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A B S T R A C T   

The development of eco-friendly iller materials in membrane-based gas separation technology have become 
fascinating science that has established a tremendous circular economy. Biogenic silica (BSi) was recovered from 
rice husks and functionalized using three different molecular structure amine groups in this study. Poly-
ethyleneimine/PEI, N-methylaminopropyl trimethoxysilane/MAPS, and 2-(2-pyridyl) ethyltrimethoxysilane/ 
PETS are used as inorganic illers for the fabrication of poly (ether-block-amide) (Pebax-1657) mixed matrix 
membranes (MMMs). The amine functionalized silica and Pebax chains were found to interact through inter-
molecular hydrogen bonding, tightening the interfacial space and strengthening the thermal stability of the 
original polymeric membranes. Moreover, the amine groups in each functionalized BSi were suficient to 
establish a facilitated transport mechanism for CO2 through the Pebax membranes. Amine functionalized BSi 
could remarkably upgrade the CO2 permeability (110–120%) and CO2/N2 selectivity (60–70%), surpassing 
Robeson’s upper bound 2008. In addition, Pebax/BSi-MAPS-10 became the most reliable membrane in this 
study, with CO2 permeability of 90.05 Barrer and CO2/N2 selectivity of 100.41. These indings revealed that 
amine functionalized BSi was promising for the fabrication of high-quality Pebax MMMs for CO2/N2 separation 
in industrial applications.   

1. Introduction 

Rising atmospheric CO2 has consistently become a threatening issue 
for 1.5 ◦C global warming, primarily due to large-scale combustion and 
manufacturing processes in industrial activities. A recent report by 
NOAA’s Global Monitoring Lab revealed a new record global average 
atmospheric carbon dioxide of 414.72 parts per million, jumping 2.58 
ppm over 2021, despite the economic crisis during the COVID-19 
pandemic [1]. This implied that massive CO2 generation was inevi-
table due to society’s high demand for energy, materials, and chemicals. 
Therefore, developing an advanced CO2 separation and recycling tech-
nology is necessary to avoid severe catastrophic effects. 

Among the CO2 separation methods, membrane technology has 
received tremendous attention due to its inexpensive installation, simple 
operation, lean energy consumption, and less environmental impact [2]. 
Polymeric membranes are preferable, offering high gas separation efi-
ciency with economic and ecological beneits [3]. Poly (ether--
block-amide), a block copolymer, is a polymer option having both hard 
rigid segments (polyamide), which give mechanical strength, and soft 

lexible-chain blocks (polyethylene) that provide high permeability 
[4–6]. Pebax 1657, containing 60% PE, has been reported to present top 
acid gas separation performance [7] due to its high durability, lexi-
bility, thermal resistance, mechanical strength, and remarkable selec-
tivity for acid gas and polar–nonpolar gases [8]. However, despite the 
excellent Pebax 1657 separation performance, it has problems surpass-
ing the Robeson upper bound curves, conirming a trade-off relationship 
between permeability and selectivity. 

Mixed matrix membranes (MMMs) have been promoted as choice to 
achieve desired gas separation performances. The general idea for syn-
thesizing MMMs is to induce the thermal, electrical, mechanical, and 
molecular sieve properties of inorganic materials into a polymer matrix 
[9]. Incorporating illers with molecular sieving properties in the poly-
mer matrix can lead to higher permeability, selectivity, or both over 
pure polymeric membranes. Among the numerous inorganic iller ma-
terials, silica is one of the most favorable options regarding its high 
mechanical and thermal stabilities, speciic surface area, and lexibility 
for chemical functionalization [10,11]. The utilization of biogenic silica 
(BSi) derived from crop residues is a promising idea amid the increased 
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use of chemical silica precursors such as tetraethyl orthosilicate (TEOS) 
and tetra methoxy silicate (TMOS) [12–14]. Rice husk based BSi will be 
preferable, considering its high abundance and raw material silica yield 
[15]. A recent report by Waheed et al. [14], even though, found an 85% 
improvement in the CO2 permeability of polysulfone membranes by 
incorporating 40 wt% rice husk based BSi. This study highlighted the 
pore channels on the BSi surface, creating suficient membrane gas 
diffusion pathways for CO2. BSi could not perfectly hamper the trade-off 
issue of gas permeability-selectivity corresponding to non-selective 
voids formation within the membranes. Therefore, considerable op-
portunities exist for developing high-performance BSi illers to destroy 
the prevalent problem of polymeric membranes. 

