed and
subjected to crystallization at 303 K for 36 h. The fully crystalline suspension was
separated by a centrifuge and washed with deionized water until pH= 8 of the
decanting solution was reached. The ultra-small EMT zeolite nanocrystals were
freeze-dried prior use for spraying.

The larger sized EMT zeolites (named L-EMT) with the diameter of 100 nm were
synthesized according to the previous study.[27]

2.3 Preparation of PA TFC membrane

The nylon substrate was first clamped between an acrylic plastic plate and an acrylic
plastic frame. Then, 1.6 % (w/v) PIP aqueous solution was poured into the frame and
allowed to penetrate to the nylon support for 10 min. After soaking for 10 mins, the
PIP aqueous solution was poured out from the mold, and the excess solution on the
surface was removed by a blower. Then, 0.1 % (w/v) TMC in cyclohexane solution
was poured gently into the frame. After the reaction for 1.5 mins, the oil phase was
discarded, and then washed three times with pure cyclohexane. Finally, the membrane

was air-dried for another 1 min, then placed in an oven at 323 K for 10 mins.
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2.4 Preparation of S-EMT/PA and L- EMT/PA TEN membranes

The procedure for PA TFC membranes was adapted towards the fabrication of
S-EMT/PA membranes including the following additional steps (Scheme 1.). Firstly,
S-EMT dispersions with various concentrations were prepared by dissolving 25/50/75
mg of S-EMT zeolite nanocrystals in 100 mL cyclohexane followed by sonication for
2 hours (Table 1), then added into the sprayer. After the removal of PIP solution from
the nylon surface with blower, the S-EMT dispersion (3.6 mL) was sprayed onto the
nylon support. After the complete evaporation of cyclohexane, the spraying step was
repeated, then evaporating the solvent again. Then, 0.1 % (w/v) TMC in cyclohexane
solution was poured gently into the frame. After the reaction for 1.5 min, the oil phase
was discarded, and the TFN membrane was washed three times with pure
cyclohexane. Finally, the membrane was air-dried for another 1 min, and placed at
323 K for 10 min. The L-EMT/PA membranes were prepared using the L-EMT
dispersions (0.05 %) following the same procedure as described above.

S-EMT/PA-2° membrane was prepared similar to the PA TFC membrane, but the
S-EMT was dispersed in PIP aqueous solution with the concentration of 0.05 %.

PIP r l
Lo} ‘.. & v & %
13 Fe) 73

o O 73
(87

Substrate Absorption of PIP monomer Spray dispersion

S-EMT/PA membrane Interfacial polymerization Evaporation of cyclohexane

Scheme 1. The process of preparing S-EMT/PA membrane by spraying method.

Table 1. Concentrations of components used for preparing different membranes.

Membrane TMC (w/v) PIP (w/v) S-EMT(w/v) | L-EMT (w/v)
TFC 0.1% 1.6% 0% 0%
S-EMT/PA-1 0.1% 1.6% 0.025 % 0%
S-EMT/PA-2 0.1% 1.6 % 0.05 % 0%
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S-EMT/PA-3 0.1% 1.6 % 0.075% 0%

’S-EMT/PA-2’ 0.1% 1.6 % 0.05% 0%

L-EMT/PA 0.1% 1.6 % 0 % 0.05%

a S-EMT was dispersed in the PIP aqueous solution.

2.5 Characterization

X-ray diffraction (XRD) measurements were carried out at room temperature using
Ultima powder X-ray diffraction in the range of 5 - 65 °20 betweenwith Cu Kajpha
radiation. The size of the EMT nanocrystals in suspensions was determined by the
Dynamic Light Scattering (Brookhaven BI-200SM) at 25 °C. The
Brunauer-Emmett-Teller (BET) surface areas of the samples were calculated from the
N, adsorption-desorption isotherms at 77 K collected with Micromeritics ASAP 2020.
The thermal stability of EMT zeolites is determined by thermogravimetric analysis
(NETZSCH SAT449 F5) under air atmosphere. The EMT (KBr tablets) were
characterized by Fourier-transform infrared spectroscopy (FTIR) using a Bruker
Tensor 37, German. The zeolite nanocrystals and membranes were characterized using
a scanning electron microscope (SEM, HITACHI, S4800). TEM images were taken
on Transmission Electron Microscope (FEI Tecnai G20) at an acceleration voltage of
200 kV.

