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Abstract

In this work, low-cost and high permeation NaA zeolite membrane was successfully prepared
on kaolinite support by in-situ crystallization using secondary growth method. The effect of
synthesis conditions including temperature and time of crystallization, and water ratio was
studied aiming to improve the quality and the performance of the membrane. The prepared
membrane was thoroughly characterized using many techniques such as X-ray diffraction,
scanning electron microscopy infrared spectroscopy, Brunauer-Emmett-Teller specific surface
area and zeta potential to investigate the layer deposition. The prepared membrane exhibits high
permeation flux of 8.49 kg m 2 h™! and separation factor of 10900 for the dehydration of 90
wt.% ethanol by pervaporation at 75 °C.
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1. Introduction

For decades, membrane-based processes have gained a great success in the separation of
compounds at molecular scale. Membrane processes present several advantages like high
energy efficiency and low maintenance process [1,2]. Two main classes of materials are used
in the manufacture of membranes including organic and inorganic materials. Particularly,
ceramic materials display more features than polymeric materials in terms of chemical, thermal
and mechanical stability [3]. Furthermore, ceramic membranes are more resistant to the fouling
compared to polymer-based membranes. However, the high cost of commercial ceramic
materials limits their use in membrane technology.

In recent years, geomaterials have been introduced in the preparation of inorganic membranes
and showed promising results especially in microfiltration (MF) [4-7] ultrafiltration (UF) [8,9].
Moreover, geomaterials offer several advantages like cost reduction and energy saving. For
instance, the cost of commercial ceramic materials can be reduced from 500-1000 $ m™ for
alumina tubular membrane to 25.5 $ m™ for clay-based membrane [10].

Among inorganic materials, zeolites are considered as promising materials that are used in the
preparation of membranes and own unique properties counting uniform micropores, molecular
sieving effect, thermal stability, mechanical resistance, adsorption and ion exchange properties
[1,11]. Due to these specific characteristics, zeolites can be used in a wide range of applications
in liquid and gas separation.

Several types of zeolites have been discovered up to now possessing different framework
structures. Zeolites with small pore sizes like linda type A (LTA) and chabazite (CHA) are the
most suitable for many separation processes such as gas separation and solvent dehydration.
LTA zeolite is distinguished by a pore size of 0.4 nm, Si/Al ratio of 1 and hydrophilic character
which allows a strong interaction with polar molecules like water [12]. This zeolite is the most

appropriate for the dehydration of solvents like ethanol and methanol, because the pore size of



the zeolite is larger than that of water molecule estimated to be 0.28 nm and smaller than the
majority of organic compounds [13].

Pervaporation (PV) has been recognized as an energy-saving process for the separation of
azeotropic mixtures compared to other technologies notably distillation and evaporation [9,11].
Typically, PV process takes place in three successive steps: (i) adsorption of species onto the
membrane (liquid phase), (ii) diffusion through the membrane (iii) desorption of species (vapor
phase). The dehydration of organics especially alcohols is considered as the potential
application of PV.

Several factors are responsible for the preparation of high-quality zeolite membranes including
time and temperature of crystallization, composition of synthesis batch, seeding method, etc.
[13]. It is well-known that the time of crystallization controls the thickness of the membrane,
while the temperature of crystallization can induce a phase transformation of the zeolite
structure. Thus, it is important to consider the effect of each parameter during the preparation
of zeolite membrane.

Lee et al. reported that the increase in synthesis time promotes the crystallinity of obtained
zeolite [17]. It was found that the optimal synthesis time of crystallization of NaA zeolite
membrane was 24 h. This is in good agreement with the results reported by Achiou et al. that
also prepared a defect-free NaA zeolite membrane during 24 h of crystallization time [15].
Furthermore, it was shown that increasing time from 24 to 48 h leads to aging of zeolite crystals.
On the other hand, varying the crystallization temperature from 60 to 80 °C involves the
formation of zeolite type P phase [15]. Liu et al. studied also the variation of synthesis
temperature from 100 to 130 °C for a Si-rich LTA membrane. It was reported that the increase
in temperature of over 120 °C favors the crystallization of CHA zeolite [16].