Surface modiication with a particular functional group, such as 
amine, improve the inorganic iller’s ability to enhance polymeric 
membranes. The amine groups could render abundant carriers to facil-
itate polar gas transport through reversible reaction and simultaneously 
improve the iller–polymer interface compatibility [16]. Recent studies 
investigated the effects of amine-functionalized illers for improving the 
CO2 separation eficiency of Pebax membranes. Meshkat et al. [17] 
found a 174% improvement in CO2 permeability over the neat Pebax 
using 10 wt% NH2-MIL-53 as a dispersed phase. Likewise, Ding et al. 
[18] revealed that NH2-ZIF-8 could enhance CO2 permeability at 53% 
and 107.6% compared to ZIF-8/Pebax MMM and pure Pebax membrane. 
Amine groups in MIL-101 were also found to upgrade the CO2 selectivity 
of Pebax membranes up to 145.1% [19]. No comparably investigated 
different amine groups functionalized on the iller surface were found to 
increase Pebax membrane CO2 separation factors. This work in-
vestigates for the irst time the ability of different molecular structured 
amines (linear, branched, and cyclic) on the rice husk-derived biogenic 
silica surface to improve the CO2 separation performance of Pebax 
membranes. The results will beneit broadening the application of 
functionalized biogenic illers for membrane-based CO2 separation. 

2. Experimental 

2.1. Materials 

Biogenic silica (BSi) was obtained by the process described elsewhere 
[20]. Pebax-1657 (Arkema, France), branched polyethyleneimine (PEI, 
800 Mw, Sigma Aldrich), N-methylaminopropyl trimethoxysilane 
(MAPS, 95%, ACS grade, Alfa Aesar), 2-(2-pyridyl) ethyl-
trimethoxysilane (PETS, 95%, ACS grade, Gelest), and anhydrous 
ethanol (C2H5OH, 99.99%, ACS grade, J.T. Baker) were used as 
received. 

2.2. Amine functionalization of iller 

The amine functionalized BSi was prepared via a sonication method 
adapted from previous work [21]. One mmol amino silane was com-
bined with ~0.5 g samples of RHS in 25 ml anhydrous ethanol. This 
mixture was then sonicated at 55 ◦C for 2 h. The mixture was then 
vacuum dried at 70 ◦C for 10 h to obtain amine-functionalized silica. 

2.3. Membrane preparation 

Pebax-1657 MMMs were fabricated as follows, 4 wt % polymeric 
solutions were irst prepared by dissolving a polymer pellet into H2O/ 
EtOH (30/70 wt%) mixture at 70 ◦C for 2 h. Different illers were then 
incorporated into the polymer solution at 10 wt% load and reluxed for 
another 2 h. The mixture was then cast into a PTFE Petri dish and 
ambient dried for 48 h, followed by vacuum drying at 50 ◦C overnight. 
The MMM thickness was controlled at 100–130 μm. 

2.4. Characterization 

Fourier-transform-infrared spectroscopy (FTIR) analysis was 

performed using an FTIR spectrometer PerkinElmer (Waltham, MA, 
USA) coupled with Deuterated Triglycine Sulphate (DTGS) detector to 
investigate the iller and prepared membrane functional groups and 
chemical composition. The optical system with a KBr beam splitter in 
FTIR was performed at 650–4000 cm−1 at a high resolution of 0.4 cm−1. 
In addition, the functionalized iller organic elemental composition was 
measured using an elemental analyzer (Elementary Analyzer, Vario 
MICRO). 

The membrane morphology was investigated using a Field emission 
scanning electron microscope (FESEM, Bruker Ultra-High Resolution 
FESEM). To obtain precise cross-section angle observation, the mem-
branes were fractured cryogenically in liquid nitrogen and then top- 
coated with Au under vacuum conditions. 

The iller and membrane semi-crystalline structures were charac-
terized using X-ray diffraction (XRD, Bruker D8 Advance) with Cu Kα 

radiation (λ = 1.5406 Å), current voltages of 40 kV and 40 mA, scanning 
speed of 0.1 ◦C/s at 2θ = 10–90◦. Bragg’s law calculated polymer chain 
spacing (d-spacing) from XRD. Related data pattern analysis and cal-
culations were performed using X’Pert HighScore software. 

