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ABSTRACT

Polyethersulfone (PES) ultrafiltration membrane incorporating NaX zeolite crystals as an ion
exchange material was prepared and examined for lead ions (Pb(II)) removal from aqueous solu-
tions. A powder NaX zeolite was synthesized by a hydrothermal technique and characterized
using X-ray diffraction (XRD), scanning electron microscope (SEM), energy-dispersive analysis
by X-ray (EDAX), and Fourier transforms infrared spectroscopy (FTIR). Then, it was ground and
added to a casting solution of 20%wt. PES in dimethylformamide (DMF). Mixed matrix membranes
(MMM'’s) of NaX zeolite/PES were fabricated using the phase inversion method. The prepared mem-
branes were characterized in terms of permeability, contact angle, porosity, thickness, and surface
morphology using SEM, Atomic force microscopy (AFM), EDAX, and FTIR. The effect of initial
metal solution pH (2-7), initial metal ion concentration (50—200 ppm), and initial feed temperature
(25°C, 36°C, and 46°C) on the treatment efficiency and permeate flux was investigated at trans-
membrane pressure (TMP) of 1.6 bar. The results showed that the permeation flux of the prepared
membranes was higher than the base membrane due to enhancing the membrane’s properties such
as hydrophilicity by adding NaX zeolite. The highest removal percentage of Pb(II) ions (97%) was
obtained at pH solution of 6, temperature solution of 25°C, TMP of 1.6 bar, and initial Pb(II) ions
concentration of 50 ppm using M3. It was found that M3 has a much higher adsorption capacity than
the other prepared membranes.

Keywords: Mixed matrix membranes; NaX zeolite; Lead ions; Ultrafiltration; Ion exchange;
Adsorption capacity

1. Introduction

Heavy metals are released into the environment due
to human activities and natural phenomena [1]. Municipal
and industrial wastewaters, that are released from mining
operations, metal plating facilities, electroplating, battery
manufacture, electronic device manufactures, fertilizer,
chemical pharmaceutical, dyestuffs, and other industries,
are mostly the potential sources of heavy metal ions [2,3].

* Corresponding author.

Heavy metals have lethal and toxic effects on the public
health and environment when their concentrations exceed
the allowable levels in the discharges to the water sink
[4,5]. The dangers of the presence of heavy metal ions in
the water even at very low concentrations arise from their
characteristics. Heavy metals are highly soluble, non-
biodegradable, able to transfer to the human and animal
bodies through food chains which cause various diseases
and disorders [6,7].
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Lead is a highly toxic heavy metal and it is danger-
ous to human health because it causes anemia, permanent
brain damage, kidney dysfunction, and different symp-
toms related to the nervous system [8] Therefore, the world
health organization limits the concentration of lead in
water to just below 0.01 mg/L [9]. Treatment of industrial
wastewaters from toxic metals before discharging into eco-
systems does not find appropriate attention in developing
countries despite these contaminants’ hazards. In recent
years, many efforts have been made to remove toxic metals
from industrial wastewater due to new regulations imposed
regarding environmental protection [10]. Different treat-
ment methods have been studied to remove heavy metal
ions such as coagulation—precipitation, flotation, floccula-
tion, electroflotation, solvent, evaporation, extraction, mem-
brane separation, ion exchange and adsorption [11-13].
Some of these methods are cost-effective and efficient for
the processes encompassing low concentrations of pollut-
ants such as adsorption [14,15] and ion exchange [16,17].
However, the most obvious drawbacks accompanied with
applying the others are that low capacity, deficiency of
selectivity, high initial installation cost, operation or regen-
eration difficulty, problems of slag disposal and extra
chemical injection [18,19]. Membrane processes including
reverse osmosis (RO), nanofiltration (NF), ultrafiltration
(UF) and microfiltration (MF) have appeared as potential
treatment processes and have been considered promising
technologies for removing pollutants from water [18,20].