In this study, a cost-effective zeolite membrane was prepared using clay-based support. The

deposition of NaA zeolite layer was achieved by secondary growth method. Firstly, the



influence of synthesis parameters including temperature and time of crystallization and water
ratio in the gel composition on the morphology, crystallinity, permeation flux and selectivity of
the membrane was investigated. Secondly, the optimal prepared membrane was tested for the
dehydration of 90 wt.% ethanol, varying the water content in the feed and the operating
temperature during dehydration experiments.

2. Experimental

2.1. Chemicals and materials

Chemicals used in this study include sodium hydroxide (NaOH, 98 wt.%), sodium aluminate
(NaAlO2, 50-56 wt.% of Al203) as Al source, sodium silicate (Na203Si. 9H20 powder (Meta),
extra pure) as Si source, were purchased from Sigma Aldrich. Absolute ethanol (CH3CH20H,
99.9 wt.%) used in pervaporation experiments was provided by Biosmart. Water used for the
membrane preparation and in the PV experiment is double distilled water.

Ceramic substrate with diameter of 37.8 mm and thickness of 2.0 mm was made from kaolinite.
Furthermore, it has a porosity of 12.3%, pore size of 2.0 pum and mechanical strength of 23.3
MPa. Further details of kaolinite substrate are reported elsewhere [5].

2.2. Synthesis of NaA zeolite powder

Synthesis batch of NaA zeolite powder was obtained by mixing sodium aluminate, sodium
silicate, sodium hydroxide and water according to the molar composition of Al203: 2 SiO2: 15
Na20: 400 H:0. Firstly, sodium hydroxide was dissolved in water, then sodium silicate was
added and stirred under 200 rpm until entire solubilization to obtain solution S1. Similarly,
sodium aluminate was added to sodium hydroxide dissolved in water to obtain solution S2.
Secondly, S1 was poured into S2 under strong stirring. The mixture was aged at room
temperature for 1 h. The prepared hydrogel was hydrothermally treated in Teflon autoclave at

60 °C for 24 h. After hydrothermal process, the obtained powder was centrifuged at 5000 rpm



and washed with water several times until pH is less than 8. The final product was dried in oven
at 60 °C for 24 h.

2.3. Preparation of NaA zeolite membrane

Prior to hydrothermal synthesis, the kaolinite substrate was handily polished using abrasive
paper P600 to reduce the roughness of the surface. Later, the support was washed with water at
room temperature and dried overnight in oven at 60 °C. Thereafter, one face of the support was
masked to prevent the crystallization on the two faces of the support during hydrothermal
synthesis. The other face of kaolinite substrate was seeded with NaA zeolite powder previously
synthesized in Section 2.2.

NaA zeolite membrane was hydrothermally synthesized using secondary growth method. The
synthesis solution was prepared similarly to that of NaA zeolite powder. The seeded kaolinite
support was immersed in the batch solution and placed in a vertical way in the autoclave. This
latter was placed in oven to be treated under hydrothermal conditions. The effect of
hydrothermal parameters on the preparation of NaA zeolite membrane was investigated. The
crystallization temperature was varied from 60 to 90 °C, while the crystallization time was
increased from 6 to 24 h, and the water content was varied in the batch composition Al20s: 2
SiO2: 15 Naz20: x H20, where x is equal to 200, 400 or 600. After hydrothermal treatment, the
membrane was removed from the autoclave and then washed with water repeatedly to remove
hydroxide sodium traces. Finally, the obtained membrane was dried in oven at 60 °C. Fig. 1
presents the preparation process of the zeolite membrane.

Fig. 1. Preparation process of the NaA zeolite membrane.
2.4. Pervaporation
The prepared membrane was applied for the separation of 90 wt.% ethanol/water mixture via

PV process. Briefly, the prepared membrane was placed in a stainless-steel module. The feed

solution with desired concentration of ethanol and water was poured into the vessel. A



circulating pump helps the solution to circulate in the close system. The feed solution was
heated using a Marie bath in order to attend the desired PV temperature. Due to N2 cold trap,
the vapor permeate was collected under a pressure of 0.5 mbar using vacuum pump [19]. During
each experiment, the permeate was weighted and analyzed to determine the flux (Kg m? h)

and separation factor according to Eq. (1) and Eq. (2) respectively.

J="= e))
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Where m is the weight of the collected permeate given in Kg, A is the surface area of the
membrane given in m?, and t is the time of experiment given in h. While, Xw and Yw are
respectively the weight fractions of water in the feed and permeate, and Xeth and Yetn are the
weight fractions of ethanol in the permeate and feed respectively.

