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 A new method is developed to enhance the gas separation properties of 

mixed matrix membranes (MMMs) by interior modification of an 

inorganic nano-porous particle. Ship-in-a-bottle (SIB), as a novel 

synthesis strategy, is considered to encapsulate a polyaza macrocyclic 

Ag-ligand complex into the zeolite Y, which has resulted in a new host-

guest nano-composite. It is consequently incorporated into a glassy 

polymer matrix to fabricate a novel MMM for CO2 separation. 

Accordingly, cellulose acetate (CA) with relatively low gas permeability 

is selected as the membrane polymeric matrix to provide an appropriate 

opportunity for better tracking the effect of incorporating the new 

synthesized nano-porous hybrids. The results showed a promising 

increase in both the CO2 permeability (45.71 %) and CO2/N2 selectivity 

(40.28 %) of the prepared MMM over its pristine CA membrane. It can 

be concluded that the proposed method makes it possible to fabricate 

novel MMMs with significant intensification in the performance of the 

current MMMs. 
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1. Introduction 

Hybrid metal oxides, which contain infinite 

metal-oxygen-metal arrays as a part of their 

structures, have developed in simultaneity 

with their analogues, metal-organic 

coordination polymers. Both are categorized 

conveniently into an important class of solids, 

the nano-porous hybrid materials [1-3]. 

Progress in the development of the hybrids 

concurrent with a conceptual approach of 

confining/replacement of the protein of natural 

enzymes by a size and shape of a selective 
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framework such as zeolites (which are capable 

to act as a protective environment and work 

collaboratively with the active sites in 

separation of species) has led to exploring a 

new class of host-guest nano-composites. 

Thoroughly, the “ship-in-a-bottle” (SIB) 

approach was first introduced to the field of 

synthesizing the zeolite catalysis [4]; the term 

illustrates the synthesis of hybrid nano-porous 

zeolites, which are formed by catalytic (guest) 

molecules encapsulated in the zeolite (host) 

cavities. A guest molecule (like a ship) is 

formed by assembling its separate constituent 

species in the zeolite cavities and has become 

larger than the pore aperture of the (bottle-like) 

zeolite. The guest nano-materials are confined 

and, yet, can freely move around within nano-

scale domains of the host cavities and, hence, 

prevent leaching [5, 6]. 

   In the past few decades, numerous host-guest 

hybrids consist of metal-ligand complexes 

confined within shells, or voids of the organic 

or inorganic “nano-containers” have been 

synthesized under different names of yolk-

shell, core-shell, nanorattle, or ship-in-a-bottle 

nano-reactors and attracted more potential 

applications [7-9]. For example, Corma and 

Garcia [10] in a review article discussed the 

synthesis/characterization techniques 

necessary to study host-guest systems in 

zeolites prepared by SIB method and 

investigated the application of the systems as 

catalysts, photo-catalysts, sensors, molecular 

machines, etc. Liu et al. [11] provided an 

overview of advances in yolk-shell or rattle-

typed nanostructures’ synthesis and their 

potential applications in nano-reactors, 

biomedicine, and lithium-ion batteries. Fujie 

and Kitagawa [12] reviewed ionic liquids 

impregnated or encapsulated into the metal 

organic framework (MOF) porous supports so 

that they could be used in chemical reactions, 

extractions, catalysis, gas absorption, and 

electrolytes in electrochemical devices. More 

recently, Gkaniatsou et al. [13] developed an 

overview of enzyme-MOF biocomposites with 

MOFs as host platforms for bio-

immobilization of the guest enzymes. Here, it 

is worth mentioning that the guest molecules 

included in the SIB synthesis are noted as 

“encapsulated” molecules to show their 

difference from “impregnated” molecules. 

   In comparison with zeolites and other 

common molecular sieves in which their pores 

are commonly capable to act as the non-

selective ways that play an important role in 

the enhancement of permeability (not the 

selectivity), MOFs have attracted much 

attention concerning their role in gas 

separation mixed matrix membranes (MMMs) 

because: (i) the high surface area (3000-4500 

m2/g) and the controllable porosity [14], (ii) 

tendency towards the sorption of a specific gas, 

which facilitates gas separation from its 

mixture [15], (iii) organic linkages of MOFs 

are highly capable to functionalize, which 

results in adjusting necessary interactions 

required for adsorption; moreover, the size and 

available volumes of MOF’s pores can be 

controlled through the size of the used 

functional group [16] and (iv) organic linkages 

of MOFs not only affect gas diffusion in 

MMMs, but also have effective interactions 

with polymeric membrane matrix, implying 

the compatibilizing effect [17-19]; the proper 

compatibilization can lead to an MMM 

without interfacial voids between polymer-

particle [20, 21]. The last case is special due to 

the application of the MOFs to fabricating 

MMMs. However, some problems remain for 

the industrial use of the MOF-containing 

MMMs. In the case of other inorganic-organic 

compounds, MOFs include metal cations 

and/or cationic metal oxide clusters, which are 
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linked to organic molecules that will form a 

crystalline network. Thus, the MOFs called 

“coordination polymers”; as a coordination 

network, MOFs have lower mechanical 

stiffness and, thus, higher brittleness as 

compared to the zeolites. This higher 

flexibility of MOF backbones is accompanied 

by undesirable effects of breathing, gate 

opening, and linker dynamics [16] (for more 

information, see  [22] and [23]). The so-called 

flexibility leads to lower CO2/CH4 selectivity 

of MOF membranes, compared to the zeolite 

ones [24]. In addition, it lowers the high-

sorption selectivities of MOFs with the 

increasing pressure [25]. Even though the 

MOF-containing MMMs have mostly high 

thermal resistance, a high temperature in the 

membrane formation is highly required to 

overcome the severe interaction between MOF 

and their entrapped solvent molecules, leading 

to structural deformation upon solvent removal 

[26]. Flexibility of the metal-organic backbone 

of MOFs makes it easy to modulate them as a 

self-assembled membrane; however, the 

flexible structure of MOFs prevents an 

appropriate separation based on the penetrant 

sizes [16]. A method of synthesis of the 

continuous MOF crystal layers on porous 

inorganic/organic supports has been frequently 

applied in order to ensure the required 

mechanical stability of the thin film 

composites. However, the thin MOF films still 

deal with the lack of scalability in separating 

the gas species due to difficulties in the growth 

of a homogeneous, defect-free MOF crystal 

layer [27]. 