The Brunauer Emmett Teller (BET) surface area and Barrett-Joyner- 
Halenda (BJH) iller plots were obtained using a Micromeritics ASAP 
2020 V3⋅00H system. Before measurements the samples were degassed 
under low pressure for 4 h at 120 ◦C. 

The MMM thermal degradation behavior was studied using a thermal 
analyzer (HITACHI TG/DTA 7300). Three to four mg of MMM cut pieces 
were placed into a ceramic pan crucible, heated from 40 ◦C to 800 ◦C at 
10 ◦C/min under 100 ml/min N2. 

Differential scanning calorimetry (DSC, MATTLER DSC 3) was used 
to determine the membrane glass transition temperatures (Tg). Samples 
were tested under N2 atmosphere, with the temperature ranging from 
−60 ◦C to 250 ◦C at 10 ◦C/min. 

The membrane mechanical properties were determined using a 
tensile tester equipment (A&D MCT-2150) with a testing speed of 70 
mm/min. The measurement was repeated three times to obtain the 
standard deviation. 

2.5. Gas permeation test 

The single gas permeation membranes were measured using custom 
permeation equipment using the constant volume/variable pressure 
method, as seen in Fig. 1. 

Before each test the membrane samples were vacuum treated over-
night. The membrane sample was placed onto a permeation cell. The 
effective permeation area was 3.069 cm2. Both feed and permeate sides 
were consequently evacuated from the remained unexpected gases. Feed 
gas (CO2/N2) was then introduced steadily into the inlet side of the 
membrane cell with the outlet valve closed until the gauge reached the 
required pressure. The permeate low rate was recorded by monitoring 
the mass low meter as steady state conditions appeared. CO2 and N2 
permeation analyses were evaluated at ambient temperature under 
varied pressures (1, 2, 3, 4, 5 bar). Each test was repeated three times to 
get the average and standard deviation. 

The gas permeability, P (1 Barrer = 10−10 cm3 STP 
cm⋅cm−2s−1cmHg−1) was determined using the following equation: 

P= 1010 Q × l

ΔP × A
(1)  

where Q is the gas permeation low (cm3/s STP), l is the membrane 
thickness (cm), A is the effective area (3.069 cm2), and ΔP is the 
transmembrane partial pressure difference (cmHg). The ideal CO2/N2 
selectivity was determined using the equation: 

αCO2/N2

=
PCO2

PN2

(2)  

where PCO2 and PN2 are the permeability of CO2 and N2, respectively. 
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Permeability enhancement ratio (PER) and selectivity enhancement 
ratio (SeER) were calculated to evaluate the ability of iller to improve 
separation ixtures of Pebax membranes, following the formulas below: 
PERCO2 =(PMMM −Pneat) /Pneat (3)  

SeERCO2/N2 =(αMMM − αneat)
/

αneat (4)  

3. Results and discussion 

3.1. Filler characterization 

The interaction between biogenic silica with three different amines 
was demonstrated through comparative Fourier transform infrared 
spectroscopy (FTIR) analyses, as seen in Fig. 2. All samples showed 
absorption bands at 1050-1100 cm−1 and 790-800 cm−1, which were 
assigned to Si–O–Si asymmetric stretching and Si–O–Si symmetric 
stretching [22]. However, the wide band at 3400 cm−1 attributed to 
anti-symmetrical stretching vibration from –OH was observed only in 
the BSi sample attributing its hydrophilic characteristic. On the other 
hand, weak peaks were observed at 1650–1590 cm−1 for the 
all-functionalized BSi, corresponding to the bending vibration of N–H 
[23]. In addition, the broad stretching band in the range of 3300–3500 
cm−1 was dedicated to the NH2 group [10]. Therefore, the observed 
amine peaks conirmed the successful functionalization of BSi particles. 

The XRD peaks of amine functionalized BSi ilers were identical with 
unmodiied BSi (Fig. 2b), displaying the amorphous nature of silica at 
around 2θ = 22◦. In particular, the characteristic diffractions of BSi-PEI, 
BSi-MAPS, and BSi-PETS were slightly shifted into lower intensity and 
larger angle compared to unmodiied BSi. This indicated that the amine 
functionalization provides an insigniicant change in structural proper-
ties of neat BSi iller. 

