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Abstract  
 The membrane technology has been receiving significant interest in both research and industrial 
applications, particularly in the separation of CO2/CH4. These methods, as published, aim to overcome the 
limitations of pure polymeric membranes and offer an alternative approach in separation techniques where 
membrane technology can overcome the constraints of conventional methods such as Solid Phase 
Extraction (SPE) and Liquid-Liquid Extraction (LLE). Fabricating membranes using fillers as adsorbents 
can enhance membrane separation performance due to their porous nature. Hence, the selection of suitable 
fillers is crucial to maximize membrane efficiency in separating analytes. This paper will review 3 types of 
fillers-metal-organic frameworks, carbonaceous nanomaterials and mesoporous molecular sieves-from 
various research papers published in recent years. 
Keywords: Membrane technology, Gas separation, Metal-organic framework, Carbonaceous 
nanomaterials, Optimization 
 
Introduction 

Sample pre-treatment techniques are vital in a chemical analysis, where this step is carried out to 
remove the matrix and/or for analyte pre-concentration in order to achieve the desired detection limits [1]. 
Hence, the analytical performance in terms of selectivity, sensitivity and accuracy can be improved [2]. 
LLE and SPE are the traditional techniques of sample pre-treatment. There are certain drawbacks to the 
LLE technique where it is time consuming, involves a multistage operation and uses a large amount of 
organic solvents which are toxic and expensive. Meanwhile, the SPE technique is proposed as a replacement 
of LLE techniques since it has advantages in terms of reduced analysis time and organic solvent 
consumption. However, the SPE technique can be expensive [3]. 

An interest in membrane technology is rising over the last decade in research and industrial 
applications. The application of membranes for gas separation in industry begins since Mosanto installed 
the 1st commercialised gas separation for H2 separation in 1980. Up until now, the membrane technology 
has been widely used in industry. Membrane materials selection is the crucial part, where it functions as 
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selective barrier which permeate preferred chemical species. Due to broad research on novel membrane 
materials, there are 3 types of membrane materials, which are inorganic, polymeric and polymer/filler 
hybrid membranes.  

Polymer materials like poly ether ketone (PEK) has been widely used, presently, due to its minimal 
cost, excellent thin-film processability, excellent mechanical strength and appealing separation 
performances. However, is found that polymer-based membrane has certain limitations such as poor 
thermal stability, bad definition of free volume, poor chemical stability and most probably will undergo 
intense plasticization, with only few of polymeric membranes show good performance for gas separation.  

Inorganic membranes using MOFs and Zeolite as framework which have better thermal and chemical 
stability have been studied and proposed as an alternative material to overcome polymeric membrane 
limitations. Inorganic membrane using MOFs and Zeolite have better separation performances in terms of 
selectivity and permeability due to their pore systems, resistance towards plasticization, excellent 
mechanical and thermal stability. Prevention of full-scale commercialization of inorganic membrane is due 
to its limitations in terms of complex fabrication, poor reproducibility, high cost and brittleness of materials. 
Hence, the mixed matrix membrane (MMMs) was introduced to overcome the challenge. MMM 
preparation includes dispersion of organic/inorganic materials as fillers on the polymer as matrixes, where 
it is expected to be synergistic combination of the polymers processability and fillers separation 
performances. The keywords used to filter the journals to be included in the mini review were mixed matrix 
membrane, metal-organic framework, carbon materials as adsorbent fillers in MMM, selectivity and 
permeability studies of MMM. While, the year of the selected journals were selected between 2019 to 2024.  

  
Membrane technology 
Over the last decade, researchers and the industry has been focusing on the technology of the 

membrane and being applied broadly in various aspect of processes. Membrane materials function as a 
selective barrier that can permeate specific chemical species [4]. In present day, polymer has been chosen 
as membrane bulk phase due to their minimal production cost, good thin-film processability, mechanical 
strength and separation performance.  

PEK is one of the common materials used for ultrafiltration, and PEK have good mechanical 
properties due to the presence of benzene ring, while the presence of large numbers of ether bonds gives 
PEK a good toughness since ether bonds provide flexibility to the molecular chain. However, polymeric 
membrane has low permeability rate due to its hydrophobic properties, which is why organic and inorganic 
adsorbent filler is introduced into the polymer matrix [5]. 

Fillers such as metal-organic frameworks (MOFs), carbonaceous materials, mesoporous silica and 
zeolites is introduced into polymer as an approach to overcome the limitations of polymeric membrane. 
The increasing trends of using doped nanoparticles or adsorbent filler, fused onto the polymer matrix is to 
improve the membrane hydrophobicity, contamination resistance, surface charge or pore size and porosity 
of the membrane. But this modification leads to membrane performance and stability trade-off [5]. The 
selection of fillers must be based on some critical factors, which can contribute to membrane performances, 
such as surface chemistry, chemical structure, aspect ratio and particle size distribution.  

  
Materials and methods 

Materials for MMMs fabrication 
MOFs based-MMM 
Metal-organic framework (MOFs) are one of the best hybrid porous materials, which suitable for the 

MMMs fabrication. They are composed of nodes of inorganic materials linked by polytopic organic linkers 
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through bond of coordination (Figure 1) [6]. MOF possess some amazing properties such as structure 
diversity, abundant chemical functionalities, appealing porosities and tuneable pore structures, making 
them applicable for various applications such as gas storage and separation, catalysis and delivery [7]. 
Furthermore, the MOFs are much more excellent fillers in MMMs than the inorganic frameworks such as 
the zeolites. The “polymer-filler” interactions of the MOFs and the polymer chains of the matrix can be 
enhanced through the improved affinity between the polymer chains of the matrix and the organic linkers 
present in the MOFs. This helps in taking care of the nonselective voids or defects formation at the interface 
[7]. Figure 1 below shows the chemical structure of 2 types of MOF group and its 3D model.  

The purpose of using MOF fillers in the preparation of membranes is to utilize MOF unique properties 
in terms of diffusion and adsorption, hence enhancing both selectivity and permeability of the membrane. 
The main metrics in selecting MOF are based on its porosity, pore size and shape, functionality and 
tunability to different particle size and shape [7,8]. There are an abundance of MOFs having different 
porosity, however it is said that there is almost to none of specific and or systematic literature work about 
the effect of porosity on the permeability/selectivity trade-off. If the direct relationship between porosity 
and gaseous diffusive properties should be considered, MOF intrinsic porosity has a major role on the 
performances of MOF-based MMM. Therefore, if a specific polymer shows faster gas diffusion compared 
to MOF particles, then the particles will not be suitable to be used in MMM fabrication because the gas 
will be forced to use the fastest path [9].   

 

 

 
Figure 1 The chemical structure and model of MOF: (a) MOF-5 and (b) UiO-66. 
 