   To overcome the discussed disadvantages of 

zeolites/MOFs (the two best adsorbents in the 

case of MMMs), the idea of combining all their 

advantages in one, encapsulating the proper 

metal-organic frameworks (i.e., metal-organic 

complexes) in the cages of zeolites comes to 

the fore so that a novel SIB-synthesized metal-

organic filler can be tailored. As mentioned 

above, most of the studies on SIB approach 

have been devoted to creating a catalyst. On 

the other hand, due to the presence of many 

active sites in a catalyst, it can be used as a 

physic-chemical adsorbent. All adsorbents can 

be proposed as potential candidates to take part 

in MMMs. The SIB synthesized complexes 

have been mainly used as Schiff-base nano-

catalysts due to the presence of organic 

ligands, which play the role of Lewis base 

(each organic ligand/atom is a Lewis base that 

donates one pair of valence electrons to the 

central acceptor/atom - as a Lewis acid - 

through a dative bond type association 

pathway) at the interactions with electron 

donor molecules serving as the Lewis acid 

[28]. In the case of CO2 separation, not only 

the CO2 diffusivity is essential, but also its 

proper solubility is of great importance in 

separation performance [29-31]. Appropriate 

intermolecular interactions between CO2 

molecules and membrane matrix similar to 

CO2 condensability (the ratio of 2.73:1 was 

reported for CO2 condensability compared to 

N2 on the basis of Lennard–Jones well depth, 

ε/k (K)) in the membrane affect its solubility 

[30, 32-39]. 

   In our previous work [40], we have studied 

the CO2/CH4 separation properties of 

Matrimid®5218-based MMMs containing 

zeolite Y encapsulated by a polyaza 

macrocyclic cobalt-ligand complex. The 

results revealed that both permeability and 

selectivity of the gases were extremely 

increased by the incorporation of the 

encapsulated fillers. 

   In this paper, a new potential application is 

introduced for encapsulated metal-ligand 

complexes in zeolites as the new fillers for 

mixed matrix polymeric gas separation 
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membranes. In this regard, a polyaza 

macrocyclic Ag-ligand complex is synthesized 

in a zeolite Y support through the SIB method 

to form a nano-porous hybrid solid, which will 

be embedded as a dispersed particle in a low 

permeable/moderate selective cellulose acetate 

(CA) polymeric membrane matrix. The 

relatively low permeability of CA matrix 

provides an appropriate opportunity for better 

tracking the effect of embedding the new 

synthesized nano-porous hybrids. Here, the 

fluctuations in gas permeation results of CA 

membranes observed by some authors [41-43] 

are entirely diminished by annealing the CA 

and CA-based MMMs. It should be noted that 

annealing resulted in somewhat lowering the 

permeability/selectivity of the CA membrane 

[39]. 

2. Experimental 

2.1. Materials 

Cellulose acetate (CA) (average Mn∼ 30,000), 

acetyl content 39.8 wt %, and also sodium Y 

zeolite (NaY) powder (an average particle 

diameter of 1.22 μm) with Si/Al ratio of 2.53 

were purchased from Sigma-Aldrich (Saint 

Louis, MO, USA). Tetrahydrofuran (THF), 

methanol, ethanol, 1,3-phenylenediamine, 2,4-

pentanedione (or acetyl acetone), and silver 

nitrate were acquired from Merck Co. 

(Darmstadt, Germany) and used without 

further purification. High-quality distilled 

water (conductivity less than 2 μS/cm) was 

attained by a laboratory double distillation 

apparatus, GFL 2104 (Burgwedel, Germany). 

Carbon dioxide and nitrogen with 99.999 % 

purity were purchased from Technical Gases 

Ltd. supplied by Oxygen Yaran Company 

(Mahshahr, Iran). 

2.2. Synthetic procedures 

2.2.1. SIB synthesis 

Part (1) Ion exchange: The ion exchange 

reaction was performed as described in detail 

by previous works [37, 38]. Briefly, prior to 

synthesis, the NaY powder was dried two days 

at 120 °C in a vacuum oven. 100 ml distilled 

water was poured into a 250 ml round glass 

bottle equipped with a plastic stopper (which, 

hereafter, is referred to as “reactor”) and 100 

mM silver nitrate salt was added and stirred for 

1 h at 400 rpm to complete dissolution. Then, 

the white NaY powder was added at a ratio of 

10 % (w/v) to the transparent colorless Ag+ 

solution and was stirred rigorously for 24 h at 

700 rpm and 90 °C. After completion of the ion 

exchange reaction between Ag+ and Na+ ions, 

a transparent suspension was obtained. 

Thereafter, the suspended solids were filtered 

and washed with hot distilled water repeatedly 

(5×20 ml) until clear wash water was obtained. 

It is worth noting that insufficient washing 

after ion exchange of NaY zeolite leads to 

partial blockage of the micro-pores by the 

adsorbed large cations or by the probable 

insoluble salt residues. It can be effective in the 

CO2/N2 selectivity considering the difficulty of 

gas diffusion into the blocked pores and/or the 

strong CO2 adsorption by the ions/salts. The 

filtrate solution was analyzed by a Perkin-

Elmer model AA300 (Perkin-Elmer Corp., 

Norwalk, CT) atomic absorption 

spectrophotometer (AAS), and a value of 

94.62 % was found for the degree of ion 

exchange. Finally, the obtained solid was dried 

for two days at 120 °C in a vacuum oven. A 

dark white Ag(I)Na-Y powder, here named as 

Ag-1, was acquired after drying. 