Applying the membrane techniques for the environ-
mental protection sector provides several advantages such
as eliminating the necessity of adding chemical materials,
reducing the energy consumption, continuous separation
mode, separation at moderate environment conditions,
working in hybrid processes (easily connected to other unit
processes) and working as a modular system (possibility of
increasing the capacity) [21]. The water production rate and
heavy metal removal efficiency depend on some main fac-
tors that significantly influence the overall performance of
membranes. These features determine the potential appli-
cation of membranes in aqueous media such as surface
charge, pore size, pore size distribution, degree of mem-
brane hydrophilicity, presence of functional groups that
assist the separation process and solution flow [22].

Polyethersulfone (PES) membrane is one of the most
common ultrafiltration membranes used in water treat-
ment, can remove prevalent and harmful water compo-
nents, such as viruses, proteins, pathogens, and colloids
but it is less able to remove heavy metal ions [23]. When
inorganic additives such as zeolite, Fe-Mn binary oxide
(FMBO), metal organic framework (MOF), and graphene
oxide (GO) are incorporated into the polymeric matrix, a
new type of membrane named mixed matrix membranes
(MMM’s) is formed. MMM'’s have a high ability to heavy
metals removal because of the beneficial property of the
synergistic effects offered by the inorganic particles, highly
selective and high surface area [24,25]. A significant benefit
in the usage of zeolite as an ion-exchange material because
zeolite contains cations (sodium, potassium, or calcium).
These cations are exchangeable with other positive cat-
ions in solutions such as lead, cadmium, zinc, and man-
ganese [26]. Zeolites are known as important microporous

materials composed of [SiO,]* and [AIO,]> tetrahedra to
form an open system of channels and pores. This porous
system contains easily exchangeable cations and zeolitic
water which is important to conduct the separation pro-
cess by adsorption or ion exchange and different catalysis
processes [27,28]. In addition, zeolite has a hydrophilic
property that enhances the permeation flux of MMM'’s.

In this study, PES membranes were modified by incor-
porating NaX zeolite to form an effective MMM. The per-
formance of the prepared membranes will be examined
at different initial metal ions concentrations, solution pH
and temperature.

2. Experimental
2.1. Materials

The commercial PES polymer with a molecular weight
of 58,000 g/mol as a membrane material supplied by
Ultrason E 6020P and dimethylformamide (DMF) with a
molecular weight of 73.10 g/mol as an organic solvent sup-
plied by scharlab (Spain/European Union) were used for
the preparation of the PES UF membranes. Sodium silicate
(32-33%wt. SiO,) purchased from Lab. UAE Company,
sodium aluminate (55-56%wt. Al,O,) supplied by Riedel-
deHaen and sodium hydroxide (97%wt.) supplied by
Fisher scientific were used for preparing NaX zeolite. Lead
nitrate (99%wt.) supplied by Thomas Baker was utilized
to prepare metal aqueous solutions. Hydrochloric acid
(36%) supplied by the BDH laboratory was used to study
the effect of pH of metal ions solutions.

2.2. Synthesis of NaX zeolite

NaX zeolite was prepared via the hydrothermal method,
according to the method presented by [29,30], in which,
aluminosilicate gel was made by mixing sodium alumi-
nate with sodium silicate in an alkaline medium solu-
tion made of NaOH. The zeolite formula chosen to obtain
amorphous aluminosilicate gel was: 3.9 Na,0:ALO,:3
§i0,:156 H,0 [29]. The prepared aluminosilicate gel was
continually stirred at room temperature for 24 h. Then,
the reaction gel was put in a sealed crystallization reactor
and heated at 100°C for 6 h in an oven. The product was
washed with de-ionized water until the pH value reached
just above 8 and overnight dried at 70°C. The resultant pow-
der zeolite was then ground by a ball mill to have it in the
nanoscale.

2.3. Preparation of PES ultrafiltration membrane

PES-based membrane (M0) was prepared by the phase
inversion method per the steps mentioned in [31]. 20%wt.
PES polymer was dissolved in 80%wt. of DMF with contin-
uous stirring at 200 rpm until the solution became homo-
geneous. The solution was then left for a while to allow
the complete release of air bubbles. After that, the solution
was cast on a clean glass plate using a casting knife. The
glass plate was immediately immersed in a coagulation
bath of water at 25°C. The formed membranes were stored
in deionized water for 4 d for complete removal of the
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residual solvent. Then the PES membranes were dried at
room temperature for about 24 h.