2.5. Characterizations of synthesized zeolite and prepared membrane

X-ray diffraction (XRD) was used to determine the crystallinity and purity of the synthesized
NaA zeolite powder using the diffractometer Philips X’PERT PRO anticathode with Cu-Ka
radiation source (A= 1.5406 A) in the 20 range from 5 to 90 °C. The specific surface area of
NaA zeolite powder was measured by Brunauer-Emmett-Teller (BET) nitrogen adsorption
using Quantachrome TouchWin 1.2x,NOV Atouch. Infrared spectroscopy (FTIR) analysis was
carried out to confirm the chemical structure and groups present in zeolite powder. The analysis
was performed with the spectrometer Affinity-1S SHIMADZU equipped with a golden gate
single reflection ATR accessory. The spectrum was recorded in the interval of 4000-500 cm’'.
Zeta potential measurements were carried out to determine the surface charge of the NaA zeolite
powder. The analysis was performed with the instrument Anton Paar GmbH,Graz owning an
Ag/AgCl electrode in the pH range 4-10. The pH was adjusted by using NaOH and HCL

solutions. The given value of zeta potential is the average of 20 measurements.



Scanning Electron Microscopy (SEM) was utilized to examine the morphology of prepared
membranes with a Quattro S, FEG FEI scanning electron microscope. Membrane
hydrophobicity was determined by the measurements of water and ethanol contact angle via
TRACKER contact angle instrument using the sessile drop method.10 measurements were
carried out in various points at the surface of the sample. The resulting value is the average of
the 10 measurements. Gas chromatography was used to determine the concentration of ethanol
and water in feed and permeate using the instrument Agilent 7890 A GC.

3. Results and discussion

3.1. Characterization of NaA zeolite powder

Fig. 2 displays XRD patterns of the synthesized NaA zeolite powder. It should be noted that
the pattern belongs to the synthesized NaA zeolite powder with water ratio of 400 at 60 °C,
24h. As it can be seen from the figure, all peaks are matched with that of NaA zeolite. This
means that high-quality NaA zeolite was synthesized at lower temperature. Fig. 3 shows the
FTIR spectrum of synthesized zeolite powder. The characteristic bands of NaA zeolite are
expected to be detected in the range 1200-400 cm™' [20]. The band at 630 cm™ refers to
symmetric stretching assigned to the internal T-O-T bond (T=Si, Al) while the band at 1000
cm! is attributed to the asymmetric stretching of T-O-T bond. The band at 570 cm™ corresponds
to the internal vibration of the bending (Si, Al)-O [21]. The band appearing at 1625 cm™! belongs
to the bending mode of OH groups including undissociated molecular water. The bands at 3475
and 3700 cm™ correspond to the stretching vibration of OH groups [22]. N2 adsorption-
desorption was performed at 77 K. Fig. 4 shows the adsorption and desorption isotherms of the
synthesized NaA zeolite powder. According to the classification of The International Union of
Pure and Applied Chemistry (UIPAC), the isotherms correspond to type V adsorption. The

specific surface area of NaA zeolite powder was found to be 6.77 m? g\,



The surface charge of NaA zeolite powder depends on the number of hydroxyl groups on the
surface [23]. When pH increases, the zeta potential value becomes more negative due to the
increase of deprotonation of hydroxyl groups. Zeta potential of NaA zeolite powder was found
to be positive with a value of 28 mV when the pH equals to 4. The surface charge remains
positive up to a pH of 8, and then turns into a negative value of -48 when the pH equals to 10
as shown in Fig. 5. The isoelectric point was found to be 8.58, and at this pH the potential zeta
is null due to neutralization of all acidic sites of NaA zeolite [23].
Fig. 2. XRD pattern of synthesized zeolite powder.
Fig. 3. ATR-FTIR of synthesized zeolite powder.
Fig. 4. N2 adsorption and desorption of zeolite powder at 77 K.
Fig. 5. Zeta potential of zeolite powder.
3.2. Characterization of NaA zeolite membrane
In this section, the effect of the main synthesis parameters was studied including the
temperature and time of crystallization, and water ratio in the batch synthesis. Furthermore, the
water and ethanol contact angle were measured for the optimal membrane.
3.2.1. Role of crystallization temperature
SEM images of NaA membrane prepared at different crystallization temperatures are shown in
Fig. 6. At 60 °C, only cubic crystals of NaA zeolite are clearly observed on the membrane
surface with absence of surface defects like cracks and pinholes. At 80 °C, it can be seen that
there is another zeolite phase coexisting with NaA zeolite crystals that is zeolite type P phase
with walnut-like structure. This results from the high applied temperature that favors the
crystallization of zeolite type P. Similarly, Achiou et al. described the coexistence of zeolite P
with NaA zeolite when the crystallization occurs at temperature of 80 °C [15]. When the
temperature was increased to 90 °C, zeolite type P crystals could not be obtained and NaA