The residual concentration of organic dyes in the solution was measured using a
UV-visible spectrophotometer (UV-2450, SHIMADZU, Japan) at wavelengths of 750
and 400 nm. The hydrophilicity of membranes was investigated using a droplet
contact angle JC2000D meter. Zeta potential values of EMT zeolite crystals were
tested by nanoparticle analyzer (SZ-100-Z, HORIBA, Japan). To investigate the
surface features of the membranes, a HIMADZU SMP-9700 instrument was used.
Dynamic Light Scattering (DLS) was used to confirm the particle size distribution of
EMT zeolite crystals with Brookhaven BI-200SM at 25 °C. Attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR, Nicolet-58S) was

used to analyze the functional groups on the membrane surfaces.
2.6 Nanofiltration performance of membranes
The membrane performance was evaluated using a dead-end filtration device with an

effective area of 7.065 cm® The trans-membrane pressure of the system was
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maintained at 0.1 MPa during the filtration process. To test the retention performance
of the membranes, the methylene blue, crystal violet and Congo red with a constant
concentration (10 ppm) were used as feed solutions. The average values of three
measurements were taken and the standard deviation was determined.

The water passing through the filter device was weighed by an electronic balance and

the water permeance J (L m? h™ MPa™) was calculated by the following equation:

J=—0

T AxdAtx AP (1)

Where V (L) is the volume of the permeated water, A (m?) is the membrane effective
area, At (h) is the operation time, and 4P (MPa) is the operating pressure. The

rejection rates was calculated using the following equation:

_(1_=
R_( cf)x 100% %)

where C; and C,, are the feed and permeate concentrations, respectively.

2.7. Stability test of membranes

Long-term stability test of the membrane was carried out in a cross-flow unit with an
effective membrane surface of 0.785 cm® Before the test, the membrane was
compacted in the filtration unit with distilled water under pressure of 0.5 bar to reach
equilibrium flux for at least 2 h. The system was then operated with 1000 mL (50 ppm)
Congo red, methylene blue, and crystal violet under 3 bar at 25 °C for 50 hours.

3. Results and discussion

3.1 Characterization of EMT nanosized zeolite crystals

The FTIR spectra of as-synthesized EMT (S-EMT and L-EMT) zeolite samples are
presented in Fig. la. Two samples have similar major absorption peaks at
wavenumbers of 1645 cm™, 990 cm™, 740 cm™ and 663 cm™ assigning to the O-H
(stretching vibration), T-O-T (asymmetric stretch) and T-O-T (symmetric stretch),
respectively. [28] Both EMT zeolite samples possess identical XRD patterns with the
simulated pattern for the EMT framework type framework structure (Fig. 1b). Due to
the random stacking, the three characteristic peaks of the EMT zeolite in the region
5-7 ° 20 are overlapped, and the relative broadening of the peaks demonstrated the
small particles in the sample S-EMT. The size and morphology of the S-EMT crystals
can be seen in Fig. 2a, a few hundred nanometers in size agglomerates are clearly
observed. The particle size of L-EMT zeolite sample is about 100 nm in diameter,

