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Pore Engineering of MFI Zeolite Membranes:  
Enhancing Water Flux and Ion Rejection  
Using Polyacrylamide as a Secondary Template
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A mesoporous MFI zeolite membrane was synthesized using polyacrylamide as a 
secondary template to separate nickel, chromium, and nitrate ions from water. Various 
analytical methods were employed to characterize the zeolite powders and membranes. 
Subsequently, tests were conducted to evaluate water permeation and the rejection of 
heavy metals and nitrate ions. The incorporation of 0.03 kg kg–1 polyacrylamide resulted 
in a 90 % mesostructure in the MFI zeolite. Higher amounts of polymer had no positive 
effect on the mesoporous structure. The membrane demonstrated a high water flux (22  
L m–2 h–1) with 99 % nickel and 93 % chromium rejection, and effective nitrate rejection 
(up to 34 %). Increasing the total dissolved solids from 1 to 1000 µA A–1 led to a 50 % 
increase in water flux. Additionally, raising the pressure by 2 bar resulted in an 80 % 
increase in the water flux and 15 % improvement in nitrate rejection.
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Introduction

Population growth and technological progress 
have led to increased water consumption and signif-
icant water pollution, which adversely affects living 
organisms1. Among the pollutants in water sources 
are heavy metal ions, which have various detrimen-
tal effects on human health, plants, and aquatic life. 
Several methods exist for removing heavy metal 
ions from water, including chemical precipitation, 
ion exchange, membrane separation, reverse osmo-
sis, and electrocoagulation2. Among these, mem-
brane separation stands out as a promising tech-
nique. Zeolites, as candidates for membrane 
preparation, offer high adsorption capacity, molecu-
lar sieving effects, and ion exchange properties. 
Consequently, zeolites are used industrially for sep-
arating linear from nonlinear hydrocarbons, remov-
ing heavy metal ions from water, reducing ammoni-
um levels in ammonium-containing water, and gas 
adsorption and separation. Zeolite membranes have 
been synthesized on various supports and are partic-
ularly effective in liquid separations3. However, 
many zeolitic membranes studied for water purifi-
cation4–12 have lost popularity due to low water flux. 
Moreover, none of these studies has focused on 
heavy metal ion separation. Among zeolite mem-

branes, the all-silica MFI zeolite structure demon-
strates excellent stability under harsh operating con-
ditions, making it a suitable candidate for further 
investigation to enhance permeation rates. Creating 
a mesoporous structure within the zeolite membrane 
layer could be an effective method to increase the 
water permeation rate through zeolite membranes.

Despite extensive research on creating meso-
porous structures in zeolite powders for catalytic 
applications, no studies have focused on developing 
mesoporous structures within zeolite membrane 
layers. Methods for creating mesoporous structures 
include post synthesis approaches and secondary 
templating during hydrothermal synthesis. Dealu-
mination and silica extraction are among the most 
common post-synthesis methods used to increase 
the pore size of MFI zeolites13–15. For example, Van 
Oers et al.13 achieved mesoporous structures with 
surface areas ranging from 99 m2 g–1 to 259 m2 g–1 
in beta zeolite through dealumination, representing 
50 % to 73 % mesoporous content. Similarly, Ogura 
et al.15, and Verboekend et al.14 utilized the silica 
extraction method to create mesoporous structures 
in ZSM-5 and silicalite-1 zeolites, achieving meso-
porous contents of 67 % and 70 %, with mesopore 
surface areas of 115 m2 g–1 and 182 m2 g–1, respec-
tively. However, these extraction methods are limit-
ed by the need for strong acids and water to reduce 
the acidity of the resulting solution after use. In 
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contrast, the secondary template method allows for 
the straightforward creation of mesoporous struc-
tures in various zeolite types16. The surface area and 
volume of mesopores created by secondary templat-
ing are competitive compared to those created by 
post-synthesis methods17. For instance, Abdulridha 
et al.18 used the secondary templating method to 
achieve an 80 % mesoporous structure for FAU ze-
olite, with a mesopore surface area of 347 m2 g–1. 
These results demonstrate the potential of the sec-
ondary templating method for creating a high mes-
oporous content in zeolites. Templates used in this 
process can be categorized into hard and soft types. 
Hard templates act as physical barriers during zeo-
lite synthesis, allowing zeolites to replicate their 
morphology. Soft templates, typically polymers, are 
less effective at space confinement but significantly 
influence zeolite nucleation and growth through 
molecular interactions with zeolite precursors. The 
combination of space confinement and molecular 
interactions in polymer networks provides greater 
control over zeolite synthesis19. Currently, the most 
commonly used templates for mesoporous zeolites 
are polymers (especially cationic polymers), silane 
organic acids, alkyl aluminum, and alkylphospho-
nates with long chains20.