zeolite crystals were hardly observed on the surface of the membrane. Therefore, the optimal



temperature of crystallization of NaA zeolite was fixed at 60 °C. This temperature is the most
likely to form well-shaped zeolite crystals, and hence a good quality zeolite layer.

Fig. 6. Top-view SEM images of the prepared NaA zeolite membranes at different
crystallization temperatures (a) 60 °C (b) 80 °C and (c) 90 °C, at crystallization time of 24 h
and a composition of 1 Al203: 2 SiO2: 15 Na20: 400 H20.

3.2.1.2. Role of crystallization time
Fig. 7 shows SEM images of prepared membranes at different crystallization times. At a
synthesis time of 6 h, the cubic shape of NaA crystals could not be obtained. The crystals started
to grow. Besides, the surface of the membrane presents some pinholes. When crystallization
time was increased to 12 h, NaA crystals completely cover the surface of the substrate and have
a well-defined cubic shape with sizes ranging from 0.5 to 2.9 pm. Similarly, after 24 h of
crystallization, the zeolite layer is completely and homogeneously grown on kaolinite support.
The size of crystals is relatively uniform all along the zeolite layer. The more the synthesis time
increases the more the zeolite layer becomes thicker. The thickness of the prepared membrane
varies from 2.99 to 7.47 um when crystallization time increases from 6 to 24 h respectively.
This result confirms that the synthesis time controls the thickness of the zeolite layer. These
results suggest that 6 h is not sufficient for the formation of NaA zeolite layer. 12 h of
crystallization is enough for obtaining a well-grown zeolite layer. However, the zeolite crystals
obtained at 24 h have more uniform aspect than those obtained at 12 h.
Fig. 7. Top and cross-view SEM images of prepared NaA zeolite membrane at different
crystallization times (a,b) 6 h (c,d) 12 h (e,f) 24 h at 60 °C and a composition of
1 Al203: 2 SiOz2: 15 Na20: 400 H20.
3.2.1.3. Role of water ratio
Water ratio was investigated from 200 to 600, at a crystallization temperature of 60 °C and a

crystallization time of 24 h. Typically, the concentration of the gel has an impact on the



continuity and homogeneity of the formed zeolite layer. With a ratio of 200, the higher
concentration of the gel leads to the formation of a dense layer, as it can be seen in Fig. 8. By
increasing the ratio to 600, the formed zeolite layer is not dense and non-continuous because of
the weak concentration of the gel. Thus, the nucleation and growth of zeolite crystals are not
promoted on the membrane surface. On the other hand, the thickness of zeolite layer decreases
with the increase of the water content in the synthesis batch. Therefore, water content could
affect the permeation flux. Same observations were reported by Shirazien et al. [24] stating that
a concentrated gel leads to the formation of a thicker zeolite layer. Moreover, defects like
pinholes are likely to form on the membrane when the gel is more concentrated. In previous
work, it was reported that increasing the water ratio to over 1000 allows to obtain an amorphous
phase with the absence of zeolite crystals [17]. On the other hand, decreasing water ratio to less
than 200 favors the formation of the sodalite (SOD) phase because the low content of water
induces a high concentration of sodium ions [17].
To sum up, the optimal conditions to prepare NaA zeolite membrane free from defects are 60
°C of crystallization temperature, 24 h of crystallization time and 400 of water ratio. This
membrane was subjected to further characterization and PV experiments.
Fig. 8. Top and cross-view SEM images of prepared NaA zeolite membrane at different water
ratios of (a,b) 200 (c,d) 400 (e,f) 600 at 60 °C and 24 h of crystallization.
3.2. 2. Contact angle measurements of optimized membrane
Contact angle is considered the main factor to take into account to investigate membrane
wettability. A contact angle superior to 90° describes a hydrophobic character of the membrane
surface. Whereas, a contact angle less than 90° is related to a hydrophilic surface. Contact angle
measurements of water and ethanol for kaolinite support and NaA zeolite membrane are given
in Fig. 9. Kaolinite support has a water contact angle of 29.13° which means that it has a