Fig. 3 shows SEM images of BSi and their amine-functionalized 
particles. Again, amines were successfully grafted into the BSi surface. 
For BSi-PEI, the particles tended to be agglomerated, due to the exces-
sive polyamine load. In contrast, other amine-functionalized BSi 
exhibited better grafting results (see Fig. 3c–d) without severe particle 
aggregation. With the lower molecular weight and shorter chain, MAPS 
and PETS may occupy the narrow pore in the BSi surface. 

The elemental analysis results from the four illers are shown in 
Table 1. The amount of N element implied the number of amino groups 
functionalized on the BSi particle surface. Based on the calculations, the 
bonded amines on BSi-PEI, BSi-MAPS, and BSi-PETS were 5.85, 1.52, 
and 1.24 mmol g−1, respectively. In fact, one MAPS and PETS carry one 
amine group, whereas PEI has three amine groups. Thus, the function-
alized organic chains were matched to be 1.95, 1.52, and 1.24 mmol g−1, 
respectively. 

The functionalized iller textural properties compared to their origin 
are listed in Table 2. Compared with pure BSi, speciic surface areas, 
pore volumes, and pore sizes of the three modiied BSi were reduced. 
Moreover, the BSi particles modiied with PEI exhibited the lowest 
surface area and pore volume, which indicated the more extended 
amino ligands occupied more pore volume compared to MAPS and 
PETS. 

3.2. Membrane characterization 

Fig. 4 shows the FTIR spectra of prepared MMMs containing amine 
functionalized BSi. For the neat Pebax (NP) sample, the aliphatic ‒C‒H 
stretching is observed by the sharp band at 2941 cm−1 and 2869 cm−1. 
The characteristic peak of the soft polyethylene oxide (PEO) block is 
revealed at around 1093 cm−1, attributed to the ether (C–O–C) group. 
Polyamide hard segment typical peaks were observed at 1637, 1732, 
1541, and 3298 cm−1 corresponding to –C––O and ‒N‒H stretching 
vibrations, respectively [24]. A broad peak indicates the hydrogen 
bonding between hard segments of the polymer chains at 3400-3700 
cm−1 [10]. 

The amine functional groups on the BSi surface are not easily 
recognized in the MMM spectra due to large OH groups in the same 
frequency region. However, several changes in the position and intensity 
of polymer characteristic peaks in the IR spectra indicate the role of 
amine groups in polymer-inorganic iller interactions. The Si–O–Si 
broad peak effect of the inorganic iller in the polymer matrix is evident 
in the 900-1400 cm−1 range. Furthermore, the intensity of polyamide 
characteristic peaks of the MMMs at 1637, 1732, and 3298 cm−1 slightly 
decreased and shifted to a higher wavenumber after adding iller in the 
polymer matrix. This indicated that the interchain hydrogen bonding of 
the polyamide block is partially disrupted in the presence of illers. 
Hydrogen bonding disruption is conirmed by a signiicant reduction in 
O–H broad peak intensity of 3400–3700 cm−1 in all MMMs samples. 

Fig. 5 shows the surface (a-e) and cross-section (f-j) images of MMMs 
with different iller types. Neat Pebax membranes demonstrated smooth 
surfaces, indicating the polymer’s complete dissolution. Micro-sized 
gaps were found on the surface of Pebax MMMs comprising BSi. These 
cavities were not observed in the cross-section image, indicating sufi-
cient hydrogen bonding between the hydrophilic BSi sites with the 
Pebax backbone structure. Meanwhile, no interfacial voids were seen in 
the Pebax membranes with amine-functionalized BSi, as seen in Fig. 5 (c- 
e and h-j). Amine functional groups are believed to collide with ethylene 
oxides and amide chains through hydrogen bonding, narrowing the 
interfacial spaces between the two phases. In addition, particle aggre-
gation might not have occurred with the assistance of the sonication step 
before iller incorporation into the polymer solution during the 