In order to achieve strong interaction between MOF and polymer, there 2 important issues that needs 
to be controlled. The 1st issue is that the separation performance of MOF can be affected by the non-
selective voids formed due to aggregation of polymer and weak interfacial interactions between MOF and 
polymer matrices. Fabrication of MOF composites, MOF surface modifications and reducing the size of 
MOF nanocrystals are the solutions to improve interfacial compatibility between MOF and polymer matrix. 
The 2nd issue is to intensify functionalization of MOF, which include metal site modification, pore structure 
modulation, construct hydrogen-bonding acceptors and modification of functional ligand [10].  
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The defect-engineering of MOF crystal structure has gained attentions since the defects contribute to 
increase in porosity and forming numerous open metal site, which affect MOF adsorption capacity [10]. 
Lee et al. [11], synthesized a defective UiO-66 MOF by forming Zr-olefin complexes, and exhibit great 
separation performances on C3H6/C3H8.  

Cui et al. [10] then proposed an approach by utilizing sodium formate modulated UiO-66 and NH2-
UiO-66 as fillers incorporated on polyetherimide (PEI) for MMM construction to separate CO2/CH4. The 
experiments were carried out with 3 different loadings of Zr-MOF powder, ranged from 5 to 20 wt% for 
both chosen fillers. Based on the SEM and TEM image of UiO-66 synthesized by [10], there are cubic 
crystals formed with size range from 150 to 200 nm. Modulation of both UiO-66 and NH2-UiO-66 MOF 
with sodium formate successfully altered the particle size to 20 and 5 nm nanocrystals.  

The single gas separation performances of UiO-66-ref-PEI, UiO-66-mod-PEI and NH2-UiO-66-mod-
PEI were carried out by Cui et al. [10]. The modulated Zr-MOF show higher CO2 permeability and 
CO2/CH4 selectivity compared to UiO-66-ref-PEI. Larger crystal size of UiO-66-ref tends to aggregate and 
non-selective voids appear due to the failure of forming homogenous distribution resulting from the 
aggregation, hence lower the CO2/CH4 selectivity. The negative effect of interfacial voids can be minimized 
by reducing the particle size, which is successfully achieved in this research. Sodium formate modulation 
on Zr-MOF able to inhibit the aggregation of nanoparticles. 

The gas separation performance on different loadings (wt%) were demonstrated in this research, 
showing that 10 wt% of fillers have the optimum and highest value in CO2 permeability and CO2/CH4 
selectivity. However, CH4 permeability increases with the loadings. Higher amount of MOF can create 
higher free volume, and reducing the effective membrane thickness, enhancing the performance of the 
membrane [12]. NH2-UiO-66-mod-PEI shows better membrane performances than UiO-66-mod-PEI 
membrane due to the functionalization of amino group to Zr-MOF, which the amino group have higher 
affinity towards CO2, and promotes NH2-UiO-66-mod-PEI to have higher CO2 adsorption [10].  

There is another study focused on the fabrication of 2 types of Zr-MOF, which are UiO-66 and MOF-
808 onto PIM-1 mixed matrix membrane. Both of them have carboxylate-type linkers and Zr clusters, 
forming highly porous framework. Having advantages in ability to incorporate different various types of 
linkers making this MOF able to tailor its interaction with the polymer phase, affecting the gas transport 
properties of the MMM [13,14]. Various studies have examined that MOF have isoreticular chemistry 
properties, which the organic or inorganic of the reticular materials can be replaced without destroying the 
underlying structure [15], and reported that modified MOF for instance, functionalization of UiO-66 with 
-NH2 can affect and enhance their CO2 permeability and selectivity [16].  

In this study, they proposed to synthesised MOF through microwave-assisted synthesis method by 
substituting dimethylformamide (DMF) with acetone and water with the reaction being carried on at low 
temperature. The membrane was fabricated with UiO-66 and MOF-808 as fillers with loadings ranging 
from 2.5 - 10 wt%. As reported in the paper, incorporation of both MOF particles has significant impact on 
permeability of CO2 and CO2/CH4 selectivity. While, in comparison of UiO-66 and MOF-808 separation 
performance, MOF-808 shows better CO2 permeability rate due to its larger porosity and PIM 1-MOF-808 
have higher selectivity value compared to PIM 1-UiO-66 [14], indicating that porous framework able to 
facilitate the gas diffusion rate, as well improving the membrane performances on gas permeability [16,17].  

This conclude that the membrane can be optimized and maximized its separating efficiency by the 
following factors: 1) Reducing the particle size of the crystal particles to have better filler dispersion in the 
polymer matrix, mitigating the formation of non-selective voids. 2) Presence of defect sites, which in this 
research, achieved by addition of modulator sodium formate as capping agents [10].  
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Figure 2 UiO-66 building block chemical structure. 

 
Figure 2 shows the zirconium building block known for UiO-66. Zirconium (IV)-carboxylate MOF 

have strong hard acid-hard base coordination bonds between Zr4+ and carbonyl group, which gives it 
chemical and aqueous stability [5]. Electrostatic potential and acid-base lewis interactions within Zr-MOF 
carboxylate ligands contributed to exceptional performances, exhibiting good CO2/CH4 permeability and 
selectivity [18,19]. This research has fabricated mixed matrix membrane using polymer of intrinsic 
microporosity (PIM) as polymer matrices, and the chosen fillers for this study are UiO-66 and MOF-808. 
Both are types of Zr-based MOF [14]. 

Functionality alterations in the pore network was studied to achieve these targets: 1) To enhance 
interactions between component to be separated and adsorbents and 2) To reduce pore size. Generally, the 
purpose of altering functionality of MOF is to boost selectivity-permeability trade-off [21]. Table 1 shows 
various types of functionalities used for MOFs. As we can see from the table below, UiO-66 is the common 
MOF type being used as MMM fabrication.  

UiO-66 is a common MOF having high surface area and high thermal stability. The metal oxide node 
is cuboctahedral, having 12 identical vertices allowing 12 extensions point, which then contributed to the 
stability properties. Besides, UiO-66 possess some other unique properties such as high stability in terms 
of mechanical, thermal, acidic, aqueous and water vapor. Due to its overall stability and porosity, UiO-66 
is able to perform in aqueous applications [8]. 
 
Table 1 The fabrication of MMM using MOF as fillers and its adsorption studies. 

Adsorbent Modification Analyte 
Adsorbent 

loading 
(wt%) 

Characterization 
Permeability 

and selectivity 
Adsorption 
conditions 

Remarks Ref. 

