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A B S T R A C T

Thin-film composite (TFC) nanofiltration membranes are widely used for water treatment due to their energy 
efficiency and high salt rejection, however they are highly susceptible to biological fouling. CHA zeolite with 
pompom-like morphology was prepared from an organic structure-directing template-free synthesis gel in the 
presence of sodium and cesium. The zeolite was added to the polyamide (PA) layer of TFC membranes prepared 
via interfacial polymerization. M-0.01 and M-0.05 TFC membranes prepared with addition of 0.01 wt% and 
0.05 wt% CHA zeolite to the aqueous piperazine monomer solution, displayed a thinner PA layer and higher 
permeability compared to zeolite-free M-0 membranes. The rejection of 2000 ppm Na2SO4 and MgSO4 solutions 
of the M-0.05 membrane was slightly reduced compared to M-0 and M-0.01 but nevertheless remained higher 
than 90%. Ag-CHA zeolite suspensions showed antibacterial activity against Escherichia coli, whereas CHA zeolite 
was inactive. Following bacterial exposure, M-0 control membranes exhibited bacterial growth after 24 h 
compared to the 0 h count, which was not observed for M-0.05 membranes, where there was no significant 
difference in the count between 0 h and 24 h. As a bacterial population reduction was not observed in either case, 
these materials are considered not to be antimicrobial. No bacteria survived on the surface of Ag-treated M-0 and 
M-0.05 membranes, demonstrating antimicrobial activity. The methodology described in this work could be used 
to increase the resistance of TFC membranes to biological fouling and increase their operational lifetime.

1. Introduction

Zeolites are microporous aluminosilicate materials with regular 
pores and channels and high surface areas, which are conventionally 
used in many commercial catalytic, separation, and ion-exchange pro-
cesses [1]. In addition, they have shown potential for emerging tech-
nologies to address environmental challenges such as air and water 
quality and climate change [2–4]. Conventionally, zeolites are synthe-
sized by hydrothermal treatment of aluminosilicate gels or solutions in 
an alkaline medium [5]. The quest to expand existing zeolite structures 
and zeolite structural compositions has led to the use of organic 
structure-directing agents (OSDAs) in zeolite syntheses. Despite the 
successes in preparing new structures and extended zeolite composi-
tions, OSDA-mediated zeolite syntheses are often not suitable for mass 
production due to cost, energy consumption, gas emissions and waste 
generation, which are mostly related to the synthesis of OSDAs them-
selves and post-synthesis OSDA removal by calcination [6]. Increasing 

understanding of the zeolite crystallization mechanism and efforts to 
make zeolite syntheses more sustainable have resulted in revitalized 
research interest in the use of cations such as Na+, K+ and Cs+ as inor-
ganic structure-directing agents for zeolite crystallization [7–14]. We 
have recently reported the synthesis of a novel Cs-Na EDI-type zeolite, 
zeolite MMU-1, in the presence of Na+ and Cs+ inorganic 
structure-directing cations [15]. MMU-1 was composed of aggregated 
nanocrystals with sizes in the range 20–40 nm. Here, we have system-
atically varied the sodium and cesium content in the MMU-1 zeolite 
precursor gel with the aim of preparing zeolites with morphologies that 
are suitable for nanofiltration membrane applications.

Membrane separation processes have been widely used for water 
purification and desalination [16,17]. Among different membrane 
families, the thin-film composite (TFC) nanofiltration (NF) membranes 
have been broadly applied in water treatment due to their energy effi-
ciency and excellent ion selectivity [18]. TFC NF membranes are pre-
pared via interfacial polymerization (IP) of active monomers such as 
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piperazine (PIP) and trimesoyl chloride (TMC), which results in the 
formation of a thin polyamide (PA) layer on a porous substrate [19,20]. 
The structural properties of the PA layer determine the separation per-
formance of the TFC membrane. However, the high reactivity of PIP and 
TMC monomers often leads to the formation of a thicker PA layer with 
increased mass transfer resistance [21,22]. Breaking the trade-off be-
tween water permeability and ion selectivity has been demonstrated to 
be challenging [23]. Thus, designing a TFC membrane with enhanced 
permeability and high selectivity is highly desirable for water treatment 
applications.