Part (2) Entrapping Ag+-complexes into the 

zeolite cavities through the adsorption: 

Herein, 100 ml methanol was poured in the 

reactor, and the Ag-1 powder was added at a 

ratio of 10 % (w/v) and was stirred rigorously 

for 1 h at 700 rpm until a transparent 
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suspension was obtained. Then, 100 mM of a 

diamine, the flake-like 1,3-phenylenediamine, 

was added in the suspension and dissolved at 

90 °C until its color changed to dark salmon at 

first and, after 48 h, with the complete 

formation of [Ag(diamine)]+ complexes in the 

Ag-1 pores, became a dark gray suspension. 

Thereafter, the suspended solids were filtered 

and washed with ethanol repeatedly (5×20 ml). 

Next, the solids were dried overnight at 100 °C 

in an oven. Subsequently, the solids suspended 

at a ratio of 10 % (w/v) in a 100 mM aqueous 

sodium nitrate (NaNO3) solution and stirred 

for 24 h at 90 °C in order to complete the re-

ion exchange reaction between the unreacted 

Ag+ ions and the Na+ ions of the solution. After 

that, similar to previous stages, the suspended 

solids were filtered and washed with hot 

distilled water and also, repeatedly, with 

ethanol (5×20 ml). Next, the solids dried 

overnight at 100 °C in an oven. Solvent 

extraction was used to ensure complete 

removal of excess unreacted materials and any 

Ag+ complexes adsorbed on the external 

surface of the zeolites. In this case, the solids 

were poured into an extraction thimble 

(Schleicher & Schuell, No. 603, 33 × 94 ml), 

laminated by a piece of cotton, and placed in a 

250 ml soxhlet extractor. Ethanol was used as 

the solvent for 12 h of extraction. Finally, the 

found solid was dried for two days at 120 °C 

in a vacuum oven. Saddle brown powder 

consisting of [Ag(diamine)]+ denoted as 

[Ag(diamine)]+-NaY and, hereafter, named as 

Ag-2 was acquired after drying. 

Part (3) Encapsulating macrocyclic ligands 

into the zeolite cavities through a template 

condensation reaction: 100 ml of methanol 

was poured in the reactor and 2 g of Ag-2 

powder was added (at a ratio of 2 % (w/v)) and 

was stirred rigorously for 1 h at 700 rpm until 

a saddle brown suspension was obtained. 

Then, 100 mM of a diketone (or dione), 

acetylacetone (or 2,4-pentanedione) which is a 

colorless liquid, was added dropwise into the 

suspension and dissolved at 90 °C until its 

color changed firstly to brown and, after 24 h, 

through the completion of condensation 

reaction of diamine with diketone, became a 

dark brown suspension. Thereafter, the 

filtration, extraction, and drying procedures 

were done in a manner described above. 

Finally, a very dark brown complex powder 

consisting of encapsulated macrocyclic 

ligands denoted as [Ag(hexa-aza)]+-NaY and, 

hereafter, easily named as Ag-3, was acquired 

after drying. Scheme 1 schematically 

represents the synthesis route described for 

encapsulating the polyaza macrocyclic ligands 

within the nano-reactors of zeolite Y by the 

template condensation of the diamine and 

diketone. 

2.2.2. Membrane synthesis 

The neat CA and, also, MMMs containing 

each of the particles (Ag-1, Ag-2, and Ag-3) 

were synthesized by a solution casting/solvent 

evaporation method. A rather volatile solvent, 

THF, was selected to conduct a uniform 

membrane formation through a reasonably fast 

evaporation/coagulation and simultaneously 

prevent particle sedimentation. Prior to 

membrane synthesis, the CA powder was dried 

at 80 °C for a day in an oven to remove 

adsorbed impurities. First, a predetermined 

value of filler was added to THF in a glass 

bottle with a plastic cap and continuously 

stirred for 24 h to ensure that all the particle 

agglomerates are broken apart and a 

homogeneous suspension is achieved. Next, 

priming was done by adding ~10 % of the total 

CA to the filler/THF suspension and stirring 4 

h until a thin layer of CA covers each the solid 

filler. After filtration, the remaining ~90 % of 
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the CA was added gently while continuing the 

stirring up to 6 h. The priming or multi-stage 

addition of CA makes it possible to have the 

organic-organic compatibilizing effect of the 

previously formed CA layer. After that, the 

solution remained at room temperature about 

30 min to attain a bubble-free solution. It was 

finally cast on a flat and clean glass plate by 

means of a casting knife with a gap of 300 m. 

The flat-sheet film was dried 24 h at room 

temperature, which was followed by 48 h of 

drying in an vacuum oven with a temperature 

of 150 °C. The membranes with the thickness 

of about 30 μm were formed (measured by a 

digital micrometer (Mitutoyo®, Seisakusho, 

Tokyo, Japan) with an accuracy rate of ±1 μm). 
 

 
Scheme 1. Schematic representation of the SIB synthesis. 

 

2.3. Gas permeation tests 

The pure gas permeability in a Barrer unit (1 

Barrer = 10−10 cm3 (STP) cm/(cm2 cmHg s)) at 

~25 °C and 2–10 bar was calculated by a time 

lag method through the following equation 

[44-46]: 
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where P is the permeability, V is the dead-

volume of the downstream part of the 

homemade membrane holder (cm3), l is the 

membrane thickness (cm), A is the effective 

membrane area (cm2), T is the experimental 

temperature (K), p0 is the feed pressure (atm), 

and dp/dt is the steady rate of pressure rise on 

the downstream side (atm/s). 

   The ideal selectivity of a membrane, αAB, was 

calculated by dividing the permeabilities of the 

two pure gas components A and B measured in 

the same conditions [47]: 

B

A
AB

P

P
  (2) 

2.4. Characterizations 

Morphological observations of the membranes 

and filler particles were carried out by 

scanning electron microscopy (SEM). In the 

case of flat-sheet membranes, prior to analysis, 

they fractured in liquid nitrogen and sputter-

coated with gold by a BAL-TEC SCD 005 

sputter coater (BAL-TEC AG, Balzers, 
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Liechtenstein). SEM analyses of all the 

samples were performed with a KYKY-

EM3200 (KYKY Technology Development 

Ltd., Beijing, China). 