which is bigger than the crystals of S-EMT sample (15 nm). The S-EMT crystals with
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a hexagonal plate-like morphology are shown in the TEM images (Fig. 2c). The
particle size distribution deduced by DLS for both samples S-EMT and L-EMT is
presented in Fig. 3, the DLS results are consistent with the SEM and TEM
observations. Given the important role of the surface charge (exclusion) of the EMT
nanocrystals in the nanofiltration, the zeta potential measurements in the suspensions
containing the S-EMT and L-EMT crystals were performed. The results reveal that the
zeta potential values of S-EMT and L-EMT are -23.6 mv and -33.9 mv at pH = 6.8
(Fig. 4). More zeta potential values at varied pH can be found in Fig. S1. Since
appropriate pore size is very important for porous fillers, the pore size distribution of
S-EMT and L-EMT were calculated based on the N, adsorption isotherms at 77 K. As
shown in Fig. S2, both of the two porous materials have similar pore size distribution,
which are 0.78 nm (S-EMT) and 0.74 nm (L-EMT), respectively, indicating that the
zeolites are suitable fillers in TFN membrane for separating dyes. The ultra-small size
and suitable pore size offer S-EMT great advantages as inorganic fillers for the

construction of TFN membranes.

(b) —— Simulated

—S-EMT

—
Q
~—
:.I}
m
=

——L-EMT

Transmission / a.u.
Intensity / a.u.

3450 / !
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Fig. 1 (a) FTIR spectra and (b) PXRD patterns of S-EMT and L-EMT zeolite samples.

Fig. 2 SEM pictures of (a) S-EMT and (b) L-EMT zeolite samples, and TEM picture
of (¢) S-EMT.
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Fig. 3 Particle size distribution of (a) S-EMT and (b) L-EMT zeolites determined by
DLS.
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Fig. 4 Zeta potential curves of (a) S-EMT, (b) L-EMT zeolite samples.

3.2 Characterization of PA TFC and EMT/PA TFN membranes

The ATR-FTIR spectra of PA TFC and EMT/PA TFN membranes and the nylon
support are shown in Fig. S5. The intensity of two peaks at 3300 cm™ and 1640 cm™
are found to be slightly enhanced for the PA TFC and EMT/PA TFN membranes,
which is associated with the vibrations of amide groups, C-N and N-H, confirming the
formation of PA on the nylon substrate. Due to the low amount of EMT zeolite
nanocrystals as a filler (< 0.075 wt %) in the polyamide layer, the IR spectrum of the
EMT/PA membrane does not contain any vibration peaks characteristic of the zeolite
(stretching Si-OH vibration at 970 cm™ and asymmetric Si-O-Si vibration at 740 cm™).
The XRD patterns do not exhibit the Bragg peaks of EMT zeolite, and only three
broad peaks at 17.72, 22.58 and 25.99° 2 Theta belonging to the nylon substrate are
present (Fig. 5).
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Fig. 5 XRD patterns of S-EMT/PA-1, S-EMT/PA-2 and S-EMT/PA-3 membranes.

(b)

(d)

10 i

Fig. 6 EDX spectra of (a) S-EMT/PA-2 membrane and (b) PA TFC membrane; EDX
mapping of (c) Al and (d) Si for the S-EMT/PA-2 membrane.

The membranes (PA TFC membrane and S-EMT/PA-2 membrane) were further
analyzed using energy dispersive X- ray spectroscopy (EDX) to confirm whether
zeolite crystals are present. The EDX spectrum of the S-EMT/PA-2 membrane
contains the Al peak at ~1.49 keV and Si peak at ~1.74 keV, confirming the presence

of the EMT zeolite; these peaks are absent in the spectrum of pure PA TFC membrane
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(Fig. 6). Furthermore, the O peak at ~0.53 keV is stronger in the S-EMT/PA-2
membrane than in the PA TFC membrane owing to the presence of zeolite crystals.
[20] The surface features of the PA TFC and EMT/PA TFN membranes were
characterized by SEM and AFM. As shown in Fig. 7, the membrane surface of
pristine PA TFC membrane (Fig. 7a) shows a typical “nodular” structure, which is the
common observed for PA formed via interfacial polymerization.[29] The hydrophilic
pores of the nylon substrate make the PIP aqueous solution in the pores appearing
concave. The water soluble monomer diffusing slowly is restricted by the hydrophilic
support, and eventually formed a relatively smooth nodular structure.[30] However,
the S-EMT/PA membranes’ surface show a “ridge and valley”” morphology explained
with the presence of EMT nanosized zeolite crystals incorporated in the PA layer. The
hydrophilic zeolite nanocrystals may adsorb a certain amount of PIP monomer, so that
the reaction of TMC and PIP monomer is not limited by the pore size of the substrate.
PIP monomer absorbed by zeolites may react with TMC to form nucleus of polyamide,