hydrophilic character. Contact angle of ethanol at the support surface is about 0° which means
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that the ethanol droplet spreads very fast when in contact with the support. For NaA zeolite
membrane, water contact angle was found to be 72.20°, indicating that the NaA zeolite
membrane has a low hydrophilicity. Whereas, for ethanol the membrane displays a contact
angle of 12.83°.
Fig. 9. Contact angle measurements of water and ethanol for kaolinite support and NaA
zeolite membrane prepared at 60 °C, 24 h and a composition of
1 A203: 2 SiO2: 15 Na20: 400 H20.
3.3. Separation performance of NaA zeolite membrane
The optimized membrane was applied for ethanol dehydration via PV process. In this study,
the effect of water content in the feed solution on membrane selectivity and flux was studied
varying the percentage of water from 10 to 40 wt.%. The operating temperature was also
investigated from 60 to 80 °C.
3.3.1. Effect of PV temperature
The temperature of PV has a great contribution to the membrane flux. The temperature controls
the diffusivity and adsorption of species during PV [25]. PV temperature was varied from 60 to
80 °C to evidence the impact on transfer of species. Fig. 10 depicts the evolution of permeation
flux and separation factor as a function of the operating temperature. The permeate flux seems
to increase with the increase of PV temperature from 60 to 80 °C. This could be explained by
the solution-diffusion mechanism that governs the transport of water through NaA zeolite
membrane [26]. The diffusivity of water increases when the temperature of PV was fixed at 80
°C leading to the highest permeate flux. Moreover, it is reported elsewhere [25] that the partial
pressure of compounds increases when the PV temperature exceeds the boiling point of
compounds resulting in the improvement of the driving force. Thus, the transport of species is
enhanced which means that the permeate flux could increase. From the other side, the separation

factor keeps its high value of over 10000 when the feed temperature increases due to the water
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permeation that is also boosted at elevated temperatures [27]. In other words, water molecules
are more easily diffusing in zeolite pores than ethanol molecules [28]. The relationship between

temperature and flux can be expressed by Arrhenius equation (Eq. (3)) [29].

Ji —Ea 1
InCD=—w7

3)
Where J is the permeation flux, APi (mbar) is the pressure difference between the feed and the
permeate, T is the operating temperature (K) and R is the gas constant (J mol! K™'). The
activation energy can be deduced from the plot of In (J/APi) vs. 1/T. From Fig. 11, it can be
seen that the water and ethanol have an activation energy of -68.40 kJ.mol™! and -57.88 kJ.mol"
! respectively, which means that ethanol requires more energy to diffuse than water [30].
Fig. 10. Effect of operating temperature on membrane flux and separation factor for the
dehydration of 90 wt.% ethanol.
Fig. 11. Arrhenius plot of water and ethanol permeances.
3.3.2. Effect of water content in the feed
The effect of water content on the separation performance of the prepared membrane was also
studied. Water content was varied from 10 to 40 wt.%. The PV temperature was maintained
constant at 75 °C. Fig. 12 shows the variation of the permeate flux versus the water content. As
it can be seen, permeate flux is enhanced with increasing water content from 10 to 40 wt.%.
This could be explained by the increase of the water flux when the concentration of ethanol
decreases due to the increase of adsorption capacity of water [31]. At high water content, water
molecules prevent other permeate species to pass through the membrane. Water molecules have
the ability to adsorb into zeolites pores as their size is smaller than NaA zeolite pore. The
transport of water consists in the accumulation of water molecules on the interface of the
membrane, then the diffusion of the species through the membrane takes place due to
concentration-dependent diffusivities. Finally, the molecules are desorbed from the permeate

side. The separation factor of the prepared membrane slightly drops when the water content
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increases. The separation factor for 10 and 30 wt.% of water is still over 10000, which approves
the high separation ability of the prepared membrane.
Fig. 12. Variation of permeation flux as a function of water content in water/ethanol mixture
at 75 °C.