   All the filler samples were studied by 

ultraviolet-visible diffuse reflectance 

spectroscopy (UV-vis DRS) with an Avantes 

AvaSpec-2048-TEC spectrometer (Avantes 

Inc., Apeldoorn, The Netherlands) in the 

wavelength range of 200 to 900 nm. Pure 

barium sulfate, BaSO4, was used as a standard 

reference material. 

   The porous structure of filler particles was 

determined by N2 low-temperature (76 K, 

liquid nitrogen) adsorption–desorption 

isotherms using TriStar II 3020 V1.03 analyzer 

(Micromeritics Instrument Co., Norcross, GA, 

USA). Specific surface area and volume of 

micro pores of the particles were calculated by 

the t-plot method. An average (cylindrical) 

pore diameter of dp=4Vp/SBET was calculated 

by the desorption data. In this case, SBET and Vp 

are the specific surface area and volume of 

micro pores, respectively, which were 

calculated by the standard Brunauer–Emmet–

Teller (BET) method. Total desorption pore 

volume, Vp, was estimated at p/p0 = 0.98, 

where p and p0 represent the equilibrium and 

saturation pressures of nitrogen, respectively. 

   The X-ray diffraction (XRD) patterns of the 

samples were recorded on a X'Pert MPD wide-

angle X-ray diffractometer (Philips, 

Eindhoven, Netherlands) at room temperature 

using α-rays emitted by cobalt (wave-length of 

1.79 Å, accelerating voltage of 40 kV, and tube 

current of 40 mA, the scan range− the angle 

(2θ) of diffraction− of 3 to 70° with a step 

increment of 0.02° s−1). 

   Fourier transform infrared-attenuated total 

reflectance (FTIR-ATR) of the membranes 

was recorded on a Perkin-Elmer Spectrum, 

Frontier model, Version 10.03.06 (Perkin-

Elmer Instruments, Norwalk, CT, USA) in the 

range of 600-4000 cm−1. 

3. Results and discussion 

3.1. Structure and morphology of particles 

SEM. SEM images of NaY, Ag-1, Ag-2, and 

Ag-3 particles are depicted in Figure 1. NaY 

zeolite particles are composed of polygonal 

layered-like crystals formed with sharp edges. 

NaY particle sizes are around 1 μm with some 

agglomerates whose sizes rarely exceed 4-5 

μm and are consistent with the average particle 

diameter of 1.22 μm and maximum particle 

size of 4.81 μm from the particle size analysis 

reported in the previous studies [37, 38, 48]. 

   Ag-1 samples were also polygonal in shape; 

however, some of the crystals exhibited 

beveled edges. Higher alkalinity of the 

solution during the ion exchange reaction and 

lower dilution led to the preparation of cubic 

crystals with beveled edges [49]. In addition to 

Ag-1, Ag-2 and Ag-3 samples have some 

agglomerates such that the number and sizes 

increased from Ag-1 to Ag-3. This can result 

from the changes in electrical charge balance 

of the zeolites and the inducted electrostatic 

forces through the formation of Ag-ligands at 

Ag-2 and Ag-3 cavities. 

   Adsorption–desorption characteristics. 

Adsorption-desorption characteristics of the 

neat and complex particles are presented in 

Table 1. The micro-pore volumes and surface 

areas decreased remarkably, especially from 

Ag-1 to Ag-2, along with the trajectory 

illustrated for the SIB reaction steps in Scheme 

1. Zeolite framework contains AlO5
−4 and 

SiO4
4− tetrahedral linked to each other by the 

sharing of oxygen atoms in each corner and 

one Al or Si atom at the center of the 

tetrahedron. Na+ or other mono- or di-positive 

ions are located mainly at the Al-rich center of 

zeolite crystals to maintain the 
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electroneutrality of the zeolite by stabilizing 

≡Si–O–Al−≡ bonds [10, 50]. It has been 

frequently stated that ion exchange reaction of 

a faujasite-type zeolite coincides with a 

decrease in Al content in the zeolite structure 

and an increase in Si/Al ratio [51-54]. 

Dealumination decreases the unit cell size and, 

consequently, surface area and pore volume of 

the zeolite. In the case of Ag-2 and Ag-3, a 

decrease in surface area and pore volume was 

quite predictable due to the occupation of 

(some) zeolite pores by Ag-ligand complexes. 
 

 
(a)     (b) 

  
(c)     (d) 

Figure 1. SEM images of the (a) NaY [36], (b) Ag-1, (c) Ag-2, and (d) Ag-3 particles. 
 

 

Table 1 

Adsorption-desorption characteristics of the particles. 

Sample NaY Ag-1 Ag-2 Ag-3 

Micro-pore volume (cm3/g) 0.285 0.240 0.089 0.067 

Micro-pore surface area (m2/g) 596 534 205 135 

Average pore diameter (Å) 19.2 19.6 20.5 20.4 
 

   Table 1 shows also a small increase in the 

average micro-pore diameter. In spite of the 

higher ionic radius of Ag+ (1.15 Å) in 

comparison with Na+ (1.02 Å) which induces a 

lower particle pore size, a distortion of 

tetrahedral sites of the pure NaY zeolite during 

the ion exchange and coordination reactions 

can be a reason for a small increase (~1 Å) in 

the pore diameters [55]. 

   DRS. Figure 2 shows the diffuse reflectance 

spectra of all the particles. NaY zeolite shows 

a broad absorption band with a minimum at 

261 nm in the UV region. It refers to Na–O 

bonds in the zeolite framework that can absorb 

the UV light. By loading the silver ions, 

intensity and minimum wavelength of the 261 

nm band shift to lower values and also a new 

absorption band observes at 460 to 563 nm. 