Among polymer materials, polyacrylamide 
(PAM) can be used as a soft secondary template for 
modifying zeolite structures. PAM has been used to 
synthesize α-alumina supports with various porosi-
ties via the gel casting method. Therefore, this re-
search aimed to use polyacrylamide as a secondary 
template to create mesoporous structures in MFI 
zeolite powder and subsequently in MFI zeolite 
membranes to increase water permeation rates. To 
achieve this objective, various characterization 
techniques, such as X-ray diffraction (XRD), 
Brunauer-Emmett-Teller (BET) nitrogen adsorption 
studies, derivative thermogravimetry – thermograv-
imetric analysis (DTG-TGA), transmission electron 
microscopy (TEM), field emission scanning elec-
tron microscopy (FESEM), and energy dispersive 
X-ray analysis (EDX), were employed to analyze 
the synthesized zeolite powders and membranes. 
The separation performance of the synthesized 
membrane for heavy metal ions and nitrate removal 
from contaminated water was evaluated using water 
permeation tests and atomic absorption spectroscopy 
(AAS) and ultraviolet spectroscopy (UV) analyses.

Experimental

Materials

Tetraethyl orthosilicate (TEOS, C8H20O4Si, > 
98 %, Samchun), tetrapropylammonium bromide 
(TPABr, (CH3CH2CH2)4N(Br), > 99 %, Merck) and 

sodium hydroxide (NaOH, > 99 %, Merck) were 
used as the silica source, primary template (struc-
ture directing agent), and mineralizing agent, re-
spectively, in the synthesis of the MFI zeolite. Poly-
acrylamide (PAM, (C3H5NO)n, > 95 %, 1500 g mol–1, 
Merck) was used as a secondary template to create 
a mesoporous structure in the MFI zeolite.

Synthesis of mesoporous MFI zeolite powder

The mesoporous MFI zeolite powder was syn-
thesized by combining two solutions. The first solu-
tion contained water, sodium hydroxide, TEOS, and 
TPABr, while the second solution consisted of poly-
acrylamide and water. The first solution was initiat-
ed by dissolving a specified amount of sodium hy-
droxide in water for 30 minutes, followed by the 
dropwise addition of TEOS. After 1 hour, TPABr 
was added, and the solution was stirred for another 
hour. The molar ratio of the components in the first 
solution was 1 TEOS : 0.4 NaOH : 0.2 TPABr : 135 
H2O. The second solution was prepared by dissolv-
ing a specific amount of polyacrylamide in a de-
fined amount of water at 60 °C. Polyacrylamide 
was used with 0.03 kg kg–1 and 0.05 kg kg–1 dry pre-
cursors (TEOS, NaOH, and TPABr) in the first 
solution. The two solutions were then combined 
and stirred for 1 hour. The final mixture was trans-
ferred to a PTFE (polytetrafluoroethylene, Teflon) 
container and placed in an autoclave at 170 °C for 
24 h. After hydrothermal treatment, the resulting 
powder was washed and dried at 110 °C for 4 h in 
an oven. The powders were then calcined at 550 °C 
for 4 h in an electric furnace to remove the primary 
and secondary templates. In this study, two zeolite 
powder samples were synthesized, designated as 
P1-TP-170-PAM-3 and P2-TP-170-PAM-5, con-
taining 0.03 and 0.05 kg of PAM per kg of dry pre-
cursors (TEOS, NaOH and TPABr), respectively.

Synthesis of the mesoporous MFI zeolite 
membrane

The synthesis solution for the mesoporous MFI 
zeolite membrane was prepared following the same 
method as described for the powder synthesis. After 
preparation, a metal rod wrapped with Teflon tape 
was placed inside the tubular α-alumina support. 
The support was sealed on both sides of the rod 
with Teflon tape to prevent the synthesis solution 
from penetrating the support, thereby promoting 
crystal growth only on the external surface of the 
support. The prepared support was then placed in a 
PTFE holder, into which the synthesis solution was 
poured. The holder was placed inside an oven at 
170 °C for 24 h. The synthesized membranes were 
washed with deionized water until the pH of the 
rinse water was neutral. Finally, the obtained mem-
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branes were calcined in an electrical furnace at  
550 °C for 4 h to remove the templates and com-
plete the crystallization of the zeolite layer.