Over the past two decades, numerous strategies have been used to 
tailor the membrane structure for improving membrane separation 
performance, such as design of monomers with tailored functionalities, 
incorporating additives into the PA layer or constructing a nanoporous 
interlayer between the PA and the porous substrate [24–30]. Among 
different inorganic nanofillers, the introduction of nanozeolites in the 
PA layer has been recognized as an effective strategy to regulate the 
membrane structure and improve membrane performance [31–33]. The 
superior performance of such thin-film nanocomposite (TFN) mem-
branes containing zeolite nanofillers has been attributed to zeolites’ 
tunable hydrophilicity, large surface areas and regular pore structures, 
negative framework, and high chemical, thermal and mechanical sta-
bility. The use of zeolites that have been ion-exchanged with Ag intro-
duced antifouling capability of the TFC membranes prepared [34], 
which addresses one of the main drawbacks of nanofiltration mem-
branes, namely their susceptibility to biological degradation and the 
need for periodic chemical cleaning. The latter causes interruption in 
operation, increase in cost and, most importantly, damages the PA layer 
in the long term [16,35].

The aims of the present work were to incorporate CHA zeolite with 
pompom-like morphology, which was synthesized in an OSDA-free 
system in the presence of Na and Cs, in TFC NF membranes, and eval-
uate the permeability and selectivity of the obtained TFN membranes. 
Additionally, this paper describes the post-fabrication loading of Ag 
within the membrane [36] and presents results for the antibacterial ef-
ficacy of Ag-treated TFC membranes.

2. Materials and methods

2.1. Zeolite synthesis and characterization

Zeolites MMU-1, RHO and CHA were prepared from gels with the 
molar composition 10SiO2: 2.2Al2O3: xNa2O: yCs2O: zH2O, where 
x = 23 (MMU-1), 13 (RHO) or 8.1 (CHA), y = 1.4 (MMU-1) or 0.7 (RHO 
and CHA), and z = 382 (RHO and CHA) or 383 (MMU-1), following the 
procedure described in ref. [15]. The precursor gels were prepared by 
dissolving 1.03 g sodium aluminate (NaAlO2, 50.5% Al2O3, 44.1% 
Na2O, Fisher Scientific) in 12.42 g distilled water in a beaker under 
stirring. The beaker was placed in a large Petri dish with cold water to 
keep the temperature constant upon the addition of sodium hydroxide 
(NaOH pellets, analytical reagent grade, Fisher Scientific) (3.64 g, 
1.82 g, or 0.91 g) and cesium hydroxide hydrate (CsOH⋅xH2O, 99.9%, 
15 − 20% H2O, Alfa Aesar) (1.18 g or 0.59 g). After complete dissolution 
of the hydroxides, 4.46 g of colloidal silica (Ludox HS-30, Aldrich) were 
added dropwise, and the mixture was stirred for 2 h. After the stirring, 
the gels were transferred to 125 mL polypropylene reactors and hy-
drothermally treated at 80 ◦C for 20 h (MMU-1) or 22 h (RHO and CHA). 
The zeolites obtained were purified by three-times centrifugation and 
redispersion in distilled water and dried at 80 ◦C overnight. Finally, the 
samples were grinded and stored in glass vials at ambient conditions.

The CHA zeolite selected for the preparation of TFC membranes was 
upscaled using analogous procedure but with four times the amount of 
each chemical and a 500 mL polypropylene reactor was used for the 
hydrothermal treatment. This sample was labelled as CHA-4× . The 
zeolite yield of CHA-4× was calculated from the ratio of the mass of SiO2 
in the zeolite product and in the gel [37]. A portion of this sample (1.2 g) 

was ion-exchanged with 120 g of 0.01 M silver nitrate (AgNO3, 99+%, 
Alfa Aesar) aqueous solution. The ion-exchange was performed in a 
150 mL beaker covered with Al foil; the sample was stirred in the Ag 
solution for 24 h at room temperature, followed by three-times centri-
fugation and redispersion in distilled water and drying at 80 ◦C over-
night. The obtained Ag-CHA-4× was stored in a glass vial covered with 
foil.