Zirconium 
MOF 
(UiO-66) 

Addition of sodium 
formate for modulated 
UiO-66, membrane 
functionalized with -NH2 

CO2 from 
separation of 
CO2/CH4 

10 wt% 
 

Zr-MOF formed in 
cubic crystal  
Crystal size 
(before 
modulation): 
150 - 200 nm 
Crystal size 
(after modulation): 
20 nm  
Crystal size 
(addition of -NH2 
group: 5 nm 
 

Permeability 
UiO-66-mod-PEI: 
395.6 barrer 
NH2-UiO-66-mod-
PEI: 436.7 barrer 
Both membrane 
have the same 
selectivity: 46.8 
 

CO2/CH4 gas 
feeding: 50/50 
mL/min at 1 bar 
Membrane purge 
with Argon gas: 40 
mL/min 
 

CH4 permeance 
rate rising with 
increasing MOFs 
loadings. 
Increase in MOF 
content leads to 
increasing of free 
volume, affecting 
the reduction in 
membrane 
thickness 

[10] 

Zirconium 
MOF 
(UiO-66 and 
MOF-808) 

 CO2 from 
separation of 
CO2/CH4 
 

10 wt% 
 

Pristine PIM BET 
SSA: 728 m2/ g  
MOF-808-PIM 
BET SSA: 738 
m2/g  

CO2 permeabilities 
increase with fillers 
loadings 

Membrane surface 
area: 2.12 cm2 
Membrane 
temperature: 35 °C 
CO2/CH4 gas 

Both PIM-1 and 
MOFs have small 
pore sizes and 
high BET SSA 
values. 

[14] 
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Adsorbent Modification Analyte 
Adsorbent 

loading 
(wt%) 

Characterization 
Permeability 

and selectivity 
Adsorption 
conditions 

Remarks Ref. 

UiO-66-PIM BET 
SSA: 318 m2/g 

(range 2.5 - 10 
wt%) 
MOF-808-PIM: 
8052 - 9090 barrer 
UiO-66-PIM: 
7842 - 8995 barrer 
Selectivity 
MOF-808-PIM: 
8.1 - 16.2 
UiO-66-PIM: 
8.1 - 12.5 
 

feeding: 50/50 
cm3(STP)/min at 3 
bar 
Membrane permeate 
side purged at 1 bar 
with 2 
cm3(STP)/min of 
He 
 

BET SSA value 
for microwave 
synthesis MOF-
808 lower than 
expected value.   
MOF-808-PIM 
have better 
permeability and 
selectivity value 
than UiO-66-PIM. 

NU-1000 
 

NU-1000-PES MMM 
fabricated with graphene 
nanosheets (GNs) 
 

H2/CO2, 
H2/NH2 and 
H2/CH4 
separation 
 

10 wt% 
NU-1000 
0.03 wt% 
GNs 
 

 PES-0.03 % GNs-
10 % NU-1000 
showing best results 
Gas permeabilities 
CO2: 365 barrer 
N2: 476 barrer 
H2: 1761 barrer 
CH4: 553 barrer 
PG3N have higher 
selectivity at 20 °C 
H2/CO2: 5 
H2/N2: 4.2 
H2/CH4: 3.3 
 

Feeding gas 
temperature: 
(20 - 60) °C 
Feed pressure: 1 bar 
Membrane surface 
area: 2.88 cm2 
 

Incorporation of 
GNs and Nu-1000 
in MMMs shows 
excellent 
performance on 
gas separation. 
The permeability 
for all mixed gas 
stream increasis 
with GNs 
loadings. 
The selectivity of 
PG3N increase 40, 
23 and 57 %, 
respectively 

[22] 

UiO-66 MOF 
 

UiO-66 MOF 
functionalized with amine 
group (-NH2) 
 

  FTIR and PXRD 
for the stretching 
vibrations of 
sulfonate groups 
and confirmation 
of MOF particles, 
respectively. 
Contact angle  
Pristine PES: 80 ° 
Sulfonated PES 
(SPES): 59.2 ° 
(reduced 26 % 
from PES). 
UiO-66-NH2/PES 
MMM: 44 ° for 5 
wt% 
and 34.7 ° 10 wt% 
 

  Pure water flux 
and rejections for  
antifouling 
membrane test. 
Sulfonated  
membrane shows 
higher water flux  
compared to 
pristine PES.  
UiO-66-NH2 have 
higher water flux 
compared to UiO-
66 membrane, 
more hydrophillic 
property 
Pristine PES: 
162.4 LMH 
SPES: 432.6 LMH 
UiO-66-
NH2/SPES MMM: 
665.5 LMH 
(5 wt%) and 678.0 
LMH 
(10 wt%) 

[23] 

UiO-66 MOF 
 

UiO-66 MOF 
functionalized with amine 
group (-NH2) 
 

CO2, 
CO2/CH4 

binary  
feed 
 

UiO-66 
14 wt% 
UiO-66-
NH2 16 
wt% 

 Effect of CO2 feed 
CO2 permeability 
decreased 9 % for 
pristine 6FDA-
DAM and 22 % for 

Effect of CO2 feed 
20 bar, 35 °C, CO2 
content feed varies 
between 10 to 50 
vol% 

CO2 permeability 
decreases with  
increasing CO2 
partial pressure 
when  

[1] 
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Adsorbent Modification Analyte 
Adsorbent 

loading 
(wt%) 

Characterization 
Permeability 

and selectivity 
Adsorption 
conditions 

Remarks Ref. 

UiO-66-
NH-
COCH3 
16 wt% 
 

Zr-MOF MMM. 
Effect of operating 
temperature 
increase in CO2 
permeance < 6 %, 
CH4 permeance 28 
and 37 % 
 

Effect of operating 
temperature 
30:70 vol% 
CO2:CH4 feed 
mixture, 20 bar, 
35 to 55 °C. 
Effect of H2S 30:70 
vol% CO2:CH4 feed 
mixture, 20 bar, 35 
°C, 5 vol% H2S 

tested at high 
pressure feeding.  
Presence of H2S 
reduced the CO2 
permeability due 
to active site on 
MOF have higher 
affinity towards 
H2S 
 

UiO-66 MOF UiO-66 MOF 
functionalized with amine 
group (-NH2) 

  Contact angle 
decreases with 
increasing amount 
of MOF, reduced 
from 73.25 to 55.8 
° 
 
SEM to 
differentiate 
surface 
morphology, 
inceasing amount 
of MOF leads to 
higher surface 
roughness 

Pure water 
permeance 
increases 
from M0 (241.725 
LMH) to M2  
as optimum 
membrane having  
highest water 
permeance (482.3 
LMH) with BSA 
rejection remain 
98.7 % 
 

 Substituition of 
organic ligands by  
amino groups lead 
to higher 
hydrophillicity of 
MOF/MMM. 
 

[5] 

MIL-101 Thiol functionalization of 
MIL-101 using 
cysteamine, expected to 
bond with Ag. 
 
Ag NPs impregnated in 
MIL-101 
forming Ag(I)-thiolate 
complex. 
 