Characterization

X-ray diffraction (XRD) analysis was used to 
determine the crystalline structure of the synthe-
sized samples. XRD patterns were obtained using a 
Philips PW1730 X-ray diffractometer under the fol-
lowing conditions: CuKα1 radiation with a wave-
length (λ) of 1.5406 Å, 40 kV, 30 mA, and scanning 
at 2θ = 10–40° at a rate of 0.05° s–1. BET-BJH 
(Brunauer-Emmett-Teller/Barrett-Joyner-Halenda) 
analysis was performed with a Micromeritics, 
Asap2020 apparatus, USA, to measure the physical 
properties (surface area, volume, and pore size dis-
tribution) of the synthesized powders. DTG-TGA 
analysis was conducted using a Mettler Toledo in-
strument (TGA/SDTA 851 e, Switzerland) over a 
temperature range of 0 °C to 700 °C with a heating 
rate of 10 min °C–1 and N2 purge gas. TEM images 
were obtained using a Philips EM 208S electron 
microscope with an accelerating voltage of 100 kV. 
For sample preparation, 5 mg of the powder was 
dispersed in 5 mL of water using an ultrasonic 
probe with a power of 300 W and placed inside the 
set. The surface morphology and cross-sectional 
structure of the synthesized membrane were investi-
gated using a FESEM Tescan Mira3 apparatus, Cze-
chia. For sample preparation, a part of the mem-
brane was cut and broken by impact. One piece was 
used for surface analysis, while another was pre-
pared for cross-sectional analysis by smoothing the 
lower part with sandpaper. The cross-sectional sam-
ple was placed on its side to capture images. Final-
ly, the parts were coated with gold and placed in the 
set. The apparatus was equipped with an EDX de-
tector, for qualitative and quantitative analysis.

A routine method for characterizing synthe-
sized zeolite membranes involves gas permeation 
testing for pure gas. The absence of permeation flux 
through the synthesized zeolite layer confirms that 
the surface of the ceramic support is completely 
covered with zeolite crystals. For these measure-
ments, the membranes were placed in a module un-
der different pressures of pure gas, and the volumet-
ric flow rate of the gas permeating through the 
membrane was measured using a bubble flow me-
ter. The membrane permeance was subsequently 
calculated at 25 °C using the following equation 
(1): 

Water permeation test and ion separation 
performance evaluation

To calculate the flux of deionized water and 
water containing ions (Ni2+, Cr3+ and NO3

–), the 
membrane was placed inside a test module, and wa-
ter was introduced into the system. The module had 
two output streams: permeate (treated water) and 
retentate (untreated feed water). The flow rate of 
the permeate was recorded, along with the measure-
ment time (∆t). The collected data were then used to 
calculate the permeate water flow rate using equa-
tion (2) as follows: 

Flux (L m–2 h–1) = 2 · V(L)/[(p · r(m) · L(m) · Dt(h)]	(2)
where V is the volume of water (permeate stream) 
through the membrane during measurement time 
(∆t). L is the effective length of the membrane, and 
r is the radius of the membrane.

To measure the presence of heavy metal ions 
on the permeate side of the membrane, the mem-
brane’s separation performance was evaluated using 
AAS. The analysis was conducted using an 
AA220FS atomic absorption spectrometer (Varian, 
USA). Additionally, the concentration of nitrate 
ions on the permeate side of the membrane was 
measured using UV spectrophotometry at a wave-
length of 220 nm.

Results and discussion

Characterization of mesoporous  
MFI zeolite powders

The crystalline structure of the MFI zeolite was 
confirmed by comparing the XRD patterns of the 
synthesized samples with the MFI reference pattern. 
Fig. 1 presents the XRD patterns of synthesized 
samples P1-TP-170-PAM-3 and P2-TP-170-PAM-5, 
alongside the MFI reference. A comparison of the 
XRD patterns with the reference confirmed the 
crystalline structure of the MFI zeolite in both sam-
ples, showing similarities at 2θ angles of 13° to 16°, 
23° to 25°, and 30°.

