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Removal of trivalent metal ions from aqueous solution via
cross-ﬂow ultraﬁltration system using zeolite membranes
Ashim Kumar Basumatary, R. Vinoth Kumar, Kannan Pakshirajan
and G. Pugazhenthi

ABSTRACT
This study aimed to assess the performance of three zeolite membranes in the removal of trivalent metal
ions from aqueous solution using a cross-ﬂow mode of operation. Three types of zeolite membrane,
MCM-41, MCM-48 and FAU, were prepared on a low-cost, circular ceramic support by hydrothermal
treatment. The three zeolite membranes were characterized by using X-ray diffraction (XRD), ﬁeld
emission scanning electron microscopy (FESEM) and contact angle measurements. The XRD results
conﬁrmed the formation of zeolites. The deposition of zeolite on the ceramic support and hydrophilicity
of zeolite membranes were monitored by FESEM and contact angle measurement, respectively. The
pore size of the MCM-41, MCM-48 and FAU membrane was found to be 0.173 μm, 0.142 μm, and
0.153 μm, respectively, which was lower than that of the support (1.0 μm). The fabricated zeolite
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membranes were used to investigate the separation behavior of trivalent metal ions (Al3þ and Fe3þ) from
aqueous solution at various applied pressures. It was observed that an increase of applied pressure leads
to a slight decrease in the removal efﬁciency. Among the various zeolite membranes, the FAU membrane
showed the maximum rejection of 88% and 83% for Fe3þ and Al3þ separation, respectively.
Key words

| membrane separations, pollutants, separation, water treatment, zeolites

INTRODUCTION
Metal ions in wastewater are a serious environmental concern

standards of environmental regulations should be implemented.

owing to their high toxicity and tendency to accumulate in

Therefore, the treatment of wastewater for the removal of con-

living organisms (Mohammad et al. ). These metals are

taminants becomes an important and challenging task.

non-biodegradable in the environment; therefore, environ-

Conventional techniques for the removal of efﬂuent

mental regulations are designed to reduce the level of

coming from various sources of streams are liquid–liquid

concentration in wastewater to the safe limit speciﬁed by legis-

extraction, precipitation, adsorption and ion exchange

lation. Sources of contamination in wastewater include

(Kumar et al. a, b). These methods are time consum-

printing, tanning, electroplating, dying and textile industries,

ing, laborious, expensive and cannot reduce the pollutants

steel working and ﬁnishing industries, battery manufacturing

to the limit framed by legislation. In addition, reverse osmo-

units, chlorinating agents in metallurgical and organic synthesis,

sis, electrodialysis, and nanoﬁltration have been used for

and catalysts (Gherasim et al. ). When wastewater from var-

wastewater treatment (Gherasim et al. ). However,

ious industrial activities is discharged into the environment, the

these processes are expensive and have limitations due to
high pressure requirements. Therefore, it is necessary to

This is an Open Access article distributed under the terms of the Creative
Commons Attribution Licence (CC BY 4.0), which permits copying,

explore an alternative, cheaper, efﬁcient and non-polluting

adaptation and redistribution, provided the original work is properly cited

separation technique. Charged ultraﬁltration membranes

(http://creativecommons.org/licenses/by/4.0/).

are gaining popularity in wastewater treatment due to their
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capability for electrostatic interactions between a charged

on low-cost support material and their performance in the

membrane and metal ions, even when wide pore mem-

separation of Al3þ and Fe3þ from aqueous solution.

branes are used (Arunkumar & Etzel ).
Membrane technologies are promising methods for the separation of heavy metals from aqueous solutions (Frares et al.

MATERIALS AND METHODS

). Moreover, membrane-based separations are more effective in terms of energy saving, higher removal efﬁciency and

Materials

stability in operation. Conversely, organic polymeric membranes showed instability at high temperature and in harsh