Carbon 
monoxide 
(CO), CO/N2 
separation 
 

10 wt% 
 

FTIR and XRD to 
validate the 
synthesis of MOF 
and fabrication of 
MMM.  
 
XRD pattern 
shows changes in 
crystallinity after 
addition of thiol 
and impreganation 
of Ag 
 
SEM and TEM to 
study the 
membrane surface 
morphologies. 
Two hundred nm 
Ag/MIL-101 seen 
to be uniformly 
dispersed within 
the polymer matrix 

Pristine PGO 
(polymer 
membrane) exhibits 
CO permeance at 
2.53 GPU 
with CO/N2 
selectivity is 1.6 
 
CO permeance and 
CO/N2 selectivity 
increases with 
Ag/MIL-101 
loading in MMM 
 
10 wt% is the 
optimal Ag/MIL-
101 loadings having 
CO permeance of 
30.7 GPU and 
CO/N2 selectivity 
11.8 
 

constant-
pressure/variable  
volume method 
 
5 bar, 30 °C, 
CO2/N2 feed 80:20, 
60:40 and 50:50 
mol% at flow rate 
250 mL/min 
 

CO permeance, 
CO/N2 selectivity 
decreases at 
higher loading of 
20 wt% probably 
due to 
agglomeration of 
excess Ag/MIL-
101 
 

[25] 

MIL-140C, 
UiO-67 
 

 CO2, CO2/N2 
and  
CO2/CH4 

separation 

10 wt% 
 

Strong absorption 
band C-O-C from 
PGO  
copolymer have 
slight blue shifted 
when  
incorporated with 
both MOFs, 
indicate the  

Pristine PGO CO2 
permeance of  
889 GPU and 
CO2/N2 and 
CO2/CH4 selectivity 
of 31 and 15, 
respectively 
 
MIL/PGO and UiO-

 10 wt% is the 
optimal MOF 
loading, 
membrane 
performance 
gradually  
decreases with 
increasing MOF 
content  

[26] 
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Adsorbent Modification Analyte 
Adsorbent 

loading 
(wt%) 

Characterization 
Permeability 

and selectivity 
Adsorption 
conditions 

Remarks Ref. 

weak interaction 
between 
copolymer and 
MOF  
 
 

67/PGO 
permeability 
increase with MOF 
content in MMM 
 

higher than 10 
wt%.  
 
CO2 permeability 
slightly higher in 
MIL/PGO  
compared to UiO-
67/PGO 

MIL-53 (Al)  pyridine 15 wt% 
 

SEM analysis 
shows MIL-53 
(Al) have irregular 
shapes, 1.8 µm in 
size. The surface 
roughness 
increases as MIL-
53 (Al) incorporate 
into the polymer 
matrix 
 
Contact angle for 
pristine 
PEBA/PVDF is 
79.6 % 
 
Contact angle for 
MIL-53 (Al) 
MMM increases 
up to 20 wt% 
MOF loadings, 
indicating MIL-53 
(Al) is 
hydrophobic 

15-MIL-53 (Al) 
shows better  
pyridine flux than 
pristine 
PEBA/PVDF 
 
PEBA/PVDF flux: 
143.5 g/m2h 
 
15-MIL-53 
(Al)/PEBA/PVDF: 
226.9 g/m2h 
 
Pyridine flux 
increase 
58.1 % 
 

0.5 wt% pyridine in 
aqeous solution, 65 
°C 
 

 [27] 

 
 

Carbonaceous nanomaterials as additives in MMM 
 Recent advancements on nanotechnology have caused a rising interest in nanomaterials due to its 
environmentally sustainable properties. Nanomaterials have been used in various applications such as 
energy production, contaminant sensing and water treatment. Carbon nanoparticles is a resourceful material 
that can improve treating polluted water [28]. Carbon has different orbital hybridization, hence capable in 
forming different chemical bonds with various orientations. Due to this reason, carbon can have different 
allotropic forms, either graphite or diamond and forming a various nanostructures known as graphene, 
carbon nanotubes, carbon fibres, fullerenes, onion and nanodiamond [29].  
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Table 2 Summary of carbonaceous materials properties. 
Carbon 

nanostructure 
Dimensional 

system 
Hybridization Layer Structure 

Carbon nanotubes Unidimensional Sp2 
Multilayer and 

monolayer  

 

Graphene 2-dimensional Sp2 Monolayer 

 
 
 

Carbon nanotubes 
Carbon nanotubes (CNTs) are 1 dimensional nanomaterial which has great properties in terms of 

mechanical and thermal, and are classified into 2 types according to the number of walls, known as single-
walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). SWCNTs are 
graphite in a single cylinder shape with a diameter up to 1.5 nm. While, MWCNTs consists of more than 
1-cylinder sheets with a distance of 0.35 nm between sheets and have bigger diameter in comparison to 
SWCNTs, which is between 2 to 100 nm. The presence of interlayer spaces in MWCNTs might act as 
adsorption sites for smaller molecules [30].  

CNTs have gained significant attention in membrane research due to their exceptional properties, such 
as high surface area and adsorption capacity, as well as their unique permeability characteristics. They have 
been incorporated into polymer matrices to create mixed matrix membranes, aiming to enhance the 
adsorption and permeability performance of the membranes. These mixed matrix membranes have been 
extensively studied to investigate the adsorption and permeability behaviour of carbon nanotubes when 
incorporated in a polymer matrix. Various techniques have been employed to evaluate the adsorption 
capacity of carbon nanotubes in mixed matrix membranes, including isotherm studies and breakthrough 
experiments. Additionally, permeability studies have been conducted to assess the transport properties of 
gases and liquids through these membranes. The results of these studies have demonstrated that the addition 
of carbon nanotubes to the polymer matrix can significantly enhance the adsorption and permeability 
performance of the mixed matrix membranes. Their high surface area and adsorption capacity contribute 
to enhanced adsorption of molecules, while their unique permeability characteristics facilitate the transport 
of gases and liquids through the membranes with reduced resistance. Overall, the adsorption and 
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permeability studies of mixed matrix membranes incorporating carbon nanotubes have shown promising 
results, highlighting their potential for various applications including gas separation, water purification and 
drug delivery systems. These studies provide valuable insights into the fundamental mechanisms governing 
adsorption and permeability in mixed matrix membranes and pave the way for further optimization and 
development of these membranes for practical applications [31-36]. 

 

 
Figure 3 Chemical structure of CNT. 
 