2.4. Preparation of zeolite/ PES matrix membrane

The composition of the casting solution of all prepared
membranes is shown in Table 1.

Initially, a certain amount of NaX zeolite was dis-
persed in the DMF solvent and stirred at 200 rpm for 1 h
at room temperature. Then, the PES polymer was added to
the solution with continuous stirring at 300 rpm until the
solution became homogeneous. The solution was left for
a while to allow the complete release of air bubbles then
the solution was cast on a clean glass plate using a cast-
ing knife. The glass plate was immediately immersed in a
coagulation bath of water. The synthesized MMM’s were
stored in de-ionized water for 4 d for complete removal of
the residual solvent. The MMM’s were dried at room tem-
perature for about 24 h. Fig. 1 summarizes the preparation
procedure followed in this research study.

2.5. Characterization of zeolite and membranes

XRD analysis was performed for the synthesized NaX
zeolite using the Philips instrument (X’'pert diffractome-
ter) to check the phase. The N, adsorption/desorption iso-
therms were performed to determine the surface area of
the zeolite using the BET method. SEM images showing
the morphology and EDAX analysis providing the chem-
ical composition of both NaX zeolite and membranes were
carried out using the Hitachi SU500 model device. FTIR

surface. This test reflects the wettability nature of the
membrane. The average of three measurements at ran-
domly chosen locations was taken for each sample to
reduce the experimental error. The membrane porosity
was determined through a gravimetric method reported
by [31]. Briefly, the dried membranes were weighed and
immersed in distilled water at room temperature for 24 h.
After that, the membranes were wiped with tissue papers
to remove the excess water from the surface and then
weighed again [32]. The porosity of the membrane was
calculated using Eq. (1) [33]:

o) 1
“(AxTxp) @

where w, and w, are the mass of the wet membrane and dry
membrane (g), respectively. A is the area of a membrane
(cm?), T is the thickness of a membrane (cm), and p is the
density of the water (g/cm?®). The membrane thickness was
measured using a modern scan microscope device (model
Waco/VSM). Finally, AFM was used to determine the pore
size and pore size distribution of the membranes. AFM

Table 1
The composition of the polymeric solutions made to prepare flat
sheet MMM'’s (PES of 20%wt.)

Membrane sample code Zeolite (wt.%) DMF (wt.%)

MO 0 80
test was conducted to detect the functional groups of NaX

. . M1 0.3 79.7
zeolite and the prepared membranes using the ALPHA, M2 0. 0.4

3000IR microscope model device. ‘ ‘
Contact angle measurement was performed by drop- M3 0.9 79.1
ping deionized water carefully on the top of the membrane =~ M4 1.2 78.8

tt' ° ﬁ % .".. '.- < ".’:' ': Casting solution
DMF NaX zeolite PES
@ Glass plate
Nan-solvent (water) Organic solvent
l I Pores
Polymer matrix —— « Membrane matrix ' 7
NaX zeolite

Fig. 1. Schematic of the preparation of zeolite/PES matrix membranes via phase inversion method.
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was carried out using the fast scan microscope (Angstrom
Advanced Inc., (USA), model AA3000). The pH drift method
was used to measure the point of zero charge (pH, ) of
the membrane [34] in which, pieces of membrane film
were soaked in the NaCl solution with pH ranging from
3 to 12. A piece of membrane film (2 x 2 cm?) was added
to 20 mL of 0.1 M NaCl solution. Then, the final pH of the
solutions was measured after 24 h. Then, the difference
between the final pH and initial pH was plotted against the
initial pH to obtain the value of pH, .

2.6. Removal of metal ions

The performance of the prepared MMM’s was mea-
sured by a cross-flow system in which the feed stream
flowed tangentially to the membrane surface as shown in
Fig. 2. The effective area of each used flat sheet membrane
was 16.24 cm? The filtration experiments were conducted
at 25°C and TMP of 1.6 bar. Pure water permeability was
obtained by measuring the permeate volume of distilled
water passing through a membrane after 90 min. The
membrane performance was also tested using an aque-
ous solution with a feed concentration of 50 ppm of Pb(II)
ions. The permeate flux, J, (L/m? h or LMH) is calculated
using Eq. (2) and the metal ions rejection (%R) is calculated
using Eq. (3) [35,36].