The appearance of a couple of bands can result 

from occupying the zeolite framework by the 
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Ag+ ions at different sites [56]. The former is 

assigned to a charge transfer transition 

between 4d10 and 4d95s1 levels of Ag+, and the 

latter is attributed to a partial reduction of Ag+ 

ions and aggregation of the metal clusters [57-

60]. The formation of Agn
δ+ (n=2-8) clusters 

with different sizes in faujasite-type zeolites 

has been reported in the case of the degree of 

ion exchange and the reduction conditions [59, 

61-64]. In the case of Ag-2 and Ag-3 samples,

no distinctive absorptions can be observed due 

to overlapping of the ligand field and the 

charge transfer absorptions. However, of note, 

the lowest absorption bands of the spectra for 

Ag+ complexes are assigned to d→π* charge 

transfer in accordance with other studies on α-

diimine complexes [65, 66]. In the visible 

region for Ag-2 and Ag-3 samples, the ligand 

field transitions severely lowered Ag+ 

absorption intensity and wavelength and, 

further, made changes in the slope of curves as 

compared to Ag-1. For Ag-2, a broad, narrow 

absorption band can be seen in the region of 

470 to 590 nm with a maximum at 528 nm, 

which can be attributed to hexahedrally 

coordinated Ag+ ligands. 

   The properties of most probable products in 

the SIB synthesis in the present study were 

calculated by molecular mechanics method 

using Spartan software (Wavefunction Inc., 

Irvine, CA, USA), and the results are 

summarized in Table 2 and Scheme 2. 

According to the position of silver as a 

transient metal in the elemental periodic table, 

the stable molecular structures for the 

synthesized Ag-ligand complexes include two 

coordination numbers of 4 and 6 (Scheme 2). 

Figure 2. DRS spectra of the (a) NaY, (b) Ag-1, 

(c) Ag-2, and (d) Ag-3 particles.

   The minimum energy (used for optimization 

of the geometry) for coordination number of 6 

is -1124 kJ/mol, much lower than -89 kJ/mol 

for the other. Therefore, the coordination 

number of 6 for the Ag-ligand complexes is 

confirmed by molecular modeling. It is worth 

noting that despite its large dimensions 

(~1417 Å), the complex can be encapsulated 

properly in the cavities of the zeolite Y (~20 Å, 

from the BET results) through the SIB 

synthesis, although encapsulation of larger 

complexes (with a size of 19 Å) through their 

distortions in the NaY supercages (~13 Å in 

diameter) due to the intrazeolitic constraint 

inside the cages was reported in other works 

[67]. A schematic representation of the 

encapsulated complex in a supercage of the 

zeolite Y is illustrated in Scheme 2. Along with 

better properties of 6-coordinated complex as 

compared to the 4-coordinated one, a distinct 

difference can be observed in dipole moments, 

4.98 vs. 3.83 Debye (Table 2). The larger 

dipole moment is an important factor for a 

better intermolecular interaction between CO2 

and complex molecule. 

Table 2 

Properties of the probable Ag-ligand complexes formed into the zeolite Y cavities through the SIB synthesis. 
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Sample Formula 

Molecular 

weight 

(amu) 1 

Area 

(Å2) 2 

Volume 

(Å3) 2 

Polar 

surface 

area 

(Å2) 2 

Ovality 
2

Molecular 

mechanical 

energy 

(kJ/mol) 2 

dipole 

moment 

(Debye) 2 

Ag complex 

with the 

coordination 

number of 4 

C34H36AgN8 664 635 613 92 1.82 -89 3.83 

Ag complex 

with the 

coordination 

number of 6 

C51H54AgN12 943 900 911 113 1.98 -1124 4.98 

1 atomic mass unit 
2 through generations of the 3D CPK models (ball-and-spoke) of the complexes; CPK is a space-filling model that considers 

each molecule composed of some spheres with the radii as Van der Waals distances of two adjacent atoms. Molecular area, 

volume, polar surface area (PSA), polarizability, ovality, dipole moment, and structural energies can be calculated by the 

CPK model. Polar surface area is the area of oxygens, nitrogens, and all the hydrogens linked to these atoms. Ovality index 

represents the deviation of a molecule from the spherical shape, since the spherical shape has the minimum surface with the 

ovality as unity. 

Scheme 2. The molecular structures of complexes. 

   XRD. Figure 3 shows the XRD spectra of all 

the particles, NaY, Ag-1, Ag-2, and Ag-3. In 

the case of NaY zeolite, all of the 

corresponding characteristic peaks assigned to 

the 3D crystalline structure of an FAU zeolite 

Y were depicted. The peaks occurred 

respectively at 2θ positions of 7.2, 11.8, 13.8, 

18.2, 21.7, 23.7, 27.6, 31.6, 34.6, 35.9, 36.7, 

37.9, and 39.8°, according to the standard card 

JCPDS No. 43-0168. It has been repeatedly 

occurred in other works [48, 68-70], revealing 

the purity of the NaY zeolite. All the peaks 

were also repeated for Ag-1 with only low 

differences in the peak intensities, where they 

were lowered due to the decrease of 

crystallinity of zeolite during the ion exchange 

reaction. Indeed, dealumination through the 

ion exchange treatment coincided with a small 
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lattice collapse in the zeolite [71]. It is in good 

agreement with the SEM and BET results. In 

the case of Ag-2 and Ag-3, a decrease in the 

peak intensities as compared to NaY was also 

observed, showing a decrease in crystallinity. 

Three peak intensities related to 2θ=11.8, 13.8, 

and 18.2° in NaY zeolite are illustrated by I1, 

I2, and I3, respectively, which are 

representatives for the cations located in NaY. 

They are arranged for the NaY in the order of 

I3>>I1>I2, such that for the Ag-1, Ag-2, and 

Ag-3, it changes to I3>>I2>I1. It arises from 

the rearrangements of the zeolite structure due 

to the substitution of the large numbers of Na+ 

with the Ag+ cations and also the 

encapsulation of the large Ag-ligand 

complexes in the cavities [72]. A similar 

discussion can be also proposed for the peaks 

located at 2θ=36.7, 37.9, and 39.8°. In 

addition, for Ag-2 and Ag-3 particles, two 

sharp peaks at 2θ= 44.5 and 51.9° can be 

observed that refer to crystalline plates in the 

silver cubic crystals. They can be attributed to 

the metallic Ag+ clusters, which are reduced to 

Ag0 on the zeolite surfaces [72-74], which are 

in agreement with the DRS results. It was 

demonstrated that proper interaction of amino 

groups and the metal surface resulted in the 

formation of the stable complexes [75]. 