which further evolves into polyamide tufts. The different growth orientations of tufts

and lateral diffusion of PIP may lead to a “ridge and valley” structure.[21] As shown

by SEM, the S-EMT/PA membranes have gradually increased roughness which is
caused by the increased incorporation of zeolite nanocrystals from S-EMT/PA-1 to
S-EMT/PA-3. Compared with the S-EMT/PA, the L-EMT/PA membrane exhibits
rougher surface due to the presence of individual L-EMT crystals not embedded in the

polymer.

Fig. 7 The top-view and cross-section SEM images of (a and f) PA TFC, (b and g)
S-EMT/PA-1, (c and h) S-EMT/PA-2, (d and i) S-EMT/PA-3 and (e and j) L-EMT/PA

membrane.
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The cross-section SEM images reveal some voids and poorly attached interfaces of
the L-EMT and the PA active layer (Fig. 7e, j). While the S-EMT/PA-2 membrane
exhibits smooth and clean surface without voids (Fig. 7c, h). Small-sized zeolites are
easier to combine with polymers and mitigate the generation of interface defects.[24]
More cross-section images were collected (Fig. S6) of the membranes with a larger
magnification to prove this point. From the Fig. S6, it can be seen that the
S-EMT/PA-2 membrane has a smooth and uniform cross-section surface. However,
the cross-section view of L-EMT/PA membrane is relatively rough, and it can be seen
that there are some defects between the L-EMT and PA selective layer (white cycles).
As shown in Fig. 7, PA membrane has a thickness of ~108 nm, while the thickness
increases from ~400 nm (S-EMT/PA-1) to ~850 nm (S-EMT/PA-3). This increment of
membrane thickness is due to the addition of zeolites during the interfacial
polymerization. Although the thickness of the membrane gradually increases, a higher
water flux and rejection rate are still ensured due to the porosity and hydrophilicity of
the S-EMT in the PA layer. The EDS mapping shows the homogeneous distribution of
Al and Si in the EMT/PA membranes (Fig. 6 ¢ and d), demonstrating the good
distribution of the EMT zeolite nanocrystals in the TFN membranes. To further
illustrate the advantages of the spray method, the membrane that was only sprayed (no
interfacial polymerization) was characterized by SEM and compared with the
membrane prepared by traditional methods (adding S-EMT into the water solution of
PIP). As shown in Fig. S7 a-c, S-EMT can be evenly distributed on the surface of the
nylon substrate after spraying, which is convenient to combine with the PA layer
during the subsequent interfacial polymerization. For traditional dispersion methods,
S-EMT zeolites agglomerate into particles with different sizes on the surface of the
substrate. This phenomena indicates that the spraying method is beneficial to the
dispersion of S-EMT in the PA layer. The surface morphology (Fig. 8) and roughness
(Table 2) of the membranes were also investigated by AFM. The average roughness
of the S-EMT/PA membranes increased slightly compared with that of the pristine PA
TFC membrane, and became rougher with increasing the amount of zeolite
nanocrystals added (Table 2). The roughness of the membranes loaded with the same
amount of S-EMT and L-EMT zeolites (0.05 %) have a roughness (R,) of 263.4 nm



1 and 355.19 nm, respectively. These resulst are consistent with the observations made