(4
]_Axt )
%R:(l—ii]xlo 3)

where v is the permeate volume (L), A is the effective mem-
brane area (m?), t is the operation time (min), C, is the metal
ions concentration in the permeate solution, and C, is the
metal ions concentration in the feed solution. The values
of C, and C, were obtained from measuring the metal ions

H.N. Alfalahy, S.M. Al-Jubouri / Desalination and Water Treatment 248 (2022) 149-162

concentration in permeate and feed solutions using the
atomic absorption spectrometry model Perkin Elmer 5000.

3. Results and discussion
3.1. Characterization of NaX zeolite

Fig. 3 shows the XRD pattern of the prepared NaX zeo-
lites which displays identical peaks to those obtained by
[29,30]. The main peaks appeared in the XRD pattern at 20
values of 5° 10°, and 24° justify obtaining pure phase NaX
zeolite. Also, the flat background of the pattern confirms
obtaining a full crystalline product.

The Si/Al ratio of the synthesized NaX zeolite obtained
by EDAX analysis was 1.2 and the sodium content was
4.43%wt. The morphology of the synthesized NaX zeo-
lite shown by SEM images present in Fig. 4b confirms
obtaining a fully crystallized product. The average crystal
size of NaX was determined using 90 pulse particle sizing
software device and found to be 117.2 nm.

Fig. 5 shows the FTIR results of NaX zeolite. A peak
that appeared at the range of 677-954 cm™ corresponds
to bending TO,, a peak at 3,556 cm™ is assigned to the
existence of the OH group attached to Na'. A peak at
1,026 cm™ is attributed to the vibration of Si—-O-Al and
Si-O-Si tetrahedron. Fig. 6 shows the N, adsorption—
desorption isotherm of type I isotherms which indicates
obtaining a microporous structure of NaX zeolite. The
surface area and pore volume of the prepared NaX zeo-
lite was 328.3297 m?/g and 0.202460 cm®/g, respectively,
which are smaller than those obtained by [37] which can
be attributed to using different silica source.

3.2. Characterization of membranes
3.2.1. Membrane morphology

The morphology of the top surface and cross-sec-
tion of the prepared MMM’s is shown in Fig. 7. Fig. 7
(A0-A4) shows the membrane top surface where there

Recycle Water

Pressure
Flow meter ._5%%9 A

Feed Tank

Fig. 2. Schematic diagram of the filter equipment.
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*
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Water bath
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Fig. 3. The XRD patterns of the synthesized NaX zeolite.

Element | %wt
(o] 31.3

Na

Fig. 4. (a) Elements analysis of NaX zeolite by EDAX, (b) SEM
image of the prepared NaX zeolite (hydrothermal crystalli-
zation at 100°C for 6 h). (Scale bar = 10 um).

are crystals on the top of the PES for membranes (M1 to
M4). The layer containing zeolite crystals acts as a separa-
tion layer (upper layer), while the PES support layer acts
as a support layer (bottom layer). SEM images in Fig. 7
(B0-B4) shows the formation of large finger-like pores
across the entire sublayer with a thin upper layer. Whilst,
further increase in the zeolite concentration above 1%
for M5 led to formation of dissimilar pores and a thinner
upper layer.

The surface roughness of the prepared membranes due
to adding nanoparticles of zeolite was studied through
the AFM analysis and the results are shown in Fig. 7
(C0-C4). It can be observed that NaX zeolite affects the
roughness of the membrane as adding of zeolite particles
to the PES membrane made the membrane rougher. The
membrane roughness increased with an increase in the
concentration of the NaX zeolite particles added to the
casting solution. The roughness was 3.43 nm for MO, but
it increased gradually to 4.11, 6.62, 6.73, and 7.04 nm for
M1, M2, M3, and M4 respectively.

3.2.2. EDAX and FTIR spectra

The elemental composition of M1 was obtained from
EDAX results shown in Fig. 8a. Al, Si, Na, and O appeared
due to the presence of NaX zeolite. Also, appearing of
C, S, and O is attributed to the polymer PES forming the
MMM'’s.