 CNTs have 1 issue which is, it tends to aggregate and this is causing the CNTs having poor interfacial 
interaction with polymer, affecting electrical and mechanical properties of the composite. CNTs surface 
functionalization is a common approach to solve this problem. Functionalization forming defect sites in 
CNTs affecting the degree of conjugation and reduce charge mobility [37-39]. Lee et al. [40] proposed and 
carried out a research of kinetic sorption studies on mixed matrix membrane CO2/N2 separation, using 
cellulose acetate butyrate (CAB) as polymer matrix and MWCNTs as additives filler. In this study, the 
MMM was fabricated using wet inversion phase method, where the CAB polymers with 2 different 
molecular weight were mixed and added into functionalized MWCNTs (MWCNTs-F) for the dispersion of 
additives into the polymer matrix [40].  
 This study proposed to investigate if the difference in molecular weight (Mn) of CAB introduced into 
the doped solution of MWCNTs-F have significant impact on the enhancement of CO2 adsorption 
behaviour. M1, M2 and M3 are membranes prepared with combination of CAB polymers at 70000:12000, 
70000:30000 and 70000:65000, respectively, with a constant loading of MWCNTs-F, 0.8 wt%, with the 
objective to modify polymer chain packing while improving its properties, this work combines 2 polymers 
with varying Mn [41,42]. Single gas feeding to study the permeation rate of CO2 and N2 were carried out. 
As for CO2 gas feeding, the permeation rate decreases with increasing molecular weight of CAB used in 
the membrane fabrication. Membrane thickness and composition are the factors affecting the permeance of 
CO2, where M1, having thin membrane thickness (8.34 µm), have the best permeation rate of CO2 compared 
to M2 (8.45 µm) and M3 (9.8 µm). Acetyl group content, on the other hand, can influence the MMM’s 
permeation ability; a low acetyl group concentration can slow down the gradually degrading densely packed 
entanglements, thereby promoting the membrane’s capacity to adsorb CO2. Thus, M1 and M2 were able to 
attain high CO2 permeance, but M3 had the lowest rate of CO2 permeation while having the highest 
concentration of acetyl group [40-42].  
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 As for N2 permeance test, M1 able to attain higher N2 into the membrane and the N2 permeance 
decreases with the higher Mn of CAB polymer. This corelates to the higher intensity of carboxyl group 
(C=O) present in M2 and M3, where carboxyl group favoured in the adsorption of CO2 while rejecting N2. 
Therefore, higher carboxyl group content in the membrane can create more sites for adsorption of CO2, 
consequently improving CO2 permeability [40,43,44]. Contact angles analysis was conducted to study the 
N2 permeance phenomena. The reduction in contact angles in M1 to M2 indicates that higher content of 
carboxyl group can improve the membrane hydrophilicity, where the end group -COOH cannot form 
hydrogen bond between polymer chains [45]. To assess the impact of polymer combination on mass transit 
between 2 penetrant gas molecules, the binary gas permeation investigation was continued in this study. 
The binary gas selectivity performance was evaluated at a ratio of 50/50 vol% for CO2/N2 gas feeding. The 
ideal selectivity of binary gas mixture is lower than the pure single gas due to the low in CO2 permeance 
because of the competitive permeation between the penetrant gases within the MMM [40].  In conclusion, 
the adsorption and permeability studies of mixed matrix membranes where carbon nanotubes are used as 
an adsorbent and incorporated in a polymer matrix have demonstrated enhanced adsorption and 
permeability performance, making them promising candidates for various applications [46,47]. 
 

Graphene 
Graphene, a 2-dimensional nanomaterial composed of a single layer of carbon atoms arranged in a 

honeycomb lattice structure, has gained significant attention in the field of membrane extraction [48]. The 
incorporation of graphene into polymeric matrix adsorption membranes has shown promise in improving 
the adsorption and permeability/selectivity properties for analytes removal or water treatment applications. 
Source: Graphene has been extensively studied for its unique properties and potential applications in 
various fields. Graphene’s high surface area and exceptional mechanical properties enable it to effectively 
capture and remove contaminants from water and other fluids during membrane extraction processes. 
Furthermore, its excellent electron mobility contributes to enhanced adsorption and permeability/selectivity 
properties, making it an ideal material for improving the efficiency of analyte removal and water treatment 
applications [49,50]. 

Numerous studies have demonstrated the potential of graphene-enhanced membrane extraction in 
addressing key challenges in environmental remediation, industrial purification and water desalination. The 
unique properties of graphene offer promising opportunities for the development of advanced membrane 
technologies that can significantly improve the performance and sustainability of extraction processes [51]. 
Figure shows the difference in structure of graphene and carbon nanotubes. 

A study was reported on the fabrication of ultra-thin polyether-block-amide (Pebax) MMM, where 
they used graphene oxide as additives for CO2 capture [52]. GO has numerous oxygen-containing functional 
groups including ether (C-O-C), carboxyl (-COOH) and hydroxyl (-OH) groups. These functional group 
can form interaction with specific molecules through formation of hydrogen bonding and electrostatic 
interaction, that contributes to improvement of selectivity and separation of different molecules. This study 
chose Pebax as their polymer matrix, where it has the ability to interact with GO through hydrogen bonding, 
encouraging GO to assemble into a 2-dimensional laminated structure allowing for fast and selective 
transport pathways [53]. 
 The fabrication of MMM in this study was carried out by coating GO/Pebax mixture on the surface 
of polydimethylsiloxane-block-polyethylene oxide/polyacrylonitrile (PDMS-PEO-PAN) membrane 
through knife casting method. Different membrane preparation conditions were evaluated to study the 
effects of it on the CO/N2 separation performances. In this study, GO/Pebax acts as selective layer, while 
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PDMS-PEO is an intermediate layer [52]. Coating of GO/Pebax onto the surface of PDMS-PEO-PAN 
causing the membrane to increase in its surface roughness due to presence of GO nanosheets.  

GO lateral size plays a crucial part in improving gas permeability and selectivity. Larger lateral size 
of GO will promote the stacking degree of GO since GO nanosheets will be arranges horizontally and 
increase transport resistance of gas molecules, consequently affecting the CO2/N2 separation performances 
and membrane permeability and selectivity rate. Hence, this study proposed to use ultrasonic cell crusher, 
which is proven to reduced GO lateral size from 280 to 50 nm with increasing ultrasonic treatment time. 
Eventually, the lateral size reduction reached equilibrium at 4 h of treatment time. Separation performance 
test confirmed that the reduction in lateral size able to increase CO2/N2 selectivity and CO2 permeance by 
12.5 and 70.2 %, respectively [52].  

Then, they further the research by investigating the effect of GO nanosheets loadings on the surface 
roughness and how it can affect the GO/Pebax-MMM performances using SEM and AFM characterization. 
Based on their SEM results, membrane with less than 0.05 wt% have better dispersion and homogeneity, 
and the membrane tend to agglomerate when GO loadings is more than 0.075 wt%. As for AFM 
characterization, it can be concluded that the surface roughness increases with GO loadings. Even though 
theoretically increasing GO loadings meaning that the membrane can provide greater gas transport 
channels, GO can form a zig-zag transport pathways due to parallel stacking. As the GO loadings increases, 
CO2/N2 selectivity shows significant improvement, however the CO2 or N2 permeance decreases. This can 
be explained through the thickness of the membrane which is 120 nm, so it is hard for the GO to be arranged 
vertically, and has to be stacked horizontally, increasing the gas molecules transport resistance [2]. This 
study successfully optimized the lateral size of GO nanosheets and GO content in MMM to achieve highest 
efficiency in CO2 permeability and CO2/N2 selectivity.  
 