Figure 3. XRD spectra of (a) NaY, (b) Ag-1, (c) 

Ag-2, and (d) Ag-3 particles. 

3.2. Characterization of MMMs 

SEM. SEM images of the fractured cross-

sections of pure CA and the MMMs containing 

15 wt % of Ag-1, Ag-2, and Ag-3 are depicted 

in Figure 4a-d. It is worth mentioning that the 

value of 15 wt % filler loading was selected 

because each series of the prepared MMMs 

showed its best gas separation performance at 

this point. As can be observed, a uniform, 

defect-free and dense structure was formed for 

pure CA (Figure 4a). Some small crazes were 

observed for cross-sectional images of 

particles-loaded MMMs. Indeed, the numbers 

and sizes of the crazes are reduced from Ag-1 

to Ag-3 loaded MMMs (Figure 4b-d). It can be 

due to a better electric charge distribution of 

Ag-3 particles, and, hence, better compatibility 

with the membrane matrix that results in 

decreasing the tension during solvent 

evaporation in CA/Ag-3 MMM’s formation. 

Moreover, an appropriately good dispersion of 

the particles is indicated for the MMMs, 

especially for that of contained Ag-3 particles. 

It may be due to a better electrostatic 

interaction between Ag-3 and CA matrix as 

compared to the other particles. A few 

agglomerates of particles with 4-5 m in size 

were also formed in the MMMs, where the 

number and sizes are not large enough to make 

a serious problem in gas transport. 

Nonetheless, it makes considerable problems 

in higher loadings as will be reflected in gas 

transport data of the following sections. 
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(a) (b) 

(c) (d) 

Figure 4. SEM images of the (a) CA, (b) CA/Ag-1, (c) CA/Ag-2, and (d) CA/Ag-3 membranes. 

   FTIR. FTIR-ATR spectra of pure CA and 

the MMMs containing 15 wt % of Ag-1, Ag-2, 

and Ag-3 are shown in Figure 5a-d. Figure 5a 

shows a broad absorption band at around 3484 

cm-1 for pure CA related to OH− stretching

vibrations of the hydroxyl groups. It almost

disappears in Figure 5b-d for all the MMMs’

spectra due to the hydrogen bonding reaction

between silanol groups (SiOH) of the external

particle surfaces with the OH– of CA.

Generally, by inserting all the particles into the

CA matrix, all the band intensities decrease. It

appears that a decrease is lowered from Ag-1

loaded MMM (Figure 5b) to Ag-3 loaded one

(Figure 5d). However, Si–O and Al–O

stretching vibrations of the zeolite structure of

the hybrid particles occurred respectively in

the ranges of 1100-1000 cm-1 and 800-600 cm-

1 and led to a lower decrease in the

corresponding intensities of C–O stretching

vibrations of CA. Otherwise, all the

characteristic bands of CA are shown in

accordance with the literature [36, 37, 39].

Figure 5. FTIR-ATR spectra of (a) CA, (b) 

CA/Ag-1, (c) CA/Ag-2, and (d) CA/Ag-3 

membranes. 

XRD. XRD spectra of pure CA and the 

MMMs containing 15 wt % of Ag-1, Ag-2, and 

Ag-3 are illustrated in Figure 6a-d. Two broad 

crystalline peaks at 2θ=10 and 22° are 

distinguished for pure CA in Figure 6a. 

Inserting the zeolite hybrid particles into the 

CA matrix leads to a slight decrease in the 

intensities of the two characteristic peaks of 

CA, which means lower crystallinity of the 
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MMMs in comparison with the CA membrane 

(Figure 6b-d). Moreover, all the characteristic 

peaks of the hybrid particles (see Figure 3) are 

also shown in Figure 6b-d for the 

corresponding MMMs. The d-spacing of 7.37 

and 4.04 Å corresponding to 2θ=10 and 22° for 

pure CA is changed to 7.41 and 4.73 Å for 

CA/Ag-1, 7.44, and 4.76 for CA/Ag-2 and 8.78 

and 4.76 for CA/Ag-3 MMMs. The increase of 

d-spacing of zeolite hybrid loaded MMMs

shows an increase in interchain spacing of the 

MMMs compared to the pure CA and, in turn, 

a higher fractional free volume and a better 

molecular transport across the MMMs. In fact, 

the lower crystalline nature or higher 

amorphous structure of the MMMs coincides 

with a decrease in the polymer chain 

packaging and will result in higher gas 

permeability. 

Figure 6. XRD spectra of (a) CA, (b) CA/Ag-1, 

(c) CA/Ag-2, and (d) CA/Ag-3 membranes.

3.3. Tests of gas permeability of the MMMs 

Figure 7 shows the permeability/selectivity 

behavior of the nano-porous hybrid filler 

incorporated MMMs (0-20 wt % Ag-3 

loadings) in the pressure range of 2-10 bar. As 

can be seen in Figure 7a, an increase in filler 

content and a decrease in pressure lead to the 

increase of CO2 permeability. This increase is 

firstly steeper and gradually develops with a 

mild slope. The N2 permeability also increases 

with an increase in filler content; however, it 

shows somewhat an opposite behavior with 

respect to the pressure increase. In addition, 

with an increase in filler loading, N2 

permeability increases firstly with a mild slope 

up to 10 wt % and, then, slightly decreases in 

15 wt %; next, it experiences a remarkable 

growth at 20 wt % (Figure 7b). Various 

observations originate from some different 

phenomena that are explained as follows: 

   CO2 and N2 are non-polar molecules with a 

slight difference in kinetic diameters, which 

can be separated reasonably based on the size 

exclusion. CO2 is a linear, symmetric, three-

atomic molecule (O=C=O) and does not have 

a permanent dipole moment; however, it has 

two transition dipole moments (a couple of 

C=O bonds) that form a substantial quadrupole 

moment (two couples of C–O bonds) operating 

over a much shorter distance than dipole 

interactions [76-78]. This induces considerable 

differences in the electronic properties of CO2 

compared to N2. Higher polarizability (1.49:1) 

[79] and, especially, the higher quadrupole

moment (2.85:1) [80] of CO2 compared to N2 

enable the design of CO2–philic sorbents with 

a strong affinity for CO2 through the dipole-

quadrupole interactions [81]. Therefore, CO2 

with an electron–deficient carbon atom as a 

Lewis acid could have favorable interactions 

with the electronegative metal-organic 

complexes as Lewis bases, leading to strong 

acid-base interactions, while N2 is not affected 

[82]. 