Crystalline phases were determined from X-ray diffraction (XRD) 
patterns collected with a PANalytical X’pert Powder X-ray diffractom-
eter using Cu Kα1 radiation (λ = 0. 1.5406 Å) and a PIXCel 1-D detector. 
Data were collected in the range 5–50◦ 2θ with a step size of 0.013◦ 2θ 
and a measuring time of 89 s per step. The samples were rotated at 
60 rpm during the data collection. Crystallite sizes of CHA and CHA-4×
were determined using the Size/Strain calculator incorporated into 
PANalytical Data Viewer with the instrumental broadening function 
determined using a NIST SRM674b CeO2 external standard. The 
morphology of the zeolites prepared was studied with a scanning elec-
tron microscope (SEM) (Carl Zeiss Supra 40 V). Samples were sputtered 
with gold prior to analysis. The chemical composition of the samples was 
determined using an X-ray fluorescence (XRF) instrument (Rigaku NEX- 
CG energy-dispersive X-ray fluorescence spectrometer). Nitrogen 
adsorption isotherm measurements at − 196 ◦C were performed with a 
Micrometrics ASAP 2020 surface area analyzer. Samples were degassed 
at 300 ◦C overnight prior to analysis. The Brunauer–Emmett–Teller 
(BET) method was used to calculate the samples’ surface areas and 
Barrett–Joyner–Halenda (BJH) pore-size distributions were determined 
from the desorption branch of the isotherms. Micropore volumes and 
external surface areas were determined by the t-plot method, whereas 
total pore volumes were calculated from the volume adsorbed at a 
relative pressure of 0.99.

2.2. Fabrication and characterization of TFC and TFN membranes

The TFC and TFC-zeolite NF membranes were constructed on poly-
ethersulfone (PES) porous substrates (Haiyan Xindongfang Suhua Co., 
Ltd., effective pore size of 100 nm) through IP reaction. Firstly, 0 wt%, 
0.01 wt% or 0.05 wt% of CHA-4× were added to 0.1 wt% PIP (TCI 
(Shanghai)) aqueous solution. The PES membranes were fixed in a 
plastic frame and immersed in the PIP or PIP-zeolite solutions for 60 s. 
The residual PIP solution on the membrane surface was removed by a 
roller. Subsequently, 0.15 wt% of TMC (TCI (Shanghai)) n-hexane so-
lution (≥ 97%, AR) was poured onto the PES membrane surfaces to start 
the IP process. After a reaction for 60 s, the residual solution was 
removed. The obtained membranes were transferred to an oven at 60 ℃ 
and dried for 20 min. The membranes were placed into deionized (DI) 
water prior to use. The zeolite-free TFC membrane was named as M-0, 
whereas the zeolite-containing TFN membranes were labelled as M-0.01 
and M-0.05, respectively, according to their zeolite content in the PIP 
aqueous solution.

The desalination performance of the TFC NF membranes was eval-
uated on a crossflow equipment. Inorganic salts (Na2SO4 and MgSO4, 
2000 μg g− 1) were used as the feed solutions. After pre-pressurizing at 
3 bar for 1 h, the permeate was collected and recorded. The concen-
tration of salts solutions was determined by a conductivity meter. The 
permeance (J, L m− 2 h− 1 bar− 1) and the salt rejection (R, %) were 
measured and calculated by Eq. (1) and Eq. (2), respectively. 

J =
Q

P Δt A
(1) 

R =

(

1 −
CP

Cf

)

× 100% (2) 

where Q, A, P, and Δt are the permeate volume (L), membrane testing 
area (m2), operating pressure (bar), and testing time (h), respectively; Cp 
and Cf are the salt concentration of permeate and feed.
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The molecular weight cut-off (MWCO and pore properties of pre-
pared membranes were measured by solute transport method using 
different molecular weight of test PEG (polyethylene glycol, AR, Sino-
pharm) solutions (200, 300, 400, and 600 Da) [38]. The morphology 
and the thickness of the membranes were measured by SEM 
(JEOL-7900F, Japan). The morphology and the thickness of the mem-
branes were measured by SEM (JEOL-7900F, Japan).

Further, TFC and TFC-CHA zeolite membranes were treated with 
0.01 M silver nitrate solutions according to our previous protocol with 
modifications [36]. Individual M-0 and M-0.05 membranes (5 cm in 
diameter) were placed in 250 mL beakers, and 20 mL 0.01 M AgNO3 
solutions were added to each beaker. The beakers were covered with 
parafilm and Al foil and left at room temperature for 24 h. Next, each 
membrane was washed with distilled water (20 times), kept in distilled 
water for 48 h, washed again and dried at 50 ◦C overnight.

2.3. Antimicrobial efficacy assessment

2.3.1. Bacterial suspensions
Saline (0.85% sodium chloride, OXOID), tryptone soya agar (TSA, 

OXOID) plates, DE broth (Remel) and nutrient broth (OXOID) were 
prepared according to the manufacturer’s instructions. Soya casein 
digest lecithin polysorbate (SCDLP) neutralizer was created by adding 
30 g L− 1 tryptone soya broth (TSB, OXOID), 1 g L− 1 L-α-lecithin (Acros 
organics) and 7 g L− 1 polysorbate 80 (Acros organics) to distilled water 
and sterilizing by autoclave at 121 ◦C for 15 min. A suspension of 
Escherichia coli (E. coli) ATCC 8545 was created by streaking one loop 
from a − 80 ◦C stock to a TSA plate and incubating at 37 ◦C for 24 h, then 
re-streaking one colony to a new TSA plate and incubating in the same 
manner. Several colonies were then transferred to 10 mL saline.