Fig. 2 shows the adsorption-desorption iso-
therms and pore size distributions of the synthesized 
MFI zeolite samples (P1-TP-170-PAM-3 and  
P2-TP-170-PAM-5). The hysteresis loops observed 
in the adsorption-desorption isotherms indicate the 
mesoporous structure of the synthesized zeolite 

	 Permeance (mol Pa–1 s–1 m–2) = 11 · 10–6 · V(cm3)/[D(mm) · L(cm) · DP(bar) · Dt(s)]	 (1)

where V is the volume of gas permeating through the membrane, and D and L are the diameter and effective 
length of the membrane, respectively. ΔP is the pressure difference applied across the membrane. Δt is the 
measurement time required for a certain volume of gas to permeate.
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powders. The adsorption isotherms are type IV, and 
the hysteresis loops are type H1, indicating the 
presence of cylindrical or spherical mesopores in 
the structure. The variation in polymer percentage 
used in preparing the zeolite structure partially af-
fected the total pore volume, with P2-TP-170-
PAM-5 exhibiting slightly higher values than P1-
TP-170-PAM-3. However, the pore size distribution 
remained consistent, with most pores measuring 2 

nm in diameter. However, a significant difference 
was observed in the hysteresis regions of the nitro-
gen adsorption-desorption isotherms, especially for 
P1-TP-170-PAM-3. This suggested that increasing 
the polymer concentration in the synthesis solution 
had no positive effect on the amount of mesoporous 
structure created in the synthesized zeolite powder. 
Furthermore, a higher polymer content in the syn-
thesis solution may hinder the formation of zeolite 
structures. Table 1 presents the BET analysis data 
for samples P1-TP-170-PAM-3 and P2-TP-170-
PAM-5. The specific surface area, mesoporous sur-
face area, and mesoporous volume of P1-TP-170-
PAM-3 were slightly greater than those of 
P2-TP-170-PAM-5. The increase in mesoporous 
volume and surface area contributed to a higher 
percentage of mesoporosity in the structure of P1-
TP-170-PAM-3.

DTG-TGA was conducted to evaluate the de-
composition of the primary and secondary templates 
at various temperatures with a specific time step for 
the powder samples P1-TP-170-PAM-3 and micro-
porous MFI zeolite (containing only the primary 
template). As shown in Fig. 3, both samples initially 
exhibited a rapid decreasing trend, indicating the 
presence of moisture in the structure. Moisture is 
the only component that can be quickly removed 
from a sample at initial and low temperatures. The 
microporous MFI zeolite powder underwent a sig-

F i g .  1  – XRD patterns of the synthesized MFI zeolite sam-
ples: (a) P1-TP-170-PAM-3, (b) P2-TP-170-PAM-5, 
and MFI reference

F i g .  2  – Adsorption-desorption isotherms and pore size distributions of the synthesized MFI zeolite samples: (a, b) P1-TP-170-
PAM-3 and (c, d) P2-TP-170-PAM-5
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nificant decomposition step at approximately 430 °C, 
continuing until approximately 450 °C. However, 
P1-TP-170-PAM-3, which contained the secondary 
template, underwent a major decomposition step at 
400 °C and continued to decompose until approxi-
mately 500 °C. The initial decomposition at lower 
temperatures was due to the mesoporous structure 
within the zeolite, which allowed the rapid release 
of decomposition products (CO, CO2, NOX, NH3 

and H2O). The decomposition up to 500 °C was 
also attributed to the remaining templates (second-
ary templates) in the structure. Furthermore, the ab-
sence of weight loss in P1-TP-170-PAM-3 at higher 
temperatures, compared to the decreasing weight 
trend in the microporous MFI zeolite powder, indi-
cated a more stable structure. At high temperatures, 
zeolite structures can collapse and lose their struc-
tural water. Thus, selecting 550 °C for calcination 
of the synthesized powders and membrane was 
found to be suitable for membrane preparation.

TEM analysis was used to examine the mor-
phology and structure of P1-TP-170-PAM-3 at var-
ious magnifications and to visualize the mesopores 
of the synthesized crystals. Figs. 4a and 4b show 
the hexagonal and coffin-like (MFI zeolite struc-
ture) structures associated with P1-TP-170-PAM-3. 
These images, along with the XRD results, confirm 
the MFI structure in the synthesized sample. Figs. 
4c and 4d show the mesoporous structure of the cal-
cined powder, consistent with the findings from 
BET analysis, confirming the mesoporous structure 
of the synthesized zeolite powder.