The raw materials used for the preparation of ceramic sup-

environments. Over the past two decades, supported inorganic

ports (quartz, feldspar, ball clay, pyrophyllite and kaolin)

zeolite membranes have been utilized in various applications

were acquired from Kanpur, India. Calcium carbonate, poly-

such as separators, sensors, reactors and electrical insulators

vinyl

because of their uniform pore structure framework and high

aluminum ﬁne powder and hydrochloric acid were pur-

thermal stability (Yu et al. ; Ahmad & Hagg ). Sand-

chased from Merck (I), Mumbai, India. Fumed silica

strom et al. () prepared an MFI zeolite membrane on an

(Aerosil 200) was procured from CDH, Laboratory Reagents,

alumina support to separate CO2 gas from synthesis gas and

Mumbai. Ferric chloride, aluminum chloride (hexahydrate),

natural gas. Wirawan et al. () fabricated a silicate-1 compo-

and NaOH were bought from Loba Chemie (Laboratory

site membrane on an α-alumina support and studied H2/CO2

Reagents & Fine Chemicals), Mumbai. All chemicals and

alcohol

(PVA),

tetraethyl

orthosilicate

(TEOS),

permeation through the membrane. Maghsoudi & Soltanieh

reagents were used directly without further puriﬁcation.

() developed a CHA zeolite membrane on α-alumina

Water was taken from the Millipore water system (ELIX-3).

disks by in situ crystallization to separate CO2 and H2S from
CH4. Iglesia et al. () synthesized an MCM-48 membrane

Preparation of zeolite membranes

on an α-alumina tube and used it for the separation of gas mixtures. In addition, it is well known that the separation of metal

Ceramic supports were fabricated using inexpensive clay

ions by ultraﬁltration and microﬁltration is not only based on

materials available in India. Details of the composition of

the pore size, but also depends on other factors such as the sur-

raw materials and preparation procedure were reported in

face charge of the membrane and electrostatic interactions

our earlier publication (Monash & Pugazhenthi ). Ball

between the membrane and charged ions (Monash et al.

clay (17.58 g), pyrophyllite (14.73 g), quartz (26.59 g), kaolin

). This means that the interaction between membrane and

(14.45 g), feldspar (5.60 g) and calcium carbonate (17.14 g)

metal ions can signiﬁcantly affect the performance of the ultra-

were mixed with 4 ml of 2 wt% of aqueous PVA in a ball

ﬁltration/microﬁltration membranes (Monash et al. ).

mill. An estimated quantity of powder mixture was pressed

Zeolites have potential for use in removing diverse materials

at 50 MPa in a hydraulic press and the raw ceramic supports

because of their properties, including high surface area, excel-

were sintered at 950 C in a mufﬂe furnace. The sintered cer-

lent thermal/hydrothermal stability, high shape-selectivity and

amic supports were polished with abrasive paper (no. C-220)

superior ion-exchange ability, which form the basis for their tra-

and the loose particles produced while sizing were removed in

ditional applications in catalysis and separation of small

an ultrasonic bath with Millipore water for 15 min. Finally, the

molecules (Ozin et al. ; Kumar et al. a, b).

dried ceramic supports were subjected to hydrothermal treat-

W

Many researchers have used α-alumina as a support

ment to deposit the MCM-41, MCM-48 and FAU zeolites

material to fabricate zeolite membranes. From an industrial

individually on the surfaces. The cost of the ceramic support

point of view, alumina is a very expensive material. More-

was evaluated to be Rs. 480/m2 ($10/m2) based on the cost

over, the majority of researchers have utilized these

of raw materials (Monash & Pugazhenthi ).

fabricated zeolite membranes for gas phase separation appli-

The MCM-41 zeolite membrane was synthesized with the

cations. The present work focuses on the preparation of

molar composition of 1TEOS:0.1CTAB:0.3NaOH:60H2O

MCM-41, MCM-48 and FAU (faujasite) zeolite membranes

according to the procedure described in our previous publication
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(Basumatary et al. ). The synthesized gel was subjected to

diffraction (XRD) analysis. The XRD proﬁle was recorded

hydrothermal reaction by placing a ceramic support in the

on a Bruker D8 Advance using CuKα (λ ¼ 1.5406 A ) radi-

W

W

bottom of a Teﬂon container autoclave reactor at 110 C for

ation operating at 40 kV and 40 mA. The XRD patterns

96 h. The MCM-48 zeolite membrane was fabricated with a gel

were taken in the 2θ range of 1–10 for the MCM-41 and

composition of 1TEOS:0.25Na2O:0.65CTAB:0.62H2O and sub-

MCM-48 powder and 1–50 for the FAU powder at a scan-

W

W

jected to hydrothermal treatment at 110 C for 72 h. After

ning speed of 0.02 s1. The structural morphology of the

treatment, the membranes and zeolite powders (MCM-41 and

ceramic support and zeolite membranes were investigated

W

by a ﬁeld emission scanning electron microscope (FESEM)