2.3.2. Antimicrobial efficacy of zeolite suspensions
The E. coli suspension was adjusted to 0.1 ± 0.005 OD at 600 nm 

using a spectrophotometer (Jenway 6305, UK), to form a final concen-
tration of ~ 1 × 108 cells mL− 1. Suspensions of CHA-4× and Ag-CHA- 
4× zeolites with concentrations of 1 and 2 mg L− 1 were prepared in 
9 mL sterile saline and vortexed for a minimum of 60 s. For neutrali-
zation and to assess bacterial survival, 900 μL of DE broth were ali-
quoted into six triplicate groups for each compound (18 aliquots of DE 
broth per compound suspension). One hundred microliters of bacterial 
culture were transferred by pipette into each compound suspension and 
a timer started at the time of inoculation. Immediately after inoculation, 
each culture was vortexed for 5 s and then 100 μL transferred in tripli-
cate to DE broth. After 5, 10-, 20-, 30-, and 40-min post-inoculation, the 
process was repeated. All DE broth suspensions were then incubated at 
37 ◦C for 24 h and observed for color change (purple to gold), where a 
color change demonstrates bacterial survival and growth. In addition, 
quantification via spread plate (100 µL) was performed for each 
neutralized solution immediately after inoculation and homogenization, 
followed by incubation at 37 ◦C for 24 h.

2.3.3. Antimicrobial efficacy of Ag-treated TFC NF membranes
A modified version of ISO 22,196 was used to test the antimicrobial 

efficacy of the Ag-treated TFC membranes that come into contact with 
bacteria. To achieve this, an E. coli suspension was adjusted to 0.5 
± 0.01 OD at 600 nm, then serially diluted 1: 9 twice to form a final 
concentration of ~1–5 × 106 cells mL− 1. M-0 and M-0.05 membranes, 
as well as Ag-treated M-0 and M-0.05 membranes were cut into sections 
of 2 cm x 2 cm and sterilized by ultraviolet light in a UV crosslinker for 
30 min. Six coupons of each material were inoculated with 100 µL of 
suspension and either immediately recovered into 5 mL SCDLP 
neutralizer or incubated at 35 ◦C for 24 h at > 90% relative humidity. 
After recovery, the membranes were manually agitated to dislodge cells 
into the neutralizer, then the neutralizer was transferred to a 30 mL 
universal tube, vortexed to homogenize, serially diluted 1: 9 to 10− 2 and 
quantified via spread plate on TSA in triplicate.

3. Results and discussion

3.1. Zeolite synthesis

In our previous work, variations of the molar composition of the 
zeolite precursor gel led to the synthesis of a new Cs-Na modification of 
EDI-type zeolite [15]. The presence of Cs as well as the water content 
were found to have a crucial role for the type of zeolite formed. We have 
now varied systematically the amount of sodium hydroxide and cesium 
hydroxide hydrate added to the zeolite precursor gel and kept the 
SiO2/Al2O3 ratio and the synthesis conditions the same. Zeolites 
MMU-1, RHO and CHA crystallized from the different molar composi-
tions used (Fig. 1a). All zeolites were composed of aggregated nano-
particles, however, there were distinct differences between the 
morphologies of the three zeolites (Fig. 1b). MMU-1 was composed of 
20–70 nm primary nanoparticles, which were further arranged into 
loose irregular clusters with sizes of up to 500 nm. Zeolite RHO con-
tained well-faceted intergrown rectangular primary nanocrystals, which 
built up the large, up to 1.5 μm in diameter dense spherical particles 
observed in the SEM images. Smaller (400–700 nm) and less dense 
spherical particles made up of spherical nanoparticles were present in 
this sample too. The latter could be due to the presence of CHA impu-
rities, as seen by the presence of an extra broad peak at around 30 de-
grees two theta in the XRD pattern of RHO (Fig. 1a). Finally, zeolite CHA 
displayed pompom-like particles with sizes in the range 900 nm - 1.5 μm 
built up of distinct nanocrystals.