Fig. 1. Single gas permeation system for measuring CO2 and N2 permeabilities.  
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preparation process. 
Fig. 6 depicts the wide-angle X-ray diffractions of MMMs compared 

to their neat membrane. All membranes exhibited semi-crystalline 
characteristics. A broad peak at 19.62◦ and a less intense peak 22.50◦

were observed on the neat Pebax membrane, corresponding to the 
amorphous polyethylene oxide (PEO) soft segments and the crystalline 
region of the polyamide (PA) rigid part, respectively. These two peaks 
were shifted to a larger and stronger peak when the iller was incorpo-
rated into the Pebax matrix. With the iller addition, the Pebax mem-
brane d-spacing decreased, indicating excellent interfacial interaction 
between the BSi functional groups with the polymer matrix. The rigid-
iication effect was more signiicant with amine groups on the BSi sur-
face. BSi-PEI and BSi-MAPS exhibit narrower and stronger crystalline 
peaks than BSi-PETS. This indicated that the amine group mixture in PEI 
and the secondary amine groups in MAPS would be more effective in 
strengthening the Pebax structure. 

Fig. 7 and Table 4 represent the effects of different iller types on the 
decomposition temperature of the Pebax membrane. The thermal 

stability enhancement is related to the solid interaction between organic 
materials and inorganic illers, generating a chemically bonded network 
structure in hybrids [9]. This interaction avoids the mobility of polymer 
chains resulting in higher decomposition temperature. As shown in 
Table 4, the decomposition temperature of all Pebax membranes could 
be enhanced by iller incorporation, which matched the XRD analysis 
result. In particular, the decomposition temperature of 
Pebax/BSi-PEI-10 was exceptional, signiicantly enhanced by increasing 
the iller load. However, only slight thermal stability enhancements are 
observed on Pebax/BSi-PETS-10. This is because the larger d-spacing 
values on these MMMs cannot perfectly resist polymer chain mobility 
during operation at high temperatures. In addition, single active amine 
group channels in PETS have not built up the close interaction between 
BSi and Pebax matrix. 

DSC analysis was conducted to investigate the inluence of different 
illers on the glass transition temperature and melting temperature of 
two Pebax segments. As shown in Fig. 8 and Table 5, Pebax membranes 
showed the typical melting point of PE and PA segments at 14.77 ◦C and 
204.03 ◦C, respectively. The glass transition temperature (Tg) was found 
at −52 ◦C (see Fig, 4–16 b). The BSi could simultaneously decrease the 
melting temperatures (Tm) of PE and PA blocks, showing its imperfect 
compatibility. Furthermore, BSi incorporation might disrupt the for-
mation of PE and PA networks within the polymer matrix, resulting in 
the soft deterioration of these Pebax segments. Even though the hy-
drophilic characteristic of BSi was able to hook into amide and ether 
groups, promoting higher Tg. 

Amine-modiied BSi exhibited distinct impacts on the Tg and Tm of 
Pebax membranes. Adding BSi-PEI might disturb the formation of PA 
segments (lower Tm PA). Moreover, polyamine in BSi surface could 
strongly interact with ether groups of PE domains, resulting in higher 
Tm. Thus, solid rigidiication consequently occurred, promoting a higher 
Tg value of the Pebax membrane. On the other hand, BSi-PETS exhibited 
a similar effect on Tg and Tm of Pebax membranes with lower rigidii-
cation magnitudes. It was because PETS with fewer amine groups than 
PEI could not ideally create a strong network with ether groups. In 
contrast, BSi-MAPS tended to rigidify the Pebax membranes by 
strengthening PA blocks with slight disturbance on the PE formation. 
This kind of reinforcement, in a way, had a signiicant inluence on Tg 
improvement. 

Tensile measurements were performed to study the effects of 
different illers on Pebax membrane’s mechanical properties. Fillers are 
strongly associated with the changes in Pebax’s intersegmental struc-
ture. Three items were measured: Young’s modulus, tensile strength, 
and elongation at break. Young’s modulus indicates membrane brittle-
ness, whereas tensile strength represents maximum stress before mem-
brane break. Elongation at break implies membrane deformation 
resistance toward external forces. In other words, it elucidates the 
intersegmental chain mobility within the matrix. 

Table 6 represents the effects of different iller types on Pebax 
membrane mechanical properties. Lower values for all mechanical 
properties were observed by incorporating BSi into the Pebax matrix. 
The BSi amorphous structure could increase membrane brittleness with 
a 50% reduction in Young’s modulus. Moreover, since the BSi did not 
have a solid interfacial connection with the polymer matrix, interseg-
mental chain motion was inevitable. Thus, the membrane tensile 
strength and elongation at break became signiicantly degraded. 