Effect of modified graphene 
Graphene is hydrophobic, hence adding suitable surfactants is an important step to obtain stable 

dispersions in polar solvents. Graphene oxide (GO) is the same as Graphene, despite the presence of 
oxygen-containing functional group (Figure 4). The presence of the functional group is to promote 
interaction and compatibility with polar solvents [54].    

GO surface become negatively charged due to the presence of oxygen-containing functional groups, 
such as epoxy, carboxyl and hydroxyl. The structural properties of GO allow interaction with organic 
molecules via non-covalent forces like π – π stacking and hydrogen bonding [55]. Meanwhile, the 
adsorption process within the commercial graphene nanosheets is by low electrostatic interaction or Van 
Der Waals forces [56]. GO abundant oxygen-containing group and its regular laminar nanosheets is 
expected to provide fast and highly selective gas transport channel. It is reported that MMM containing GO 
as adsorbents have improve in terms of selectivity, however the permeability rate decreasing with 
increasing loading of GO into MMM. This effect can be attributed to the reduced mobility of polymer chain 
[57].   
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Figure 4 Chemical structure of: (a) Graphene and (b) Graphene oxide. 
 

Effect of graphene on MMM 
Incorporated of nanomaterials onto the MMM affects the membrane properties. The sizes of mean 

pore of MMM dispersed with adsorbents is higher compared to clean membranes. Specifically, this research 
carried out by comparing with 2 different fabrications. From the paper, it can be concluded that the mean 
pore size of MMM with MHNTs increase with higher loading of the adsorbents. However, this trend cannot 
be seen in MMM with GO as adsorbents. The mean pore size of the membranes showing decreasing in 
pattern as the loading of GO increased, which probably due to agglomeration of GO and strong hydrogen 
bonds between PVP and GO [55].  

The presence of nanomaterials as adsorbents in the polymer matrix can increase the hydrophilic 
properties of the membrane. The changes in hydrophilic properties can be attributed to the hydrophilic 
nature of GO due to the presence of epoxy, carboxyl, or hydroxyl groups. Hence, increasing the loading of 
adsorbents can decrease the contact angle of the membranes, therefore, hydrophilic properties increase.  

The presence of nanomaterial adsorbents increases the porosity of the membrane compared to pristine 
membranes. However, according to Amid et al. [58], increase loading of nanomaterials onto the membranes 
shows a reduction trend in membrane porosity. Despite increasing hydrophilicity properties in the 
membrane, it can cause adverse effect on uniform dispersion of adsorbents on the polymer, which then 
reduced the membrane porosity. Addition of nanomaterials in polymer can improve the tensile strength of 
the membrane. However, heavy loading of adsorbents onto the polymer matrix can decrease its tensile 
strength due to the agglomeration of GO in the polymer matrix. Table 3 below shows the varies of research 
conducted on MMM using carbonaceous nanomaterials as additives/adsorbent fillers for various 
applications. 
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Table 3 The fabrication of MMM using carbonaceous materials as fillers and its adsorption studies. 

Adsorbent 
Adsorbent 

modification 
Target 
analyte 

Adsorbent 
loading (wt%) 

Characterization 
Permeability and 

selectivity 
Adsorption 
conditions 

Remarks Ref. 

CNT Functionalized 
with  
titanium 
oxide/TiO2 

CO2, 
CO2/N2  
and 
CO2/CH4  
separations 

0.5 wt% FTIR spectra for PU/CNT-
TiO2 
3300 cm–1 (-NH group 
stretching) 2870 and 2950 
cm–1 (symmetry and 
assymetry CH2 absorption), 
1125 cm–1 (C-O-C 
absorption), 1700 and 1740 
cm–1 (free carbonyl group 
absorption)  
 
XRD patterns exhibits a 
dominant amorphous halo at 
2θ = 16.2 º 
 
FESEM image shows good 
interaction between polymer 
matrix and CNT-TiO2, 
smooth surface 

CO2 have highest 
permeability rate  
compared to N2 and 
CH4 at optimum  
CNT loading (0.5 wt%, 
49.12 barrer) 
 
CO2 permeance 
increases with CNT 
loadings, however the 
permeability 
dropped if CNT content 
> 0.5 wt% 
 
CO2/N2 have better 
selectivity,  
reaching highest value 
(55.82 barrer) 
with 0.5 wt% CNT 

Various loadings 
of  
CNT@TiO2-2  
(0, 0.25, 0.5, 
0.75  
and 1 wt%),  
pressures  
(4, 8 and 12 bar),  
temperatures  
(298, 308, 318 
and 328 K) 

TiO2 functional 
groups  
provide better 
interfacial 
interaction  
between CNT and 
polymer base 
 
Both permeability 
and 
selectivity 
increases with CNT 
loadings, optimized 
at 0.5 wt%. CNT 
loadings greater 
than 0.5 wt% leads 
to decrease in 
permeability and 
selectivity 
performances  

[59] 

MWCNT Modify with EDA  
functionalization 

CO2, 
CO2/N2  
separation 

p-MWCNT  
(2.5 wt%) 
o-MWCNT  
(2.5 wt%) 
f-MWCNT  
(7.5 wt%) 

Pristine MWCNT FTIR 
1730 (C=O) and 1110 cm−1 
(C-O) stretching vibrations 
 
f-MWCNTS FTIR 1720 
(C=O)  
and 1114 cm−1 (C-O) 
 
SEM images of membrane; 
smooth surface for pristine 
Cardo-PIM-1 membrane 
 
Heterogenous agglomeration 
when p-MWCNT added into 
polymer base, surface is not 
smooth 
 
f-MWCNTs agglomerate 
and heterogeneously 
distribute in the Cardo-PIM-
1 matrix  

Cardo-PIM-1 + 2.5 wt% 
p-MWCNTs; 
CO2 permeability:  
(8.0 ± 0.40)×103 barrer 
N2 permeability:  
(5.6 ± 0.28)×102 barrer 
CO2/N2 selectivity: 14.3 
 
Cardo-PIM-1 + 2.5 wt% 
o-MWCNTs; 
CO2 permeability:  
(1.8 ± 0.09)×10^4 barrer 
N2 permeability:  
(9.8 ± 0.49)×10^2 barrer 
CO2/N2 selectivity: 18.4 
 