The amount of NaOH and CsOH⋅xH2O used to prepare the different 
zeolite precursor gels as well as XRF data are depicted in Table 1. The 
results for two additional syntheses, which produced RHO and CHA 
samples of lower crystallinity / purity (samples labelled as RHO* and 
CHA*), are also included in the table, whereas XRD patterns of these two 
samples are shown in Fig. S1, Supplementary material. The amount of 
sodium hydroxide and cesium hydroxide hydrate added to the precursor 
gel was the only difference between the different samples prepared. The 
role of alkali cations for zeolite crystallization is dual – they can act as 
both mineralizing agents and as inorganic structure-directing agents, 
and it is often challenging to distinguish between the two effects [8]. We 
have demonstrated previously that the synthesis using the MMU-1 pre-
cursor gel without addition of Cs resulted in SOD [15]. This result sug-
gested a cooperative Cs-Na structure direction mechanism [8]. The 
results reported here further support this finding. Considering the rela-
tive ratio of Na and Cs hydroxides added to the precursor gels, it seems 
that the amount of NaOH hydroxide in combination with a certain 
amount of Cs determined the type of zeolite formed (Table 1). Variations 
in the Cs content further influenced the purity of the zeolite products 
formed. Interestingly, more Cs than Na was present in all product 
samples, despite its lower content in the precursor gel for all but the 
CHA* sample. The alkalinity of the precursor gels decreased in the order 
MMU-1 >RHO* >RHO>CHA* >CHA. The Si/Al ratio increased from 
MMU-1 to RHO and CHA as expected [11]. Furthermore, the Si/Al ratio 
of all samples was below 2, in agreement with previous results for 
template-free zeolites using similar precursor gels [12,13,15]. RHO*-
and CHA*samples did not match the trends, but this could be because 
the samples are not well-crystallized / contained other phases, as seen 
from their SEM images (Fig. S1, Supplementary information). The result 
for zeolite CHA is particularly interesting. Firstly, the synthesis of CHA 
in the absence of K has rarely been reported [8]. For instance, Mintova 
and co-workers have shown that zeolite CHA could not be formed in the 
absence of K and could only be prepared using a mixture of three cations, 
Na, K and Cs [13]. Here, we show that CHA can be prepared in the 
absence of K by adjusting the Na and Cs concentration in the precursor 
gel. Another benefit of the zeolite CHA prepared is its distinct 
pompom-like morphology. Sunflower-like CHA zeolite prepared in the 
presence of an organic template, has shown superior CO2 adsorption 
capacity and CO2/N2 and CO2/CH4 selectivity compared to conven-
tional zeolites [39].
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We have selected the pompom-like CHA zeolite for incorporation 
into TCF NF membranes due to its spherical morphology and nano-
crystal arrangement. The CHA synthesis was upscaled and comparison 
between zeolite products of the 1x (starting with 1.03 g NaAlO2) and 4x 
(starting with 4.12 g NaAlO2) syntheses is shown in Fig. 2. The zeolite 
phase, sample morphology, Si/Al ratio and textural characteristics 
(Table 2) are generally preserved in the upscaled product (CHA-4×), 
although some minor differences were observed. The latter could be due 
to the different size of polypropylene reactors used in the two syntheses, 
125 mL versus 500 mL, and differences in the pressure inside [40]. The 
surface area of both CHA zeolites was below 100 m2g− 1 indicating that 
the presence of Cs cations restricted the access of nitrogen, which agreed 
with the results reported by Debost et al. [13]. The isotherms contained 
a hysteresis loop, which was also like the isotherm reported in ref. [13]. 
The higher total pore volume of the Na,Cs-CHA samples in this work and 
the variations in the other textural characteristics compared to the CHA 
zeolite prepared in the presence of Na, K and Cs cations [13] are due to 
differences in the type and the number of extra-framework cations. The 
weight of CHA-4× purified sample was 9.22 g, and XRF data indicated 
that its SiO2 content was 50.5 wt%. Therefore, the yield was calculated 
as: yield = 9.22×0.505

18.64×0.3 × 100 = 83.3%.

3.2. TFN NF membranes

TFN NF membranes were prepared with the addition of CHA-4× at 
two different weight ratios to the PA layer. Top view SEM images of PES, 
M-0, M-0.01 and M-0.05 membranes are shown in Fig. 3. The M- 
0 membrane displayed a classical nodular-structure morphology 
compared to the porous morphology of PES [29]. After introducing 
zeolite, the zeolite crystals could be seen evenly distributed on the 
surface of M-0.01 membrane (Fig. 3c). Further increase in the zeolite 

loading resulted in aggregated and interconnected zeolite clusters on the 
surface of M-0.05 (Fig. 3d). The pompom-like morphology of the CHA 
zeolite with its rich surface texture seems to form a tighter interface with 
the polyamide layer in M-0.05, which is beneficial for enhancing the 
water permeance.