The FTIR spectra displayed in Fig. 8b show the func-
tional groups of M0, M1, M2, M3, and M4 in comparison
with that of M0. FTIR spectra of MO shows several peaks
at 1,577; 1,481; 1,319 and 1,010 cm™ corresponding to the
stretching vibrations of C=C, C-H, S=O, and C-O-C in PES.
The same of these peaks appeared in the spectra of M1, M2,
M3, and M4. The presence of zeolite within the PES matrix
was indicated by the peak at 3,750 cm™ appearing in M1,
M2, M3, and M4, which is a very small peak due to using
small content of NaX zeolite. While the peaks at 710 and
1,009 cm™ refer to the symmetric and asymmetric tetrahe-
dron (TO,, where T=Al, Si) of zeolite respectively. Also, these
peaks appeared in the spectra of M1, M2, M3, and M4.

3490

100
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60 —
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2
40 -
209 1701
; 754
o ;563
451 990
(0] 560 1 OIOO

T T T T T T T T T T T T
1500 2000 2500 3000 3500 4000 4500

Wave number (cm-1)

Fig. 5. FTIR spectra of NaX zeolite.
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Fig. 6. N, adsorption/desorption isotherm.

3.2.3. Contact angle

The hydrophilicity of all prepared membranes was
evaluated by measuring the contact angle and the results
are shown in Fig. 9 and Table 2. It was observed that the
contact angle reduced with adding of NaX zeolite. The
hydrophilicity of all MMM'’s enhanced due to the hydro-
philic nature of the used additive. There is a relative
increase in the contact angle for membranes M3 and M4
due to the zeolite loading being above 0.6%wt. This can
be attributed to the aggregation of NaX zeolite and the
reduction in the effective surface of the particles, which in
turn led to an uneven distribution of NaX zeolite particles
inside the matrix membrane.

3.2.4. Thickness and porosity

The thickness of the prepared MMM'’s at various NaX
zeolite percentages is shown in Table 2. It can be observed
that the thickness of the membrane increased with increas-
ing the concentration of NaX zeolite within MMM (ie.,
increasing the solid particles in the casting solution resulted
in increasing the membrane thickness) [38]. The porosity of
the prepared membranes decreased with the increase in the
concentration of zeolite added to the casting solution. The
porosity of pure membrane M0 was 62.7% but it decreased
t0 59.2%, 54.5%, 45.5%, and 42% for M1, M2, M3, and M4,
respectively (Table 2). Adding NaX zeolite nanoparticles
to the casting solution changed the properties of the solu-
tion, resulting in a fast exchange between the solvent and
non-solvent during phase inversion. Consequently, the
porosity of the matrix membrane was higher than those
of the pure PES membrane. On the other hand, the vis-
cosity of the casting solution has a significant impact on
the morphology and structure of the prepared membranes.
Adding NaX zeolite nanoparticles to the casting solution
led to increasing in the solution viscosity causing a lower
exchange rate between the solvent and nonsolvent during
the phase inversion and delayed de-mixing. As a result,
the porosity of the membrane decreased. These results are
in agreement with [33].

3.3. Separation performance of membranes
3.3.1. Effect of zeolite percentage

The effect of NaX zeolite loading on the performance
of the prepared PES membrane and MMM’s represented
by the water permeate and rejection of Pb(II) ions were
examined using a feed solution containing 50 ppm of Pb(II)
ions at a feed temperature of 25°C and TMP of 1.6 bar. The
results are shown in Fig. 10. The permeability increased
with adding NaX zeolite up to 0.6%wt. and then declined
with further adding of NaX zeolite. Fig. 10a shows that
the permeate flux of MO was 5.54 LMH; and it was 289.4,
487.68, 88.05, and 123.15 LMH for M1, M2, M3, and M4,
respectively. This behavior can be explained as that add-
ing NaX zeolite improved the hydrophilicity of the pre-
pared MMM’s. Fig. 10b shows that the rejection of Pb(II)
ions was 29% for MO while it was 46% and 45.2% for M1
and M2, respectively. The highest rejection of Pb(II) ions
was obtained by M3 where it was 97%, and then it gradu-
ally reduced to 57.4% by M4. The high effectiveness of the
M3 was perhaps attributed to the uniform distribution of
NaX zeolite enhancing the permeability of the membrane
and providing active sites for capturing Pb(II) ions.