Cardo-PIM-1 + 7.5 wt% 
f-MWCNTs; 
CO2 permeability:  
(2.9 ± 0.15)×10^4 barrer 
N2 permeability:  
(1.2 ± 0.06) × 10^3 
barrer 
CO2/N2 selectivity: 24.2 
  

25 ºC, 1 atm, 
CO2:N2 feed 
(1:1) 

FTIR stretching 
vibrations 
for C=O and C-O 
groups 
shifted due to the  
presence of amide 
group 
 
The presence of 
-OH, -COOH and -
NH2 on the surface 
of MWCNTs de-
bundles the highly 
entangled 
MWCNTs, 
enhanced 
dispersion in 
polymer matrix 

[60] 

MWCNT Functionalized the 
surface with 
carboxyl group by 
treating with 
H2SO4 and HNO3 

O2, O2/N2  
separation 

 
FTIR spectra exhibits 4 main 
peaks; 3430 (-OH stretch), 
1700 (C-O stretching) and 
1585 (C-C stretching) cm–1  
 
Tensile strength; 
M@f-MWCNT-5 (60.3 
MPa),  
M@f-MWCNT-10 (70.2 
MPa) 
FESEM image shows both 

Pristine matrimid; 
O2 permeability: 1.81 ± 
0.32 barrer 
O2/N2 selectivity: 5.89 ± 
0.14 barrer 
 
M@f-MWCNT-5; 
O2 permeability: 1.77 ± 
0.17 barrer 
O2/N2 selectivity: 6.94 ± 
1.6 barrer 

Helium (He) and  
compressed air  
(O2/N2: 21/79, 
O2 99.8 %  
and N2 
99.999 %),  
35 ºC, constant  
pressure 

O2/N2 selectivity  
enhanced by  
14.5 - 31.6 % 
points  
(f-MWCNTS 
concentration 
ranging from 5 - 10 
wt%) 
 
chloromethylation 
and 

[61] 
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Adsorbent 
Adsorbent 

modification 
Target 
analyte 

Adsorbent 
loading (wt%) 

Characterization 
Permeability and 

selectivity 
Adsorption 
conditions 

Remarks Ref. 

pristine matrimid and 
matrimid incorporated by  
f-MWCNT have smooth and 
uniform surface 
 
Membrane average 
thickness; 
53 µm 
  

 
M@f-MWCNT-10; 
O2 permeability: 2.87 ± 
0.25 barrer 
O2/N2 selectivity: 7.83 ± 
1.39 barrer 

quaternization of 
the Matrimid 
membrane 
increased 
O2/N2selectivity 
while decreasing 
O2 permeability. 

MWCNT 
 

Pb2+, Hg2+  
and Cd2+ 

0.3 wt% PCNT-0 having 65.73 º 
contact 
angle due to high 
hydrophobic 
properties of polymer.  
The contact angles is  
said to reduce with 
increasing  
MWCNT loadings. 
 
PCNT-3 (0.3 wt% CNT)  
has the highest value of; 
water uptake: (70.32 ± 0.72) 
% 
Porosity: (50.93 ± 0.69) % 
Contact angle: (61.79 ± 1.98) 
º 
 
SEM image shows the 
formation of macro void 
within the MMM.  
 
AFM results indicates 
surface roughness increases 
with MWCNT content in 
MMM  

Adsorption study shows 
prepared  
membrane have limited 
affinity towards  
heavy metal 
 
PCNT-3 shows highest 
heavy metal  
rejection, and this 
rejection enhancement 
mainly due to the 
sieving mechanism 

500 ppm lead 
nitrate  
and cadmium 
nitrate,  
50 ppm mercuroc 
chloride, 
pH balanced to 6 
± 0.2 
with 0.1 M 
HCl/0.1 M  
NaOH solution, 
stirred up  
to 5 continuous 
days, 25 ºC, 
5 cm2 active area 

Enhanced 
permeability  
and good rejection 
ability with 
increasing  
the MWCNTs wt% 
on  
PPSU polymer. 
 
PCNT-3 
membranes were  
exhibited best 
heavy 
metal rejection 
results  
of > 98 % for Pb2+, 
> 76 % for  
Hg2+ and > 72 % 
for  
Cd2+ions, 
respectively. 

[62] 

GO 
 

toluene/ 
n-heptane 
separation 

 
FTIR; 
stretching vibration -OH  
(3000 - 3500 cm–1) 
C-O stretching (1048 cm–1) 
C-O-C stretching (1222 cm–

1) 
C=O (1725 cm–1) 
 
FESEM; 
1.5 wt% GO have uniform 
dispersion in polymer matrix 
1.5 to 2 wt%, GO tends to 
agglomerate, defects in 
structure 
 
Total flux permeate increase 
with GO content ranging 
from 0.5 to 1.5 wt%, 
permeation flux reduced at  
GO content > 1.5 wt%  

  
GOs’ high affinity 
for  
aromatic 
compounds,  
MMM selectivity 
increased  
by more than 139 
%  
compared to the 
pure 
membrane 
(pervoration study) 

[63] 

GO Iron oxide (Fe3O4) 
 

0.4 wt% Fe3O4/GO-PSf MMM; 
Porosity: 76.35 % 

  
Functionalized GO 
MMM (Fe3O4/GO-

[64] 
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Adsorbent 
Adsorbent 

modification 
Target 
analyte 

Adsorbent 
loading (wt%) 

Characterization 
Permeability and 

selectivity 
Adsorption 
conditions 

Remarks Ref. 

Pore size: 0.0347 µm 
contact angle: 69.97 º 
 
GO-PSf MMM; 
Porosity: 64.39% 
Pore size: 0.0333 µm 
Contact angle: 69.16 º 

PSf) have the 
maximum 
permeation flux 
(112.47 L/m2.bar) 
compared to 
pristine PSf MMM 
(51.82 L/m2.bar) 
 
All prepared 
membrane shows 
high CR rejection 
(> 85%), due to 
higher negativity 
surface charge 

 
 

Mesoporous molecular sieve- based MMM 
Mesoporous molecular sieve (M41S series) was first found in 1992, where they synthesized by mixing 

surfactant, silicate and alkali. Mesoporous silica has ordered hexagonal pore structure, which benefited 
them by having unique properties such as mechanically and thermally stable, able to undergo chemical 
functionalization, have high surface area due to reactive silanol groups present and well-defined 
mesoporous array as well as having bigger pores [65,66]. Mesoporous silica has a good adhesion to the 
polymer matrix due to its mesoporosity allowing polymer to penetrate into the pores.  

However, it was reported by [66], the gas transport properties of MCM-41 and MCM-48 based 
membranes are difficult to fabricate due to polymer rigidity and poor interaction between polymer and 
particle. Besides adding fillers like mesoporous silica to overcome disadvantages shown by pristine 
polymeric membrane, these limitations also leading to several methods have been developed in objective 
to improve adhesion and polymer-particle interaction, by modifying fillers surfaces, addition of block 
copolymer [67]. 