Fig. 4 depicts the effect of the zeolite loading on the thickness of the 
PA layer in TFC membranes. The thickness of the PA layer in the control 
M-0 membrane was 76 ± 9 nm (Fig. 4a). After doping with zeolite, the 
thickness of the PA layer decreased to 50 ± 4 nm (M-0.01 membrane, 
Fig. 4b) and 44 ± 5 nm (M-0.05 membrane, Fig. 4). The presence of a 
porous zeolite can restrict the diffusion of the PIP monomer towards the 
interface due to adsorptive interactions. The restricted diffusion of PIP to 
the organic interface leads to an inadequate supply of PIP during sub-
sequent reactions with TMC, thereby impeding the vertical growth of the 
PA network and ultimately resulting in a reduced thickness of the 
mature PA membrane [28,41]. The reduction of the membrane’s 
thickness is beneficial for decreasing the transport resistance of water 
and enhancing the water permeability [30]. Furthermore, the incorpo-
ration of CHA zeolites in TFN membranes can provide a fast, low-energy 
path for water, further improving the water flux of the membrane.

As shown in Fig. 5, the MWCO of M-0 and M-0.05 membrane were 
446 and 529 Da, respectively. This result indicates that the zeolite 
incorporation increases the pore size of the M-0.05 membrane compared 
to the control M-0 membrane. The introduction of porous zeolite in the 
aqueous PIP solution inhibits the diffusion of PIP, thereby limiting the 
full reaction of IP, damaging the cross-linked structure of the PA layer 
and increasing the pore size of the membrane.

The water permeance of the M-0 membrane was 
7.2 L⋅m− 2⋅h− 1⋅bar− 1, and its rejection of Na2SO4 was 95.4% (Fig. 6a). 
After introducing zeolite, the water permeance of M-0.01 and M-0.05 
membrane increased to 10.1 L⋅m− 2⋅h− 1⋅bar− 1 and 

Fig. 1. (a) XRD patterns and (b) SEM images of the zeolites prepared using precursor gels with different molar compositions: MMU-1 (10SiO2: 2.2Al2O3: 23Na2O: 
1.4Cs2O: 383H2O), RHO (10SiO2: 2.2Al2O3: 13Na2O: 0.7Cs2O: 282H2O) and CHA (10SiO2: 2.2Al2O3: 8.1Na2O: 0.7Cs2O: 282H2O).

Table 1 
Zeolite types prepared, amount of NaOH (g) and CsOH⋅xH2O (g) added to the precursor gels, and XRF data for Si/Al, Cs/Na, Cs/Si, Cs/Al, Na/Si and Na/Al ratios in the 
zeolite products.

Zeolite NaOH CsOH⋅xH2O Si/Al Cs/Na Cs/Si Cs/Al Na/Si Na/Al

MMU− 1 3.64 1.18 1.09 1.43 1.08 1.17 0.81 0.75
RHO 1.82 0.59 1.44 1.02 0.56 0.81 0.79 0.55
RHO* 1.82 1.18 1.45 1.93 0.95 1.38 0.49 0.71
CHA 0.91 0.59 1.78 1.32 0.55 0.98 0.74 0.42
CHA* 0.91 1.18 1.83 3.91 1.18 2.16 0.30 0.55
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14.3 L⋅m− 2⋅h− 1⋅bar− 1, correspondingly. This increase is consistent with 
results reported in the literature for zeolite-containing NF membranes 
[31]. The enhanced permeability of the composite CHA membrane can 
be attributed to two factors. On the one hand, the porous zeolite opti-
mizes the transport path within the composite membrane and acceler-
ates the rapid transfer of water molecules. On the other hand, the porous 
zeolite influences the IP process, which results in reduced thickness of 
the composite membrane, and therefore reduced mass transfer path.

Meanwhile, compared to M-0 membrane, the rejection of Na2SO4 of 
M-0.01 membrane was 95.6%, but that of M-0.05 membrane was 92.0% 
(Fig. 6a). This indicates that the excessive zeolite loading in the PA 
membrane reduces the selectivity of NF membranes due to zeolite ag-
gregation leading to membrane defects. The water permeance and 
selectivity of M-0, M-0.01 and M-0.05 for Mg2SO4 showed the same 
trends (Fig. 6b). The presence of CHA zeolite on the surface of the PA 

layer led to the enhanced water permeability of the membranes because 
of the additional channels for water to flow provided by the hydrophilic 
porous zeolite.