C for 24 h. The membranes and zeolite powders were calcined

using a Zeiss Sigma instrument at 3-Kev acceleration vol-

W

MCM-48) were washed with Millipore water and dried at 100
W

at 550 C for 5 h for MCM-41 and 6 h for MCM-48 at a heating
W

W

tage. Prior to FESEM analysis, the surface of the samples

rate of 1 C/min. MCM-41 and MCM-48 deposition on the cer-

was coated with gold by means of a JEOL JFC-1300 auto

amic support were done with three cycles of coating in the

ﬁne coater. The wettability surface nature of the ceramic

same manner. After the third cycle, no signiﬁcant weight incre-

support and zeolite membranes (MCM-41, MCM-48 and

ment was observed for MCM-41 and MCM-48 membranes.

FAU) were measured using a contact angle Drop Shape

The FAU zeolite membrane was fabricated with a gel

Analyzer-DSA 25 (Kruss), maintaining a ﬁxed water droplet

mixture of 70Na2O:Al2O3:20SiO2:2000H2O. The prepared

size of 4 μL and a falling rate of 0.16 mL/min. Five measure-

solution mixture and ceramic support were kept in the

ments were taken at different positions of membrane

bottom of the autoclave reactor and treated hydrothermally

surfaces and the average value was reported.

W

at 75 C for 24 h. After completion of the reaction, the membrane and FAU powder were washed with Millipore water

Pure water ﬂux

W

and dried at 110 C for 24 h.
A schematic of the cross-ﬂow ultraﬁltration setup is shown
Characterization

in Figure 1. The cross-ﬂow setup consists of a feed tank,
pressure gauge, assembled membrane module, high pressure

The phase purity and crystallinity of the MCM-41, MCM-48

peristaltic pump, rotameter (1–12 l/h) and a retentate valve

and FAU zeolite powders were conﬁrmed by X-ray

(needle valve). The membrane was ﬁxed in the membrane

Figure 1

|

Schematic of cross-ﬂow ultraﬁltration setup (V ¼ retentate valve).
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module with a perforated casing. The pure water ﬂux of the

are the concentration of trivalent metal ions in the feed and

MCM-41, MCM-48 and FAU zeolite membranes was

permeate (ppm), respectively.

measured at different applied pressures (69–345 kPa) at a
ﬁxed cross-ﬂow rate of 1.667 × 107 m3/s for 1 h. All experiments were performed at room temperature (∼25 C).

RESULTS AND DISCUSSION

Cross-ﬂow ultraﬁltration of trivalent metal ions

Characterization

W

Cross-ﬂow ﬁltration experiments were performed using the

The XRD patterns of MCM-41 zeolite are shown in

3þ

same setup depicted in Figure 1. Trivalent metal salts (Al

Figure 2(a), which illustrates the strong peak (1 0 0) and

and Fe3þ) solutions were prepared individually with a concen-

three orders of reﬂection (1 0 0), (1 1 0) and (2 1 0) at 2θ

tration of 250 ppm using Millipore water and pH 2. A typical

value of <10 . The presence of (1 0 0), (1 1 0) and (2 0 0)

cross-ﬂow ultraﬁltration run involves the measurement of

diffraction peaks in the MCM-41 powder is conﬁrmation

permeate ﬂux at time intervals of 5 min for the separation of tri-

of good crystallinity of the synthesized sample. It indicates

valent metal ions from aqueous solution for the time period of

the existence of well-resolved hexagonally arranged pore

7

3 1

W

m s ), all

geometry as well as the high structural ordering of MCM-

experiments were conducted at different applied pressures

41. The observed XRD prototype of MCM-41 matches well

1 h. With the ﬁxed cross-ﬂow rate (1.11 × 10

(69–345 kPa) to evaluate the effect of applied pressure on the

with JCPD ﬁles no. 00-049-1711 for the after-calcination

separation characteristics of all zeolite membranes. The feed

sample and ﬁle no. 00-049-1712 for the before-calcination

solution was pumped from the feed tank container into the

sample. The XRD proﬁle of MCM-48 (before and after calci-

membrane module by means of a high pressure peristaltic

nation) is shown in Figure 2(b). The position of the 2θ value

pump. To examine the inﬂuence of applied pressure, the

with two sharp diffraction peaks at 2.76 and 3.15 through

cross-ﬂow rate was made constant by controlling the retentate

corresponding planes of (2 1 1) and (2 2 0) illustrates the

valve (V) and the applied pressure was varied by adjusting the

presence of the mesoporous phase of the cubical structure

speed of the pump. In order to maintain constant concentration

of MCM-48. The intensity of the peak increases after calcina-

in the feed tank throughout the experiments, the retentate and

tion when compared to the as-synthesized sample (before

permeate streams were returned back to the feed tank.