Amine functionalized BSi particles offered notable effects on Pebax 
membrane mechanical characteristics. BSi particles could avoid pro-
ducing rugged tensile strength in the Pebax/BSi-10 membrane. This was 
because amine groups might enable suficient interfacial connectivity 
between BSi and the Pebax matrix. Lower tensile strength was observed 
in Pebax/BSi-PEI-10 compared to other Pebax membranes comprising 
amine-functionalized BSi, due to iller agglomeration due to enormous 
PEI amine groups. This polyamine could strongly connect with polymer 
chain fragments, generating the lowest elongation at break of all other 
Pebax MMMs in this study. On the other hand, Pebax/BSi-PETS-10 

Fig. 2. FTIR spectra (a) and XRD pattern (b) of BSi and their functional-
ized particles. 
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showed higher elongation at break value since the iller components 
could disturb the hard Pebax domain formation, as mentioned in the 
DSC analysis. At the same time BSi-PETS reinforced the Pebax soft 
fragments, leading to a lower Young’s modulus. 

3.3. Gas separation performance analysis 

3.3.1. The impact of iller type on CO2/N2 separation of Pebax MMMs 
The BSi effect and its functionalized particles on the CO2/N2 sepa-

ration performance at 25 ◦C and 1 bar can be observed in Fig. 9. As 
depicted, the iller incorporation could upgrade CO2 permeability due to 
the change in Pebax membrane interspace distance promoting a selec-
tive diffusion process. Fig. 10 showed the proposed mechanism for 
addressing the CO2 transport through Pebax MMMs at different iller 
types. Particularly, BSi particles could enable Knudsen diffusion in 
Pebax MMMs. Furthermore, since BSi particles had irregular shapes and 
heterogenous particle size distribution, their arrangement in the Pebax 
matrix was found in a high tortuosity for establishing selective gas 
separation (as seen in Fig. 10a). Thus, the CO2 permeability and CO2/N2 

selectivity of Pebax membrane could be upgraded to 50% and 15%, 
respectively, compared to the neat Pebax membrane. In contrast, amine- 
functionalized BSi behaved differently compared to BSi in modifying gas 
transport features of the Pebax membrane (as seen in Fig. 10b). It could 
activate a facilitated transport mechanism, relying on reactive amine 
functional groups with electron-donating nitrogen to act as a Lewis base 
toward CO2 molecules following the reactions below (Eqn. (5) to Eqn. 
(7)). 
R1R2NH + CO2

Primary/ secondary amine
⇄

R1R2NH+COO−

Carbamic acid (Zwitterion)
(5)  

R1R2NH+COO− + R1R2NH ⇄

Zwitterion

R1R2NCOO− + R1R2NH+
2

An ammonium carbamate
(6)  

R1R2R3N + CO2 + H2O ⇄

Tertiary amine

R1R2R3NH+ + HCO−
3

An ammonium bicarbonate
(7) 

CO2 molecule initially reacts with a primary/secondary amine to 
form carbamic acid, and then the product reacts with another free amine 
group resulting in a carbamate molecule and R1R2NH2+. Since the re-
actions are reversible and carbamate compounds are unstable, the CO2 
molecules are desorbed completely and regenerate the iller particle 
surface. 

Pebax/BSi-MAPS-10 showed the best CO2 permeability and CO2/N2 
selectivity improvement by up to 120% and 71%, respectively, 
compared to the neat Pebax. This improvement was also more consid-
erable than Pebax membranes incorporating other functionalized BSi 
particles (PEI and PETS). Theoretically, with higher amino groups 

Fig. 3. Morphology of BSi (a), BSi-PEI (b), BSi-MAPS (c), and BSi-PETS (d).  

Table 1 
Functionalized iller organic elemental composition.  

Filler type C% H% N% N (mmol g−1) Org. Chain (mmol g−1) 
BSi 0.22 0.78 0 0 0 
BSi-PEI 14.40 4.00 8.19 5.85 1.95 
BSi-MAPS 7.89 1.81 2.13 1.52 1.52 
BSi-PETS 10.73 1.16 1.74 1.24 1.24  

Table 2 
Filler textural properties.  