   Gas solubility in polymeric membranes 

depends on the gas condensability, 

gas/polymeric matrix interactions, and also 

somehow on the fractional free volume (FFV) 

of the polymer. However, gas diffusivity 

depends on the gas molecular size, segmental 
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mobility of polymer chains, and strongly on 

the FFV in the polymer [21, 83-86]. In the case 

of CO2 in a glassy cellulose acetate matrix, the 

most probable interaction comprises a Lewis 

acid-base nature, where the carbon atom of the 

CO2 molecule acts as an electron acceptor and 

the carbonyl oxygen atom in the polymer as an 

electron donor. Roughly speaking, an increase 

in the membrane polar groups–either by 

organic or inorganic additives–mostly results 

in decreasing the free volume or increasing the 

polymer chain rigidity, while it increases CO2 

solubility and decreases diffusivity. In 

addition, the affinity of the polar groups to CO2 

molecule can restrict the pathways for further 

CO2 diffusion, especially at higher CO2 

pressures. 

   Herein, a facilitated transport mechanism in 

addition to the simple solution-diffusion 

mechanism involved the CO2 gas transport 

across the MMMs. In the facilitated transport, 

CO2 acts as an electron donor, while the SIB 

synthesized encapsulated molecules in zeolite 

cavities serve as an acceptor in a reversible 

complexation reaction; CO2 reacts at one 

reactive site of an SIB synthesized 

encapsulated carrier to form “CO2-SIB 

complex” and, then, hops to another reactive 

site of the carrier or the one for an adjacent 

carrier, where a decomplexation reaction along 

with a recomplexation occurs. Accordingly, 

CO2 is well transported by a “hopping” 

mechanism, a reactive diffusion towards 

downstream of the membrane. This can 

effectively enhance sorption into and 

desorption from the zeolite particles and, 

hence, accelerate the species transport. 

   In porous zeolite Y particles with the pores 

somewhat larger than 1.5 nm, surface-

activated diffusion can become another 

mechanism involved in species transport. In 

this phenomenon, the pore walls strongly 

adsorb some of the molecules that can move 

from a sorption site to an adjacent sorption site. 

The adsorbed molecule encompasses 

additional kinetic energy at a given distance 

from the surface that surpasses the energy 

barrier of a given elevation on the surface 

(activated diffusion jumps) [87]. The 

interacting CO2 molecules as compared to the 

non-interacting N2 molecules can be 

transported through the zeolite particles via the 

surface-activated diffusion simultaneously 

with the Fickian diffusion both for CO2 and N2 

molecules. 

   In the case of CO2/N2 selectivity (Figure 7c), 

an increasing behavior up to 15 wt % of the 

filler loading is observed, which is followed by 

a considerable decrease at 20 wt %. As can be 

seen, the best separation performance of the 

MMMs obtained for the MMM contained 15 

wt % Ag-3 with a selectivity increase of 40.28 

% as compared to the pure CA membrane at 2 

bar. This corresponds to the CO2 permeability 

increase of 45.71 %. A combination of the 

following factors describes the selectivity data 

in Figure 7c: 

   The extra-framework cations (here, Na+ and 

Ag+) used for electroneutralizing the zeolite 

crystals can influence surface sorption ability. 

Different cations with a variety in the 

polarizability produce zeolites varying in their 

effective pore diameters and volumes. They 

also affect the local electrical fields and 

basicity of the zeolites. The addition of organic 

groups, such as alkyls, alkyl amines, etc., 

increases the cation radii and, hence, decreases 

their polarizability that results in weaker 

interactions with CO2 molecules. Moreover, 

the porous areas and volumes in the presence 

of organic linkages decrease, which can lead to 

lower surface sorption of CO2 [88]. On the 

other hand, the basicity of alkyl amines 
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encapsulated in the zeolite is one or two orders 

of magnitudes higher than that of the pure 

zeolite. This is in conformity with the fact that 

N-containing (N: nitrogen) hybrid zeolites are 

frequently suggested as a basic 

adsorbent/catalyst. Furthermore, the aromatic-

containing encapsulated zeolites (like Ag-2 

particles) are more fascinating because of their 

ability to produce a wide variety of chemically 

active sites, e.g., with the completion of SIB 

synthesis (Ag-3 particles) [89]. The basic 

active site has a proper interaction with CO2 

molecule as a Lewis acid. In addition, the pore 

entrances of zeolite Y (~0.74 nm) are large 

enough as compared to CO2 and N2 kinetic 

diameters (0.33 and 0.36 nm, respectively) for 

passing through the activated diffusion 

mechanism [90-92]. CO2 with a smaller size 

can possess better transport in the case. 

Therefore, it can be expected that more particle 

loadings support more CO2 transport from 

both the acid-base interaction and activated 

diffusion mechanisms that enhance the CO2/N2 

selectivity. At higher particle loadings, some 

agglomerates appear in the MMM matrix 

whose numbers and sizes would be more 

considerable at 20 wt % [37]. It is a limit in 

particle dispersion where they coalesce into 

each other and form some agglomerates that 

increasingly result in the formation of non-

selective transport pathways across the 

membrane matrix. This is known as 

percolation threshold for the proper particle 

dispersion that affects considerably molecular 

transport of penetrant species across the 

MMMs. Beyond the percolation limit, a 

convective flow of molecules throughout the 

MMM without adequate selectivity will occur. 

 

 

(a) 

 

 

(b) 
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(c) 

Figure 7. (a) The CO2 permeability, (b) the N2 

permeability, and (c) the corresponding CO2/N2 

selectivity at different Ag-3 loadings in terms of 

pressure. 