calcination). Hence, the ordering degree of intensity is

The concentration of feed and permeate were measured

improved due to removal of the surfactant. Similar patterns

for each cross-ﬂow ultraﬁltration experiment using a conduc-

and diffractograms were also reported for MCM-48 by Wu

tivity meter (Eutech Instruments, Model: CON 2700). For

et al. () and Liu et al. (). Figure 2(c) displays the

each experimental run, the zeolite membrane was thoroughly

XRD pattern of as-synthesized FAU zeolite powder; a simi-

cleaned with Millipore water followed by ﬂushing with water

lar proﬁle was reported by Huang et al. (). The peak at

at a high pressure to regain the original water ﬂux of the mem-

a 2θ value of 12.4 speciﬁed the formation of a high degree

brane. The permeate ﬂux (J) and percent rejection (R) for the

of crystallinity of FAU zeolite.

separation of trivalent metal ions was determined as follows:

The surface morphology of the ceramic support and zeolite membranes (MCM-41, MCM-48 and FAU) are shown in

V
J¼
A × Δt

(1)

Figure 3(a)–3(d). The FESEM imaging technique is employed
to check the deposition and distribution of MCM-41,
MCM-48 and FAU zeolites on the ceramic support. The sur-

R¼1

Cp
× 100
Cf

(2)

face morphology varies with change in the composition of
precursors used for the synthesis of zeolite. The zeolite particles are uniformly distributed on the porous ceramic

3

where V is the volume of permeate (m ), A is the effective area

support, and the pores of the zeolite membranes are blocked

of the membrane (m2), Δt is the sampling time (s), Cf and Cp

to some extent when compared to the ceramic support as
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XRD patterns of (a) MCM-41 (before and after calcination), (b) MCM-48 (before and after calcination), and (c) FAU zeolite (as-synthesized) powder samples.

shown in Figure 3, and principally, the formation of the

membranes. The hydrophilicity of membranes can be

cubical FAU membrane shown in Figure 3(d).

arranged according to their contact angle order: FAU >

The contact angles for MCM-41, MCM-48 and FAU zeoW

lite membranes are 38 , 28.9

W

W

MCM-48 > MCM-41> ceramic support. More hydrophilic

and 8.4 , respectively,

membrane surfaces leads to a reduced likelihood of fouling

illustrating that the FAU membrane is more hydrophilic

and concentration polarization, resulting in enhanced per-

(Figure 4(b)–4(d)). The ceramic support has a contact

meability of the solvent in the separation process.

W

angle of 81.8 (Figure 4(a)); this higher value implies that

The porosity of MCM-41, MCM-48, FAU zeolite and the

the ceramic support is more hydrophobic than the zeolite

ceramic support are estimated to be 23, 21, 33 and 47%,
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FESEM images of (a) ceramic support, (b) MCM-41, (c) MCM-48 and (d) FAU zeolite membranes.

Figure 4

|

Contact angles of (a) support, (b) MCM-41, (c) MCM-48 and (d) FAU zeolite membranes.
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respectively, according to the method reported by Monash &

6.05 × 108 m3/m2s kPa, 4.18 × 108 m3/m2s kPa and 6.09 ×

Pugazhenthi (). It can be concluded that the deposition of

108 m3/m2s kPa, respectively. The water permeability of

zeolite materials on the ceramic support affords a reduction

the prepared zeolite membranes is 2–3 orders higher than

of porosity in the zeolite membranes. The water ﬂux across

that of other membranes reported in the literature (Shukla

the ceramic support and MCM-41, MCM-48 and FAU zeolite

& Kumar ; Workneh & Shukla ). The calculated

membranes is shown in Figure 5. As applied pressure

average pore sizes from pure water ﬂux are found to be

increases, the pure water ﬂux increases linearly and follows

1.0 μm, 0.173 μm, 0.142 μm and 0.153 μm for the ceramic sup-

Darcy’s law for all zeolite membranes. However, with the

port, MCM-41, MCM-48 and FAU zeolite membranes,

deposition of MCM-41, MCM-48 and FAU zeolite on the cer-

respectively. As stated above, the porosity, water permeability,

amic support, the pure water ﬂux is drastically reduced for all

and mean pore size of the zeolite membranes decreased,

zeolite membranes. The water permeability and mean pore

which is due to the incorporation of the zeolite layer on the

size of the membranes are computed using the Hagen–Poi-

ceramic support by hydrothermal treatment.