Characterization of the mesoporous MFI zeolite 
membrane

Fig. 5 shows the surface and cross-sectional 
FESEM images of M-TP-170-PAM-3. Low-magni-
fication images provide information on the quality 
of the synthesized layer, while the high-magnifica-
tion images reveal the morphology and structure of 
the zeolite crystals. Image (a) shows comprehensive 
coverage of the support surface by zeolite crystals. 
As the magnification increased, as shown in images 
(b) and (c), the hexagonal and coffin-like crystal 
structures became visible in the MFI zeolite. Imag-
es (d) and (e) present cross-sectional views of the 
synthesized membrane layer, which had a thickness 
of 7–9 µm. The surface roughness of the membrane 
layer indicated uneven crystal growth. In some re-
gions of the support surface, nucleation occurred 
during synthesis, while in others, crystals under-
went nucleation and further grow, resulting in in-
creased roughness.

Fig. 6 shows the EDX-MAP analysis performed 
in conjunction with FESEM to assess the distribu-
tion of aluminum, oxygen, and silicon atoms in the 
synthesized membrane (M-TP-170-PAM-3). This 
analysis helped distinguish between the synthesized 

Ta b l e  1 	– 	Structural properties of the MFI zeolite samples: P1-TP-170-PAM-3 and P2-TP-170-PAM-5

Membrane
SBET

(m2 g–1)
SMeso

(m2 g–1)
VTotal 

(cm3 g–1)
VMeso

(cm3 g–1)
VMicro

(cm3 g–1)
Meso (%)

P1-TP-170-PAM-3 328.200 298.856 0.182 0.165 0.017 90.8

P2-TP-170-PAM-5 326.916 292.881 0.184 0.164 0.020 89.2

F i g .  3  – DTG-TGA analysis of powder samples P1-TP-170-
PAM-3 and microporous MFI zeolite



202	 R. Shahbaz and M. J. Vaezi, Pore Engineering of MFI Zeolite Membranes, Chem. Biochem. Eng. Q., 38 (3) 197–206 (2024)

F i g .  4 	–	 TEM images of sample P1-TP-170-PAM-3 at various magnifications

F i g .  5 	–	 FESEM images of the surface (a, b, c) and cross-sectional surface (d, e) of the synthesized  
M-TP-170-PAM-3 membrane

4 mm

50 nm

4 mm

50 nm

d)
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membrane layer and its support. The presence of 
silicon atoms in the zeolite membrane layer was 
high, while aluminum atoms were more prevalent 
in the support. This was due to the formation of a 
silica-rich structure in the MFI zeolite layer and an 
aluminum-rich structure in the α-alumina support. 
Consequently, the density of silicon atoms de-
creased from the top (zeolite layer) to the bottom 
(α-alumina support), while the density of aluminum 
atoms increased.

Separation performance of the mesoporous MFI 
zeolite membrane

The separation performance of the synthesized 
mesoporous zeolite MFI membrane (M-TP-170-
PAM-3) was evaluated using a water permeation 
test, along with the rejection of heavy metals and 
nitrate ions. Various factors influence the water per-
meation rate through the zeolite membrane, such as 
pressure and total dissolved solids (TDS). To inves-
tigate water permeation, two types of water feed 
were applied to the membrane module (deionized 
water with TDS = 1 µA A–1, and natural water con-
taining 145 µA A–1 nitrates ions with TDS = 1000 
µA A–1). Due to the low flux at lower pressures for 

the natural water, feed pressures of 6 and 8 bar were 
selected. Water permeation through the α-alumina 
substrate was also examined to determine the resis-
tance created by the synthesis of the zeolite mem-
brane layer. The results are presented in Table 2. 
The results of water permeation with TDS = 1 µA A–1 
through the synthesized membrane and the α-alu
mina substrate indicate that the mass transfer resis-
tance increased when the zeolite MFI layer was 
synthesized on the substrate, leading to a reduction 
in pore size. A water permeation test with a high 
TDS (TDS = 1000 µA A–1) revealed that the perme-
ation rate for water containing solids and various 
ions was higher than that for water with a low TDS. 
The presence of different ions in natural water can 
enhance the wettability of the zeolite membrane 
surface by affecting the density of polar hydroxyl 
groups and the physical and chemical properties of 
pore surfaces. This explains the higher flux ob-
served with the natural water feed; increasing the 
surface hydrophilicity of zeolite membranes in-
creases their water permeation rate21. The water per-
meation rates reported in Table 2 were measured 
after 2 h, and the details of the water permeation 
rate over time are shown in Fig. 7. As the feed pres-