Fig. 2. Comparison between zeolite CHA synthesized using 1 × and 4 × quantities of the starting raw materials: (a) XRD patterns, (b) SEM images, (c) nitrogen 
adsorption-desorption isotherms (solid symbols, adsorption; open symbols, desorption), and (d) corresponding pore-size distributions.

Table 2 
Si/Al ratios, BET (SBET) and external (SEXT) surface areas, micropore (Vμ) and 
total (VTOTAL) pore volumes and crystallite sizes of CHA zeolites synthesized 
using 1 × and 4 × quantities of the starting raw materials.

Zeolite Si/ 
Al

SBET, 
m2 

g− 1

Vμ, 
cm3 

g− 1

SEXT, 
m2 

g− 1

VTOTAL, 
cm3 g− 1

Crystallite size, 
Å

CHA− 1 × 1.78 92.0 0.011 68.8 0.16 200
CHA− 4 × 1.77 90.4 0.015 58.8 0.15 170

Fig. 3. Top-view SEM images of (a) PES, (b) M-0, (c) M-0.01, and (d) M- 
0.05 membrane.
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3.3. Antibacterial efficacy of CHA zeolite suspensions and TNF 
membranes

It is well-known that as-made zeolites do not have any antimicrobial 
properties but introducing metals such as Ag and Cu into zeolites by ion- 
exchange create antimicrobial activity against a wide-range of micro-
organisms [42,43]. For Ag zeolites, we have demonstrated that the 
antibacterial efficacy depends on the zeolite concentration and zeolite 
type, and it is not proportional to the silver concentration within the 
zeolite [42]. The antibacterial efficacy of CHA-4× and Ag- 

CHA-4× zeolite suspensions of two different concentrations was studied 
and results are presented in Table 3. DE neutralizing broth is a 
broad-spectrum chemical neutralizer used to stop antimicrobial activity 
at defined time points. Whilst previously we have used neutralizing 
agar, where antimicrobial activity was stopped at the point of spreading 
bacteria onto the agar [42,43], using neutralizing broth is a quicker 
process, making the data more realistic of the time point at which the 
sample was taken [44]. Sample Ag- CHA-4× contained 7.75 wt% Ag 
according the XRF analysis. No bacterial growth was observed in any 
uninoculated suspension (controls). Bacterial growth (color change of 
DE neutralizer broth) was observed in both inoculated concentrations of 
zeolite CHA at all time points. However, bacterial growth in the presence 
of 1 mg mL− 1 Ag-CHA zeolite was only demonstrated up to 20 min in-
cubation and growth was only demonstrated in the presence of 
2 mg mL− 1 zeolite up to 10 min incubation. Presence or absence of 
growth based on color change of DE neutralizer broth were confirmed by 

Fig. 4. Cross-section SEM images of (a) M-0, (b) M-0.01, and (c) M-0.05 membranes.

Fig. 5. PEG rejection curves and MWCO of M-0 and M-0.05 membranes.

Fig. 6. Separation performance of M-0, M-0.01 and M-0.05 membranes for (a) Na2SO4 and (b) MgSO4 salt solutions (2000 ppm).

Table 3 
Growth (Ve+) or absence of growing bacteria (Ve-) over time in the presence of 
CHA or Ag-CHA zeolites (concentrations of 1 mg mL− 1 or 2 mg mL− 1) and test 
conditions (with or without E. coli).

Time (min)

Sample 0 5 10 20 30 40
CHA 1 mg mL− 1 Ve- Ve- Ve- Ve- Ve- Ve-
CHA 1 mg mL− 1 E. coli Ve+ Ve+ Ve+ Ve+ Ve+ Ve+
CHA 2 mg mL− 1 Ve- Ve- Ve- Ve- Ve- Ve-
CHA 2 mg mL− 1 E. coli Ve+ Ve+ Ve+ Ve+ Ve+ Ve+
Ag-CHA 1 mg mL− 1 Ve- Ve- Ve- Ve- Ve- Ve-
Ag-CHA 1 mg mL− 1 E. coli Ve+ Ve+ Ve+ Ve- Ve- Ve-
Ag-CHA 2 mg mL− 1 Ve- Ve- Ve- Ve- Ve- Ve-
Ag-CHA 2 mg mL− 1 E. coli Ve+ Ve+ Ve- Ve- Ve- Ve-
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spread plates, where all samples demonstrating absence of growing 
bacteria were confirmed to be a complete reduction of viable bacterial 
populations.