2 by SEM.
3
(a) (b) (c)
302 um) 235 1m) 205 um)
N ’
15.00x 15.00 [um] Z0.00-3016.14 [ nm] %90 15.00 X 15.00 [um] Z 0.00-2348.21 [nm] %00 15.00X 15.00 [um] Z 0.00-2047.35 [nm] %-00
(d) (e)
5
6 Fig. 8 AFM images of (a) PA TFC, (b) S-EMT/PA-1, (c) S-EMT/PA-2, (d)
7 S-EMT/PA-3 and (e) L-EMT/PA membranes.
8
9 Table 2. Roughness (Ra) of membranes measured by AFM.
Membrane EMT (w/v) Ra (nm)
TFC 0% 84.35
S-EMT/PA-1 0.025 % 258.3
S-EMT/PA-1 0.05% 263.4
S-EMT/PA-3 0.075 % 311.0
L-EMT/PA 0.05% 355.2

10
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Fig. 9 Water contact angle (CA) measurements of PATFC and S-EMT/PA-1, -2, -3
and L-EMT/PA-1 membranes.

The water contact angle, measurements were performed to evaluate the hydrophilicity
of the membranes that has a great effect on the water flux. The contact angle
measurement of S-EMT/PA-1 membrane reduces from 84.8° to 80.4° in comparison to
the parent PA TFC membrane (Fig. 9). This can be attributed to the presence of
S-EMT zeolite with polar groups (-OH, -COOH) on its surface, which improves the
hydrophilicity of the TFN membranes.[20] Moreover, water contact angle decreased
from S-EMT/PA-1 to S-EMT/PA-3 as increasing the amount of highly hydrophilic
S-EMT zeolite nanocrystals. Based on the Wanzel equation, the wetting properties of
a solid substance should be directly proportional to the roughness of the surface
wetted.[31] It can be explained that the roughness of the membranes surface increases
with the amount of EMT nanocrystals added. As more hydrophilic S-EMT zeolite
nanocrystals are added from S-EMT/PA-1 to S-EMT/PA-3, the water contact angle
gradually decreased. In addition, the L-EMT/PA membrane has the lower water
contact angle compared with S-EMT/PA-3. The increase in hydrophilicity is not only
due to the increase of roughness, but also related to the addition of hydrophilic
L-EMT. Compared with S-EMT, L-EMT with larger size is easier to be exposed on
the surface of the membrane (Fig. S8), which further improves the hydrophilicity of
the membrane.

3.3 Nanofiltration performance of EMT/PA TFN membranes

The nanofiltration properties of PA TFC and EMT/PA TFN membranes were
evaluated using the dye of crystal violet feed solution (10 ppm), and the results are

summarized in Fig. 10a The S-EMT/PA-2 membrane shows the enhanced water

permeance from 3.61+0.2 to 24.37+1.7 L m? h™* bar? by adding EMT nanocrystals
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without losing the retention (99.98+2.6 %). The reason for this performance is that

appropriate pore size of the hydrophilic EMT zeolite (0.78 nm) affords fast diffusion
for water molecules and good sieving effect for dyes; For comparison, the membrane
with the bigger zeolite crystals (sample L-EMT/PA) prepared at identical conditions
as S-EMT/PA-2 membrane was also tested. The non-selective voids formed between
the large EMT zeolite nanocrystals and the polymers resulted in lower rejection rate

(61.57+1.9 %) and higher water permeance (42.57+3.0 L m? h™ barl). The

non-selective voids formed between the large EMT zeolite nanocrystals offers more
passageways for water and dye molecules. Which indicates that the ultra-small EMT
nanocrystals alleviate the compatibility problem between the inorganic filler and the
polymer greatly, thus reducing the generation of non-selective voids. Moreover, the
nanofiltration performance of S-EMT/PA-2' membrane prepared by traditional
methods (Fig. S9) was also tested to illustrate the advantages of the spray method. Fig.
S9 shows that the water permeance of S-EMT/PA-2 prepared by spaying is 24.37 L
m h™ bar?, which is much higher than that of S-EMT/PA-2' (12.05 L m? h* bar?).
This result is because of (1) lower loading ratio and S-EMT and (2) the agglomeration
of S-EMT caused by the traditional method.
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_ 40
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TFC S-EMT/PA-2 L-EMT/PA S-EMT/PA-1 S-EMT/PA-2 S-EMT/PA-3 Crystal violet Methylene blue Congo Red