Table 3 shows a comparison between the prepared mem-
brane M3 with the other reported in the literature for the
removal of Pb(Il) ions. This comparison was made with
the recently published data found in the literature based
on the permeate flux and %Rejection of the MMM’s. It can
be noticed that the performance of M3 prepared in the cur-
rent work showed excellent Pb(II) removal efficiency and
acceptable permeate flux in comparison with most of the
MMM’s in the literature.

3.3.2. Effect of pH solution

Fig. 11a shows the effects of the feed pH on the permeate
flux and the Pb(II) ions rejection using M3 at feed tempera-
ture of 25°C, TMP of 1.6 bar, and feed solution of Pb(II) ions
of 50 ppm. It can be observed that the permeate flux was 88,
59, and 14 LMH when feed pH was 6, 4 and 2, respectively.
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M4 M4 M4

Fig. 7. (A0-A4) SEM images for the top surface, (B0-B4) SEM images for the cross section, and (C0-C4) AFM for the top surface
of the prepared membranes.
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Fig. 9. The contact angle of the prepared membranes.
Table 2
Characterization of the thickness and porosity of the membranes
Membrane Concentration of NaX zeolite Contact Thickness Porosity (%)
within a membrane (wt.%) angle (°) (nm)
MO 0 65 157.4 62.7
M1 0.3 52 187.9 59.2
M2 0.6 50 198.1 54.5
M3 0.9 63 203.2 455
M4 1.2 62 279.4 42

This can be interpreted as the decrease in pH due to add-
ing of hydrochloric acid to the solution led to changes in
the viscosity of the solution and an increase in the osmotic
pressure which reduced the flux. The highest flux of 88 LMH
was achieved at a pH of 6. This behavior is in agreement with
[48]. Fig. 11b shows increasing the %rejection of Pb(II) ions with
rising the pH of the solution from 2 to 6 to achieve the highest
rejection of 97%, then it reduced to about 88% at pH of 7.

This behavior of M3 at different pH media can be
explained by measuring the pH__ (Fig. 12). The results
present in this figure shows that the pH,_ was just below
7.1. Therefore at pH between 3 and 7.1, the PES membrane
has a positive-charged surface and this positive charge
reached the maximum at pH equals 6. This high positive
charge induced the repulsion between the membrane sur-
face and the metal cations and thus, high rejection was
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50 ppm, and TMP of 1.6 bar.

obtained when Pb(Il) ions present in a solution with a pH
of 6. However, Fig. 12 shows that the membrane surface
tends to be negative at a pH of 2 which explains the low
rejection of Pb(Il) ions by M3. Also, the membrane sur-
face tends to be less positive-charged during rising the pH
from 6 to 7, negative-charged at pH above 7.1. This eluci-
dates the reduced %Rejection of Pb(II) ions (about 85%) by
M3 during treating a solution of Pb(Il) ions at a pH of 7.
It was observed that the metal solution color changed to
cloudy at a pH =7 which can be attributed to precipitation
of the metal hydroxide which participated in the removal
of metal ions. The results of this study agreed with those
obtained by [49] which involve investigating the removal

of Pb(Il) ions and Cd(II) ions from a single salt using a PES
hollow fiber membrane at different pH. Fig. 11b shows
decreasing the rejection of Pb(II) ions with decreasing the
pH of the solution from 6 to 2 which is attributed to the
above-mentioned reasons.

3.3.3. Effect of initial Pb(II) ions concentrations

Fig. 13a illustrates the effect of changing the Pb(II)
ions concentrations from 50 to 200 ppm on the permeate
flux of M3 membrane at a feed temperature of 25°C, pH
of 6, and TMP of 1.6 bar. The results show that the perme-
ate flux decreased from 88 to 74.9 LMH as the initial Pb(II)
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Fig. 13. Effect of feed concentration of Pb(II) ions on (a) the permeate flux and (b) %Rejection of Pb(Il) ions for M3 at pH of 6,

and TMP of 1.6 bar.