Following the establishment of bactericidal activity of Ag-CHA, tests 
were performed with TFC, CHA-TFC, and corresponding Ag-treated TFC 
membranes (M-0 and M-0.05, Fig. 7). For M-0 and M-0.05 membranes, 
an initial concentration of 5.44 × 104 CFU / coupon was recovered from 
the control M-0 coupons and 5.61 × 104 CFU / coupon on the zeolite M- 
0.05 coupons, with no statistically significant difference observed 
(p > 0.9999). After 24 h, statistically significant (p = 0.0019) growth 
was observed on the control coupons to 1.21 × 106 CFU / coupon, while 
no statistically significant difference (p = 0.9998) was observed after 
24 h on the zeolite coupons (7.30 × 104 CFU / coupon). While a dif-
ference in the control and zeolite coupons was observed after 24 h, a 
bacterial reduction did not occur on either surface, indicating the lack of 
antimicrobial action on these control surfaces. For Ag-treated mem-
branes, an initial concentration of 7.61 × 104 CFU / coupon was 
recovered from the control Ag-M-0 coupons and 5.22 × 104 CFU / 
coupon on the zeolite Ag-M-0.05 coupons, with a statistically significant 
difference observed (p = 0.0379). After 24 h, both Ag-M-0 and Ag-M- 
0.05 recovered zero CFU.

The observed bacterial growth on the control membranes, which was 
not observed for the zeolite-containing membranes indicates that the 
zeolite could offer a degree of protection against biological fouling. 
However, further experiments under real-life conditions are needed to 
confirm these results and to establish the potential protection mecha-
nism. The results with Ag-treated membranes showed that this is an 
efficient method to eliminate bacteria. In our previous work on dental 
acrylic (DA) resins and zeolite-containing DA resins, we have demon-
strated that the addition of Ag-exchanged zeolites prior to polymeriza-
tion resulted in Ag+ reduction to elemental silver and resin colorization 
[36]. This was circumvented by performing the Ag ion-exchange within 
the zeolite after the fabrication of the Na-zeolite-DA resins. However, it 
was established that the as described Ag treatment also resulted in 
non-zeolitic silver adsorbed onto the resin, which could be removed 
after 2-days incubation of the DA coupons in distilled water. We have 
used a similar procedure to treat the M-0 and M-0.05 membranes with 
silver in this work. The results in Fig. 7b indicate that the 2-days incu-
bation of the membranes in distilled water was not enough to remove 
the non-zeolitic silver from the membranes. This could be due to the 
presence of a negatively charged outer layer in the PA film, attracting 
the positively charged Ag ions [42]. Nevertheless, the results reported 
suggest that post-fabrication of zeolite-containing TFC NF membranes 
could be an efficient way to reduce the frequency of membrane’s 

chlorine treatment to eliminate biological fouling and thus to extend the 
lifetime of NF membranes.

4. Conclusion

MMU-1, RHO and CHA zeolites were prepared from OSDA-free 
zeolite precursor gels in the presence of NaOH and CsOH⋅xH2O. A 
cooperative Na-Cs structure-direction to corresponding zeolite struc-
tures was observed. Among the different zeolites prepared, CHA zeolite 
composed of well-faceted nanocrystals arranged into pompom-like 
spherical particles was selected for incorporation into thin-film com-
posite nanofiltration membranes. The performance of M-0.01 and M- 
0.05 membranes containing 0.01 wt% and 0.05 wt% CHA zeolite added 
to the aqueous PIP monomer solution was compared to control M- 
0 membranes, which did not contain a zeolite. The membrane’s 
permeability increased with an increase in the zeolite content, however, 
the Na2SO4 and MgSO4 rejection of M-0.05 was slightly reduced 
compared to M-0 and M-0.01 due to zeolite aggregation leading to 
membrane defects. The membranes were tested for their antibacterial 
efficacy against E. coli. Bacterial growth was observed after 24 h for M-0, 
which was not the case for M-0.05. No bacteria survived on the surface 
of both type of membranes after treatment with 0.01 M AgNO3 solution. 
The results indicate that the methodology described could be potentially 
applied to reduce biological fouling of TFC membranes after long-term 
assessment of the membranes antibacterial resistance.
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