Fig. 10 Water permeance and rejection rate of membranes illustrating (a) the effect of
the EMT zeolite crystals with different particle sizes, (b) the effect of the EMT loding
amount, and (c) the effect of the dye molecules used.

Table 3. The structural properties of dye molecules and EMT zeolite used in this
study.

Crystal violet Methylene blue Congo Red EMT
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Chemical

structure

Molecular CosH3z1N3 C16H13C|N38 CzH2oNgNa,06S,

form

Size 13.05x13.05 A | 13.17 Ax5.27 A 25.60 Ax7.30 A | 78A
Mol. wt. | 373.53 g-mol” | 319.85 g-mol* 696.68 g-mol™ -

Charge Positive Positive Negative Negative

The effect of EMT zeolite loading (0.025% to 0.075% w/v) on the NF performance is
presented in Fig. 10b. With increasing the concentration of the S-EMT dispersions,

the water permeance increases from 13.27+0.16 to 31.65+2.4 L m? h™* bar. The

increased amount of the used EMT nanosized zeolite crystals resulted in improved

hydrophilic membranes thereby enhancing the membrane permeance. Both the

S-EMT/PA-1 (99.9940.1 %) and S-EMT/PA-2 (99.98+0.26 %) possessed rejection

rates higher than for the S-EMT/PA-3 membrane (94.07£0.15 %). Although the

hydrophilic EMT nanoflakes can enhance the water permeability, there is an optimum
zeolite concentration that brings positive changes for the membrane performance.
Beyond this optimal level, the permeability may drop due to the pore blocking and
aggregation of the excessive zeolite nanocrystals.

In the nanofiltration, both the electrostatic repulsion and molecular sieving have to be
taken into account.[32-34] Three different dye molecules with various charges and
sizes (methylene blue, crystal violet and Congo red) are used to evaluate the
S-EMT/PA-2 membrane (Fig. 10c, Table 3). No matter the charge of the dyes, i.e. the
positively-charged dyes (crystal violet and methylene blue) or the negatively-charged
dye (Congo red), the retention rate of the S-EMT/PA-2 membrane maintained at a
high level (> 98%). On the one hand, although positively charged dyes have
electrostatic attraction with negatively EMT, the rejection rate can still be stable,
thanks to the appropriate pore size and good compatibility of the S-EMT zeolites with
the polymer. On the other hand, for the negatively charged dye molecules (Congo red),
both molecular sieving and electrostatic repulsion ensure a stable retention rate. The
S-EMT/PA-2 membrane was also applied to separate ion salt solutions (NaCl, Na,SO,
and MgCly) by nanofiltration. As shown in Fig. S10, the rejection rates of the Na;SOy,
MgCl, and NaCl are 50.82 %, 38.04 % and 28.44 %, respectively. The salt ions
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rejection mechanism can be explained by the Donnan exclusion theory and physical
sieving effect. On the one hand, the negatively charged S-EMT/PA-2 membrane tends
to repel negatively charged ions (SO4%), thus realizing a higher rejection for Na,SO,
compared with NaCl. On the other hand, the rejection rate of MgCl, (38.04 %) is
higher than that of NaCl (28.44 %) due to the larger hydrated radius value of Mg?*
(0.43 nm) than Na* (0.36 nm). However, the EMT based composite membrane shows
low salt retention properties due to the large pore size (0.78 nm) and hypercages (1.4
nm) of EMT zeolites. The performance stability of the membrane is essential in
practical applications. The flux under different pressures was tested to confirm the
good structural stability. As shown in Fig. 1la, the water flux of S-EMT/PA-2
membrane increases linearly with pressure in the range of 2.0-8.0 bar. The results
indicate that the membrane exhibits high mechanical property to maintain the NF
performance at high operating pressures. To investigate the durability of the
S-EMT/PA-2 membrane, long-term tests were conducted at the operating pressure of
3 bar for 50 h with 50 ppm Congo red aqueous solution. Fig. 11b shows that the
permeance has no significant reduction maintaining at a high level (24.37 L m? h™
bar') during the nanofiltration test. Also, the retention rate is higher than 95 %