seuille equation with the batch ﬁltration experimental setup
(Kumar et al. a, b):

Separation of trivalent metal ions using cross-ﬂow
ultraﬁltration

J¼

εr ΔP
¼ Lh ΔP
8μτl
2

(3)

To investigate the inﬂuence of applied pressure on cross-ﬂow
ultraﬁltration, the feed concentration and pH are maintained

where J is the permeate ﬂux (μm/s), Lh is water permeability

as 250 ppm and 2, respectively. The effect of permeate ﬂux

(μm/s kPa), ΔP is the applied pressure across the membrane

with time for MCM-41, MCM-48 and FAU zeolite membranes

(kPa), μ is the viscosity of water (kPa s), l is pore length

at different applied pressures from 69 to 345 kPa and a ﬁxed

(μm), ε is the porosity of the membrane, and τ is tortuosity

cross-ﬂow rate of 1.11 × 107 m3s1 is shown in Figure 6(a)–

factor. The hydraulic permeability (Lh) is determined from

6(c). The ﬂux of zeolite membranes increases with an increase

the slope of the pure water ﬂux (J ) versus applied pressure

in the applied pressure due to enhancement of the driving

across the membrane (ΔP). The water permeability (Lh) of

force. The variation of permeate ﬂux with time is almost neg-

the ceramic support, MCM-41, MCM-48 and FAU zeolite

ligible for the entire 1 h operation as shown in Figure 6(a) for

6

membrane was calculated as 3.63 × 10

3

2

m /m s kPa,

the separation of both trivalent metal ions (Al3þ and Fe3þ).
Similar trends are also observed with MCM-48 and FAU zeolite composite membranes (Figure 6(b) and 6(c)) for Al3þ and
Fe3þ separation. The permeate ﬂux of all zeolite membranes
varies almost linearly with increasing applied pressure. This
may be explained by there being no adsorption and no signiﬁcant contribution of additional transport resistance due to
concentration polarization. On the other hand, the permeate
ﬂux of all zeolite membranes is slightly lower than the pure
water ﬂux of the corresponding membranes. This is due to
the osmotic pressure produced by retained ions, which results
in a reduction of the effective pressure across the membrane
(Al-Rashdi et al. ). The permeate ﬂux of Al3þ and Fe3þ
demonstrates a similar pattern with an increase in the applied
pressure for all zeolite membranes (MCM-41, MCM-48 and
FAU).

Figure 5

|

Pure water ﬂux as a function of applied pressure for support and zeolite
membranes.
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Variation of permeate ﬂux of Al3þ and Fe3þ with time at different applied pressures for (a) MCM-41, (b) MCM-48 and (c) FAU membranes (feed concentration ¼ 250 ppm, pH ¼ 2).

with time at different applied pressures for a ﬁxed cross-ﬂow

membrane surface (Danis & Keskinler ). The rejection

rate of 1.11 × 107 m3s1 is presented in Figure 7(a)–7(c).

also increases with increasing applied pressure for all the

For all the zeolite membranes, the rejection of trivalent

zeolite membranes. The convective transport becomes

metal ions slightly increases with the duration of the

more important than the diffusive transport at elevated

process. This is possibly due to a build up of the concen-

applied pressure, and hence the retention will increase.

tration polarization until a steady state is reached at the

Thus, the rejection of trivalent metal ions increases with
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Variation of rejection of Al3þ and Fe3þ with time at different applied pressures for (a) MCM-41, (b) MCM-48 and (c) FAU membranes (feed concentration ¼ 250 ppm, pH ¼ 2).

increasing pressure due to the dilution effect, as the higher

The surface charge of the membrane plays a signiﬁcant

transport solvent ﬂux would result in a dilution of permeate.

role in determining the rejection efﬁciency of the membrane

Therefore, the maximum rejection is obtained at elevated

with ionic solution, and it differs with pH of the solution.

pressure (Al-Rashdi et al. ).