F i g .  6  – EDX-MAP analysis of the cross-sectional surface of the mesoporous zeolite membrane  
M-TP-170-PAM-3
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sure or driving force increased, the interaction be-
tween molecules and the membrane surface intensi-
fied, leading to a higher water permeation rate. 
Furthermore, increased pressure contributed to 
greater membrane fouling. The reduction in water 
permeation at 8 and 6 bar was approximately 5.5  
L m–2 h–1 and 3 L m–2 h–1, respectively. The greater 
reduction at 8 bar can be attributed to the blockage 

of small pores by solids in the water under higher 
applied force. At low feed pressures, solids are un-
able to enter small pores, allowing only water mol-
ecules to permeate through them. However, as pres-
sure increases, small solids can enter and block the 
pores.

Aqueous solutions containing nickel, chromi-
um, and nitrate ions were used to evaluate the per-
formance of the synthesized membrane (M-TP-170-
PAM-3) in separating these ions from water. The 
nitrate solution consisted of natural water contain-
ing 145 µA A–1 nitrate ions with TDS = 1000 µA A–1. 
Nickel and chromium solutions were prepared by 
dissolving appropriate amounts of Ni(NO3)2 and 
Cr(NO3)3 in water, with the water used in these 
preparations having a TDS level of 1 µA A–1. Sam-
pling was conducted after 30 min of flow through 
the membrane. The different ion rejection rates of 
the synthesized membrane are shown in Fig. 8. The 
order of the hydrated radius of the tested ions was 
Ni2+ > Cr3+ > NO3

–. Due to the smaller hydrated ra-
dius of nitrate ions, they exhibited lower rejection 
by the membrane. Chromium ions, with a slightly 
smaller hydrated radius than nickel ions, also 
showed lower rejection compared to nickel ions. 
The rejection rate was 99 % for nickel ions and 93 % 
for chromium ions at different pressures. In con-
trast, the rejection rate for nitrate ions was 34 % 
under the highest pressure conditions. Increasing 
the pressure did not significantly affect the mem-
brane’s rejection of nickel or chromium ions, as 
their large hydrated radii prevented their entrance 
into the membrane pores even at high pressures. 
However, the rejection of nitrate ions increased 
with higher pressure, likely due to increased fouling 
of the membrane pores by impurities present in the 
natural water feed with TDS = 1000 µA A–1 (Natu-

Ta b l e  2 	– 	Water permeation through the synthesized mem-
brane (M-TP-170-PAM-3) and α-alumina support 
at different pressures

Sample Water  
(TDS = 1 µA A–1)

Water containing 
nitrates  

(TDS = 1000 µA A–1)

Pressure 6 8 6 8

M-TP-170-PAM-3  
(L m–2 h–1) 10 15 12.5 22.44

Support (L m–2 h–1) 608 717 – –

F i g .  7  – Permeation of natural water containing nitrate ions 
(145 µA A–1) through the synthesized membrane 
(M-TP-170-PAM-3) at 6 and 8 bar pressures

F i g .  8  – Rejection of nitrate ions and heavy metal ions (nickel and chromi-
um) in an aqueous solution by the membrane (M-TP-170-PAM-3) at 
pressures 6 and 8 bar
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ral-source water has a variety of naturally occurring 
substances, including metals, minerals, nutrients, 
organic matter and microorganisms). As a result, 
water permeation through the membrane decreased 
with rising pressure, leading to increased ion rejec-
tion.

Conclusion

The use of polyacrylamide as a soft secondary 
template in the synthesis of MFI zeolite is an easy 
method for creating a mesoporous structure within 
MFI zeolite. However, a higher polymer content 
does not enhance pore size and may actually hinder 
the formation of zeolite structures. On the other 
hand, incorporating a small amount of polyacryl-
amide (0.03 kg kg–1 dry precursors) into the MFI 
zeolite synthesis solution can generate a high meso-
pore content (90 %) within the MFI zeolite. This 
method resulted in the synthesis of a mesoporous 
MFI zeolite membrane with high water flux (22  
L m–2 h–1) and excellent rejection of heavy metal 
ions (99 % nickel and 93 % chromium) from water. 
Water permeation analysis indicated that an increase 
in total dissolved solids (TDS) in water had a posi-
tive effect on increasing water permeability (by  
50  %). Additionally, increasing the feed pressure 
led to increased water flux, membrane fouling, and 
ion rejection by the membrane.
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