through the whole process, confirming the stability of the S-EMT/PA-2 membrane.
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Fig. 11 (a) Water flux of the S-EMT/PA-2 membrane under different pressures. (b)
Stability test of the S-EMT/PA-2 membrane at operating pressure of 3 bar and dye
(Congo red) concentration of 50 ppm at room temperature.
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Fig. 12 Nanofiltration performance of the S-EMT/PA-2 membrane compared with
other NF membranes (detailed data for the reference membranes are presented in
Table 4).

Compared with other reported NF membranes, the S-EMT/PA-2 membrane exhibited
enhanced nanofiltration performance (Fig. 12, Table 4). The water permeance of the
membrane was about three times higher than that of most other reported membranes
and simultaneously had excellent rejection. It can be attributed to the ultra-small EMT
zeolite nanocrystals that reduce the generation of the non-selective voids, and lead to
the formation of unique ordered pore structure providing additional size sieving effect

and improved water molecular transport.

Table 4. Summary of the NF membrane performance from this work (S-EMT/PA-2)
and various membranes published.

Membrane Dye Pressure Permeance Rejection mef.
(bar) | (Lm?*h'bar') (%)
Crystal violet 1 24.37 99.98% )
S-EMT/PA-2 | Methylene blue 1 24.37 98.92% v-:-/::(
Congo red 1 24.48 99.32%
GO Methylene blue 1 11.5 96.29% [35]
GO/Nylon Methylene blue 1 11.13 98.97% [36]
PEI-PDA/PES | Methylene blue 2 7.25 96.52% [37]
Ul0-66-GO Methylene blue 15.0 98.7% [38]
PQ-10/PVA Crystal violet 7 8.0 99.2% [39]
PEI/CMCNa/PP | Crystal violet 3 134 97.9% [40]




© 0 N oo g M~ O DN -

N N N D D D N NM DN &m0 v
oo N OO o0 A W DN A~ O © 0o N OO o P> w DN -~ OO

PA/UIO-66 Crystal violet 5 13.0 90% [41]
DADPM/TMC Congo red 4 9.20 99% [42]
PA-EDC-BS4 Congo red 5 12.5 99.8% [43]
PVP-UIO-66 Congo red 4 13.09 99% [44]

EIP-TFC Congo red 5 20.2 99.6% [45]

4. Conclusion

In summary, the spraying method was applied to homogeneously disperse the EMT
zeolite nanocrystals during the interfacial polymerization preparation of EMT /PA
TFN membranes. The ultra-small EMT zeolite nanocrystals with a size of ~15 nm
were synthesized free of organic template and used as nanofillers. Benefiting from the
ultra-small size and the spray dispersion method, the embedded nanocrystals were
tightly anchored and uniformly distributed in the PA active layer. Due to the suitable
pore structure of EMT zeolite and the excellent compatibility with the polymer, the
TFN membrane exhibited high water permeance up to 24.37 L m? h™ bar* which was
substantially increased compared to the PA TFC membrane; an ideal dye rejection of
99.98 % was measured for the EMT/PA TFN membranes. The results suggest that the
incorporation of ultra-small zeolite crystals into the PA layer by spray dispersion
method could be a promising way for producing TFN membranes for efficient dye

nanofiltration.
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