The effect of pressure on selectivity can be 

explained as follows. It has been demonstrated 

that the N2 adsorption, compared to other 

gases, in hybrid zeolites is lower than that in 

pure zeolites [89]. Therefore, CO2/N2 

solubility selectivity of hybrid zeolites is more 

than unity. Since diffusivity is more dependent 

on temperature rather than on the pressure, no 

considerable changes in gas diffusivity of the 

hybrids with the pressure increment from 2-10 

bar at a constant temperature can be expected. 

Plasticization (and its effect on chain packing 

and free volume) of CA matrix becomes 

significant as CO2 pressure increases. CO2-

induced plasticization decreases CO2/N2 

selectivity as the pressure increases in the 

range of 2-10 bar, just below the plasticization 

pressure (=12.76 bar obtained in the previous 

work for the annealed CA membrane [39]). For 

glassy polymers and the related MMMs, it is 

frequently expressed that an increase in the 

CO2 pressure in this region exerts pressure on 

the polymer chains and increases its chain 

packing density and, in turn, decreases CO2 

permeability and CO2/N2 selectivity [93]. The 

plasticization-induced reduction in CO2/N2 

selectivity can be compensated to some extent 

by the matrix rigidifying at higher particle 

loadings (Figure 7c). 

3.4. Comparison of the MMM 

performances 

Figure 8 shows a comparison between the gas 

separation performances of the 15 wt % Ag-1, 

Ag-2, and Ag-3 embedded MMMs and the 

neat CA membrane in the pressure range of 2-

10 bar and 25 °C. As can be observed, all the 

MMMs have better CO2 permeability and 

CO2/N2 selectivity than the neat CA polymer. 

Generally, at 2 bar and 25 °C, the MMM with 

15 wt % Ag-3 shows the best gas separation 

performance among the others. It respectively 

provides CO2 permeability and CO2/N2 

selectivity of 45.71 % and 40.28 % higher than 

the pure CA membrane. Although the 

permeability and selectivity of CA/Ag-2 and 

CA/Ag-3 MMMs are roughly closer together 

at higher pressures, the good chemical stability 

of Ag-3 hybrid complexes, as well as the 

proper reversible 

complexation/decomplexation reaction of 

CO2-Ag-3 in comparison with the CO2-Ag-2, 

makes Ag-3 a promising filler for embedding 

in the future MMMs; particularly, it can be 

proposed as a good candidate for economically 

implemented MMMs in post-combustion CO2 

capture, a process that deals with a low partial 

pressure of CO2 at flue gas streams. 

3.5. Comparison with other works 

Table 3 presents the results of a comparison 

between the performances of the prepared 

membranes in this work and the other CA-

based MMMs in the literature. As can be seen, 

the CA/Ag-3 MMM reveals higher selectivity 

among the various MMMs. In most cases, an 
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increase in filler loading enchances 

permeability, while selectivity experiences 

considerable loss. However, the CA-based 

MMMs in this work exhibit improvements 

both in the permeability and selectivity, while 

the others experience considerable selectivity 

loss. By incorporating Ag-3 particles where a 

polyaza macrocyclic Ag-ligand complex was 

encapsulated into the zeolite Y, the selectivity 

was considerably enhanced. Certainly, the 

most important advantage of the Ag-3 loaded 

MMMs is that they take the gentle properties 

of novel SIB-synthesized metal-organic filler 

for membrane gas separation. 

 

(a) 
 

(b) 

Figure 8. A comparison between the gas separation performances of the MMMs and the neat CA 

membrane in the pressure range of 2-10 bar and at 25 °C. 
 

 

Table 3 

A comparison between the performances of the selected CA-based MMMs. 

Membrane 
Filler loading 

(wt %) 
T (°C) p (bar) PCO2 (Barrer) αCO2/N2 Ref. 

CA/NH2-MIL-53(Al) 15 25 3 6.7 (GPU) 12.00 [94] 

CA/NH2-MIL-53(Al) 15 25 3 52.6 23.4 [95] 

CA/SAMH-3 4 25 4.5 10.36 -- [96] 

CA/MWCNTs-P 0.1 25 2 146.70 (GPU) 5.56 [97] 

CA/MWCNTs-F 0.1 25 2 741.67 (GPU) 40.18 [97] 

CA/Co(II)–NaY 15 25 4 3.28 29.2 [37] 

CA/NaY-sm 20 25 2 4.63 28.07 [36] 

CA/NaY 20 25 4 4.87 25.00 [39] 

CA 0 25 2 2.63 28.65 This work 

CA/Ag-3 15 25 2 3.84 40.20 This work 
 

4. Conclusions 

This study successfully showed that the 

encapsulated polyaza macrocyclic Ag-ligand 

complexes in zeolite Y cavities, which are 

synthesized through the ship-in-a-bottle (SIB) 

method, can be beneficial as new nano-porous 

hybrid fillers for embedding in the glassy 

cellulose acetate (CA) membrane matrix in 

order to prepare advanced mixed matrix 

membranes (MMMs) for CO2 separation. The 

fabricated MMMs exhibit suitable 

enhancements simultaneously in the 

permeability (45.71 %) and selectivity (40.28 

%) of the pristine polymeric membrane. 



 Sanaeepur, Ebadi Amooghin, Kargari, Omidkhah, Ismail, Ramakrishna 

 

Iranian Journal of Chemical Engineering, Vol. 16, No. 2 (Spring 2019)                 87 

 

Therefore, the technique will be of interest for 

future membrane engineering towards 

industrial applications. 
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Nomenclature 

Abbreviations 
AAS atomic absorption 

spectrophotometer. 

BET Brunauer–Emmet–Teller. 

CA cellulose acetate. 

DRS diffuse reflectance spectroscopy. 

FTIR-ATR Fourier transform infrared-

attenuated total reflectance. 

MMM mixed matrix membrane. 

MOF metal organic framework. 

NaNO3 sodium nitrate. 

NaY sodium Y zeolite. 

SEM scanning electron microscopy. 

SIB ship-in-a-bottle. 

THF Tetrahydrofuran. 

XRD X-ray diffraction. 
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