Since mesoporous silica is widely used as fillers in membranes fabrication [68], there are various 
studies have been carried out and reported, where most of the studies has modified the particles surfaces by 
adding functionalized group, resulted in better polymer-particle interaction, improvement in gas transport 
properties and increasing gas selectivity [69]. Table 4 is compilations some of the mesoporous silica-based 
membrane reported studies. 
 
 
Table 4 Compilations of reported studies on molecular sieve-based MMM. 

Method 
Mesoporous 

materials 
Polymer 

Functional 
derivatives 

Application Ref. 

MMM SBA-15 PES Curcumin (Cur) Zn2+, Pb2+ and Ni2+ removal [70] 

MMM MCM-41 PSF Amine He, CO2, O2, N2 and CH4 separation [71] 

MMM MCM-41 PSF Pyrazole CO2 separation [69] 

MMM MSS Polyimide matrimid - CO2 adsorption [66] 

MMM Silica nanoparticles Polyimide matrimid - ethylene/ethane and 
propylene/pyrene separation 

[67] 
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As mentioned in the table above, a research study has been carried out to study the performance of 
MMM on removal of metal ions such as Zn2+, Pb2+ and Ni2+. In this study, a new mesoporous material, 
Curcumin (Cur) modified mesoporous SBA-15 is chosen as filler incorporated into the PES polymer matrix 
for MMM fabrication. According to the authors, mesoporous Cur-SBA-15 have a significant impact on the 
removal of the targeted metal ions. The results obtained shows an improvement in its hydrophilicity, 
porosity, surface smoothness and antifouling ability. 

Figure 3 (reference to the research paper) represents the evaluation of antifouling properties of the 
membranes. The filtration experiments are conducted between the neat membrane and Cur-SBA-15 MMM 
using 8000 mg/L When milk solution is replaced by deionized water, the permeated flux of all investigated 
membranes decreases significantly, suggesting membrane fouling. On the other hand, modified mesoporous 
materials MMMs are found to have higher permeated flux compared to the neat polymeric membrane.  

 The authors also presented the heavy metal rejection by the prepared membranes, where the 
permeated flux and heavy metal rejections are evaluated using different concentration feeds (20, 50 and 60 
mg/L), choosing M-0.3 membrane as the optimal modified membrane. Based on the graphs presented, it 
indicates that Cur-SBA-15 have higher rejection in compared to the neat membrane, and the membrane 
rejection reached maximum point when the mesoporous silica concentration is at 0.3 wt%. This is due to 
the hydrophilic nature of the modified MMM which play an important role of the membrane rejections.  
 

Hybrid modifiers-MOF and carbonaceous material 
A study has been carried out to study the effect of using 2 different modifiers in MMM fabrication on 

physicochemical and properties of the MMM. Multiwall carbon nanotubes (MWCNTs) exhibit unique 
structure and valuable features in water purification, such as large surface-to-volume ratio, porosity, can be 
easily modified, excellent chemical and mechanical stability. In current studies, researches have been 
mixing up 2 adsorbents by modifying MOF with MWCNT to enhance their hydrophilic properties and the 
membrane performance [72].  
 In this particular study, they were using the combination of carboxylated MWCNTs (MWCNT-
COOH) and MIL-53(Al) and expected to have better dispersion of MIL-53(Al). The physicochemical 
properties, membrane separation performances and antifouling behaviour were investigated. The hybrid 
additives loaded up onto the polymer matrix at different weight by percentage, where reached the maximum 
total porosity at 88.36 % with 5 wt% of MIL-53(Al)@MWCNTs content in MMM. This indicates that the 
addition of MIL-53(Al)@MWCNTs creates more aggregates due to the formation of interfacial defects. 
From SEM images of the MMM, addition of MIL-53(Al) alone, at 5 wt% tends to self-accumulate in PES 
polymer matrix. Accumulation problems can affect the membrane performance. When compared to SEM 
image of hybrid MIL-53(Al)@MWCNTs at 5 wt%, it showed that the accumulation has improved since 
the combination able to improve the MOF distribution, preventing self-accumulation due to the presence 
of oxygen group in MIL-53(Al)@MWCNTs, increasing its compatibility with PES matrix [73]. 

The surface hydrophilicity correlates with membrane permeability and antifouling properties. Water 
contact angle (WCA) for pristine PES MMM is 62 º and this value decreases as the number of additives 
loadings in MMM increases. PES/MIL-53(Al)@MWCNTs and PES/MIL-53(Al), both with 5 wt% 
loadings, have WCA value at 32 and 58 º, respectively. This indicates that MIL-53(Al) tailored with 
MWCNTs able to increase its hydrophilic properties due to the presence of carboxyl group within the 
nanocomposite, affecting the average pore radius and overall porosity of the membrane. Characterization 
studies from this research concluded that PES/MIL-53(Al)@MWCNTs at 5 wt% loading have the optimum 
condition and proceeded to test its performance [73]. 
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The separation efficiency for the prepared and fabricated membrane shows 77 - 98 % removal 
efficiencies of dyes. It was reported by various studies that MIL-53(Al), PES membranes and MWCNT-
COOH are negatively charged at pH 7. PES/MIL-53(Al)@MWCNTs at 5 wt% loading exhibit the highest 
removal efficiency for amoxicillin removal with the value of 93.07 %, which may be related with the 
interaction between carboxyl group from MIL-53(Al)@MWCNT-COOH with amine and hydroxyl group 
from amoxicillin [73].  

The research findings on antifouling properties test that 3 parameters (pH, initial concentration and 
MWCNTs loading) can possibly affect the fouling properties of MMMs. The modified membrane having 
larger pore size, higher overall porosity and improved negative surface charged between pH 4 - 12. The 
membrane which contains 5 wt% of MIL-53(Al)@MWCNTs have highest permeation flux of 246.2 L/m2.h 
compared to the bare PES membrane. In conclusion, porosity and the presence of carboxyl group which 
affecting the hydrophilic properties of the membrane, can increase the membrane performances and 
efficiency in removing contaminants from wastewater [73].  
 
Conclusions 

Mixed matrix membrane, a combination of polymeric matrix has been widely studied for its potential 
for membrane technology improvements, especially in terms of their permeability and selectivity. Metal-
organic frameworks, carbonaceous nanomaterials, silica molecular sieve are the commonly used fillers 
among the other available fillers in the market due to their exceptional properties in mitigating the 
limitations from pure polymer membranes. MMM production is environment friendly and use less energy, 
which is important in producing a sustainable separation method. However, recent MMM research is only 
on the foundation level and there is no available framework based MMM produced on a commercial scale. 
In order to evaluate the membrane performances, these parameters must be considered; high pressure, high 
temperature and presence of plasticization in order to developed a MMM that are chemically and thermally 
stable.  
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