ions concentration increased from 50 to 100 ppm. Further
decline in the permeate flux occurred when the initial
Pb(II) ions concentration increased to 150 and 200 ppm.
These results can be explained as increasing the reten-
tion of Pb(Il) ions on the membrane surface can decrease
the effective pore size. Moreover, increasing the concen-
tration of Pb(II) ions would generate a cake layer on the
membrane surface and reduce the permeability of the
prepared membrane. These results well agreed with those
obtained by [31,50]. The effect of changing the initial Pb(II)
ions concentration on the rejection by M3 is shown in Fig.
13b. The rejection of Pb(II) ions decreased as the Pb(II)
ions concentration increased. Where the rejection of Pb(II)
ions reduced as 50%, 43.4%, and 42.8% at a feed concentra-
tion of 100, 150, and 200 ppm, respectively.

3.3.4. Effect of feed temperature

Fig. 14 shows the permeate flux and rejection of Pb(II)
ions using M3 as a function of temperature for the feed
solution containing 50 ppm of Pb(Il) ions and at TMP of
1.6 bar. The results show that the permeate flux increased
for high feed solution temperature. The permeate flux
increased as 88, 142, and 283 LMH when the feed solu-
tion temperature was 25°C, 36°C, and 46°C, respectively.
Whilst, the rejection of Pb(II) ions decreased as feed
temperature increased. The rejection of Pb(II) ions was
50.8% and 49.6% when the temperature of the feed solu-
tion was 36°C and 46°C, respectively. These results could
perhaps be because of changing the surface structure
of the membrane in terms of the average pore size with
increasing the feed temperature which leads to reducing
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Fig. 15. The adsorption of Pb(II) ions by the prepared membranes
at pH of 6, and initial concentration of Pb(II) of 50 ppm.

the viscosity of the feed solution, increasing the perme-
ability and the ions diffusion coefficient. These results
agreed with those obtained by [51,52].

3.4. Studying the adsorption capacity of the zeolite embedded in
PES membranes

The adsorption capacity of the zeolite embedded in
PES membranes used for Pb(I) ions removal was exam-
ined at equilibrium time, feed temperature of 25°C, TMP
of 1.6 bar, and Pb(Il) ions concentration of 50 ppm. The
adsorption capacity results were calculated using Eq. (4) [37].

[
qe—(CO_CE)X; (4)

where g, is the adsorption capacity of zeolite content at
equilibrium (mg/g), V is the solution volume (L), W is the
weight of dry membrane (g), C, and C, are the concen-
trations of lead(II) ions at t = 0 (min) and ¢ = equilibrium
time (min), respectively.

Fig. 15 shows that M3 has a higher adsorption capac-
ity for Pb(Il) ions than other membranes. The adsorption
capacity of the zeolite in M3 membrane for Pb(Il) ions
was 3,637.5 mg/g. As early mentioned, the high effective-
ness of the membrane M3 was perhaps attributed to the
uniform distribution of NaX zeolite enhancing the per-
meability of the membrane and providing active sites for
capturing Pb(II) ions (Fig. 16). Moreover, the negative
charge density produced by NaX zeolite provides stron-
ger electrostatic attraction between the membrane sur-
face and Pb(Il) ions and partly contributes to the removal
rate [24].

4. Conclusions

In conclusion, NaX zeolite powder was successfully
synthesized by the hydrothermal method. NaX zeolite was
incorporated with different percentages in the PES mem-
brane to enhance the performance of the ultrafiltration sep-
aration system for Pb(II) ions in the aqueous solution. The
flat sheet MMM zeolite/PES was prepared by the phase
inversion technique. The membrane became denser and
the pore volume reduced with increasing the zeolite load-
ing just above 0.6 wt%. Water permeation increased after
adding NaX zeolite to the casting solution for all prepared
MMM’s due to the hydrophilic property of NaX zeolite.
The highest rejection of Pb(lI) ions obtained was 97% at
feed temperature of 25°C, TMP of 1.6 bar, and initial Pb(II)
concentration of 50 ppm using a membrane containing
0.9%wt. zeolite.

@
v = / o si —
Matrix Matrix
- i membrane - membrane
o
.
Before adsorption |—1) After adsorption

@ ro

@ Na*t

Fig. 16. Schematic of mechanism for adsorption Pb(II) ions onto membrane surface.
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