Filler BET surface area (m2/g) Total pore volume (cm3/g) Average pore width (nm) Pore-illing fraction 1) 

(% v/v) 
BSi 164.06 0.2169 5.44 – 

BSi-PEI 0.34 0.0006 34.12 99.72 
BSi-MAPS 16.61 0.0461 10.41 78.75 
BSi-PETS 22.22 0.0652 11.37 69.94  
1) Comparable pore illing fractions (volume basis) relative to the neat silica. 
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(primary, secondary, and tertiary) in PEI, the reactive sites become 
enormous, promoting high CO2 permeability. However, excessive PEI 
load on the BSi surface causes severe pore blockage and particle ag-
gregation (see Fig. 3b), impeding CO2 diffusion concerning cross-linked 
alkylammonium carbamate ions on the polyamine layer [25]. Never-
theless, BSi-PEI was still good enough to improve CO2 permeability 
(115%) and CO2/N2 selectivity (61%), slightly lower than BSi-MAPS. 
Larger d-spacing in Pebax/BSi-PETS-10 may contribute to unequal 
CO2/N2 separation performance compared to Pebax/BSi-PEI-10 and 
Pebax/BSi-MAPS-10. Besides, tertiary amine in BSi-PETS reacted with 
CO2 slower than primary and secondary amines, regarding a lack of free 
proton to form carbamic acid. Thus, the CO2 separation factors became 
slightly lower than Pebax/BSi-MAPS-10 and Pebax/BSi-PEI-10. In the 
case of N2 separation, all types of iller exhibited minor enhancement for 
Pebax membranes. It was because this nonpolar gas had no considerable 
interaction with OH and NH2 groups. Besides, the kinetic diameter of the 
N2 molecule is more extensive, resulting in less diffusion rate through 
the Pebax matrix, and the permeability values remain unchanged. 

3.3.2. The effect of iller loading on CO2/N2 separation of Pebax/BSi- 
MAPS 

Fig. 11 depicts the CO2/N2 separation performance of Pebax MMMs 
with increasing BSi-MAPS loading. The CO2 permeability and CO2/N2 
selectivity initially inclined with increasing BSi-MAPS content up to 10 
wt%, then dropped back at a higher load. Particle aggregation is 
ascribed to higher BSi-MAPS content. Larger particle sizes and low 
surface area might contribute to poor iller dispersion at higher con-
centrations. Thus, the optimum BSi-MAPS load for preparing Pebax 
MMMs should be 10 wt%. 

3.3.3. The effect of pressure on CO2/N2 separation of Pebax/BSi-MAPS 
Fig. 12 displays the pressure effect on gas permeate lux and sepa-

ration performance of Pebax/BSi-MAPS-10 at 25 ◦C and 1 bar. As shown 
in Fig. 12a, the CO2 permeate low rate rose from 0.010 to 0.0227 scm3/ 
min with elevating pressure (1–5 bar), following a linear trend suitable 
for practical applications. Moreover, the Pebax MMM CO2 permeability 
decreased with increasing feed gas pressure (as shown in Fig. 12b), 
indicating that CO2 permeation through the membrane follows a facil-
itated transport mechanism. The decreasing trend was evident from 1 to 
2 bar of pressure and unchanged at high feed gas pressure because of 

CO2 adsorption saturation and membrane compaction. It implied that 
the other two mechanisms, such as solution-diffusion and Knudsen 
diffusion, still existed during the separation process, leading to an 
inclining trend in permeate low rate (as indicated in Fig. 10). Never-
theless, since these two transport mechanisms were found in a smaller 
portion than facilitated transport, hence, it could not signiicantly 

Fig. 4. FTIR spectra of prepared membranes: neat Pebax (a), Pebax/BSi-10 (b), 
Pebax/BSi-PEI-10 (c), Pebax/BSi-MAPS-10 (d), and Pebax/BSi-PETS-10 (e). 

Fig. 5. The FE-SEM surface (a–e) and cross-section (f–j) images of pure Pebax 
membrane (a and f) and their MMMs with different illers: BSi-10 (b and g), BSi- 
PEI-10 (c and h), BSi-MAPS-10 (d and i), and BSi-PETS-10 (e and j). 
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enhance CO2 permeability at pressurized condition (4–5 bar). In other 
words, the CO2-carrier reaction product concentration attains the 
maximum value and becomes constant. Speciically, a further increase in 

the partial pressure of CO2 would not remarkably increase the CO2- 
carrier reaction product concentration. In contrast, the decreasing 
permeability trend with increasing pressure was not found in N2 gas. 
Instead, it indicated that the N2 separation performance could be 
maintained at stable conditions even under pressurized conditions. 