When a charged membrane is in contact with the salt
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solution, the concentration of co-ions (ions with the same

84, 83 and 82% were achieved using FAU, MCM-48 and MCM-

charge as the membrane) close to the surface of the mem-

41 zeolite membranes at an applied pressure of 345 kPa.

brane will be lower than that in solution, and the counter-

The permeate ﬂux of trivalent metal ions showed no

ions (having the opposite charge) have a higher concentration

declining trend (i.e. no fouling of the membrane) for the

in the membrane than in the solution. On account of this con-

MCM-41, MCM-48 and FAU zeolite membranes. In a

centration difference, a potential difference is generated at the

batch ﬁltration, there is an occurrence of concentration

interface between the membrane and the solution to maintain

polarization, implying the cross-ﬂow mode of ﬁltration is

electrochemical equilibrium. By this potential (known as the

better than the batch mode. Among the membranes in this

Donnan potential), co-ions are repelled by the membrane

study, the FAU zeolite membrane was found to be better in

(Majhi et al. ). We found the isoelectric point of the

terms of ﬂux and removal efﬁciency. Besides, its preparation

MCM-41, MCM-48 and FAU zeolite membranes to be 3.9,

needs less synthesis time (24 h), a lower hydrothermal temp-

3.2 and 3.8, which was determined using zeta potential

erature (75 C), a single stage of coating and no calcination

measurement (Delsa Nano) (Wu et al. ). The zeta poten-

step, which leads to a lower manufacturing cost.

W

tial value of MCM-41, MCM-48 and FAU zeolite membrane is
þ18.36 mV, þ3.95 mV and þ4.22 mV, respectively, at
pH 2. Since the membranes are positively charged, Al3þ and

CONCLUSIONS

Fe3þ ions are repelled by the membrane. As cations and
anions cannot act independently, Cl ions are also rejected

Al3þ and Fe3þ can be effectively removed using zeolite mem-

to maintain electroneutrality. Additionally, the diffusion coef-

branes (MCM-41, MCM-48 and FAU) by a cross-ﬂow

ﬁcient of Al3þ and Fe3þ also affects the retention behavior of

ultraﬁltration mode. MCM-41, MCM-48 and FAU zeolite

3þ

metal ions (Schaep et al. ). Al

9

(5.5 × 10

2 1

m s ) has a

composite membranes do not have a tendency for fouling

higher diffusion coefﬁcient than Fe3þ (1.4 × 109 m2s1),

and cake layer formation on the surface of the membrane

3þ

for all zeolite mem-

in the removal of trivalent metal ions. The FAU zeolite mem-

branes (Jafarian et al. ; Haarberg & Keppert ).

brane displays a slightly higher rejection when compared to

Peeters et al. () pointed out that salts having a lower diffu-

the other membranes and is better than MCM-41 and MCM-

sion coefﬁcient display higher retention.

48 zeolite membranes due to the shorter synthesis time,

which results in a lower rejection of Al

In addition to charge density, the retention of trivalent

single cycle deposition and having no calcination step

metal ions also depends on the quantity of zeolite materials

required in its preparation. The maximum rejection is

deposited on the ceramic support. The amount of FAU zeolite

observed with Fe3þ separation rather than Al3þ for all the

deposition (1.26 g) on the ceramic support is more than that of

zeolite membranes. In the experiment, a permeate ﬂux

MCM-41 (0.89 g), whereas the zeta potential value of MCM-41

decline trend was not observed during the whole period of

is higher than the FAU zeolite, and both membranes have very

the ﬁltration study; hence the prepared zeolite membranes

similar isoelectric point values However, the rejection of the

can be used for a longer duration without frequent regener-

FAU zeolite composite membrane is found to be higher

ation of the membrane. Our results suggest that the zeolite

when compared to the MCM-41 membrane, and this may be

membranes (MCM-41, MCM-48 and FAU) are promising

due to the more hydrophilic nature of the FAU zeolite mem-

candidates for the separation of trivalent metal ions from

brane. Among the three zeolite membranes, the rejection of

aqueous solution based on interaction phenomena between

the FAU membrane is marginally higher as it has almost an

the charged membrane and trivalent metal ions.

equal amount of deposition to MCM-48 and its hydrophilicity
is also greater than that of the other two composite membranes. The highest rejection values of 88, 86 and 85% were
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