3.4. Cost estimation of NaA zeolite membrane

To give an estimation of the membrane cost, it is necessary to take into consideration raw
materials price and energy consumption. The cost estimation of the prepared NaA membrane
is divided into two parts: the cost estimation of kaolinite support and zeolite layer, separately.
The given estimations in Table 1 concern the manufacture of kaolinite support and NaA zeolite
layer. Table 1 gives the contribution cost of raw materials and energy consumption of both

support and membrane layer. The electricity cost was calculated using Eq. (4) [32].

operating time (h)*load (Kwh)*unit charge ($/Kwh)

Electricity cost = 4)

unit area (m2)
The estimated cost for the preparation of kaolinite support was found to be 18.63 $ m including
the price of raw materials, crushing, sieving and sintering. This demonstrates that kaolinite
support satisfies the property of low-cost support because it is less than some other clay-based
membranes reported in the literature as shown in Table 2.

The cost of deposited NaA zeolite layer was estimated to be 90.91 $ m™? including price of raw
materials and energy consumption. Hence, the total cost of the prepared membrane is equal to
110 $ m™. In general, the average cost of zeolite membrane was reported to be 2300 € m™
(*2345 $ m™) including a full-module design [33]. 80-90% of the cost is reserved to the module
and the support, while the zeolite layer only constitutes the smallest part. Which indicates that
the cost of the zeolite membrane is reduced by the use of low-cost support. The cost of the
prepared NaA zeolite membrane is reduced by the use of inexpensive kaolinite support
compared to commercial inorganic membranes (500 $ m2). Therefore, the cost of the prepared

zeolite membrane could be comparable to the cost of polymeric membranes (200 $ m™2) [33].
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Table 1

Estimation cost of kaolinite support and NaA zeolite layer.

Table 2

Comparison of preparation cost of clay-based membranes.

4. Conclusion

In this work, NaA zeolite membrane was successfully prepared on ceramic kaolinite support
via hydrothermal method using secondary growth process. The crystallization time controls the
thickness and the growth of NaA zeolite layer, while the crystallization temperature impacts
the formation of the NaA zeolite phase. Water ratio in the batch synthesis influences the
continuity and homogeneity of the formed zeolite layer. The optimal membrane was prepared
at 60 °C, 24 h and a water ratio of 400. These conditions lead to the preparation of defect-free
NaA membrane. The optimized membrane shows excellent results for the separation of
ethanol/water mixture. The flux was found to be 8.49 kg m h"! and the separation factor is over
10000. The membrane cost was estimated to be 110 $ m™ which makes this membrane cheaper
than available commercial membranes. This is could be promising for industrial application.
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Table 1

Estimation cost of kaolinite support and Na A zeolite layer.

Kaolinite support Zeolite layer
Cost of .
Material support Materials COIS; oefrt?$e r?,]e_%“te
($ m?) y
" Sodium hydroxide 4.09
<
S
3
g Kaolinite 11.54 Sodium aluminate 0.56
3
m - -g
Sodium silicate 86.07
Cost of Cost of ener
g Equipment energy Equipment (S m?) 9y
S (8 m)
g Grinder 0.0200
i Sifter 0.0007 Oven 0.19
Furnace 7.0700
Total cost of Total cost of zeolite
support ($ m?) 18.63 layer ($ m?) 9091




Table 2

Comparison of preparation cost of clay-based membranes.

Membrane

Configuration

Estimated cost

(8 m?)

Reference

Kaolin, quartz,
sodium metasilicate,
sodium carbonate,
calcium carbonate,
boric acid and

polyvinyl alcohol

Disc

78

[34]

Ball clay, quartz and

calcium carbonate

Disc

17.07

[35]

Kaolin, quartz,
sodium carbonate,
feldspar, boric acid,
sodium metasilicate
and sodium

carbonate

Disc

130

[36]

Kaolinite

Disc

18.63

This work
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Highlights

Low-cost NaA zeolite membrane with high permeation was prepared.
Pure NaA zeolite synthesized at lower temperature of 60 °C.

The membrane is efficient for dewatering of ethanol via pervaporation at
75 °C.

High flux of 8.49 Kg m? h'! and excellent separation factor are achieved
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