3.3.4. Durability test of Pebax/BSi-MAPS-10 
Membrane durability is prominent to intensify the prospect for 

Fig. 6. X-ray diffraction pattern of Pebax MMMs with different BSi particles.  

Fig. 7. TGA curve comparison of prepared membranes.  

Table 4 
Prepared membrane decomposition temperature.  

Sample Tonset (◦C) DTGmax (◦C) 
Neat Pebax 385.34 417.37 
Pebax/BSi-10 387.07 416.78 
Pebax/BSi-PEI-10 388.98 420.65 
Pebax/BSi-MAPS-10 388.29 420.00 
Pebax/BSi-PETS-10 387.25 417.86  

Fig. 8. DSC results for prepared Pebax MMMs with different illers: 60 to 
250 ◦C (a) and −56 to −40 ◦C. 
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industrial applications. Accordingly, a durability test was performed 
under three days of continuous operation at ambient temperatures and 
1 bar of pressure. The test was subjected to Pebax membrane containing 
10 wt% BSi-MAPS as the best MMM in this study. As a result, CO2 
permeability and CO2/N2 selectivity were relatively stable for three days 
of continuous operation testing with reasonable luctuation (Fig. 13). 
The minimum drops were observed at 54–60 h operation time with 88 
Barrer in CO2 permeability and 99 in CO2/N2 selectivity. At the end of 
testing, CO2 permeability and CO2/N2 selectivity remained unchanged 

at 89 Barrer and 100, respectively. 

3.3.5. Benchmarking of prepared Pebax MMMs with recent studies 
Fig. 14 compares CO2/N2 separation performances for Pebax 

comprising amine functionalized BSi in this work and available Pebax 
MMMs from previous research. BSi (10 wt%) could not signiicantly 
upgrade CO2 permeability and CO2/N2 selectivity, only exhibiting 0.44 
of PER-CO2 and 0.12 of SeER-CO2/N2, which was insuficient to exceed 

Table 5 
DSC analysis of prepared Pebax MMMs.  

Sample Tg (◦C) Tm PE (◦C) Tm PA (◦C) 
Neat Pebax −52.00 14.77 204.03 
Pebax/BSi-10 −51.79 12.63 202.42 
Pebax/BSi-PEI-10 −51.52 26.77 199.07 
Pebax/BSi-MAPS-10 −50.30 13.78 204.07 
Pebax/BSi-PETS-10 −51.63 17.79 203.49  

Table 6 
Mechanical properties of Pebax MMMs with different illersa.  

Sample Tensile strength 
(MPa) 

Elongation at break 
(%) 

Young’s modulus 
(MPa) 

Neat Pebax 106.02 260.45 664.86 
Pebax/BSi-10 56.49 148.12 342.00 
Pebax/BSi-PEI- 

10 
62.58 30.28 537.58 

Pebax/BSi- 
MAPS-10 

82.28 56.82 929.48 

Pebax/BSi- 
PETS-10 

83.90 299.38 513.13  

a) The results were the average of triplicate testing with a standard deviation 
below ±30%. 

Table 7 
CO2/N2 separation performance comparison of Pebax MMMs in this study with literature.  

Membrane sample Filler loading (wt%) T/P (◦C/bar) P–CO2 (Barrer) α-CO2/N2 PER-CO2a SeER-CO2/N2a Reference 
Pebax/BSi-10 10 25/1 59.02 65.64 0.44 0.12 This study 
Pebax/BSi-PEI 10 25/1 87.73 94.49 1.15 0.61 
Pebax/BSi-MAPS 10 25/1 90.02 100.41 1.20 0.71 
Pebax/BSi-PETS 10 25/1 86.10 97.32 1.11 0.66 
Pebax MMMs with silica-based illers 
Pebax/SiO2-rice straw 2 30/7 270 4.12 11.27 1.00 [12] 
Pebax/MCM-41 20 25/1 138 53 0.68 −0.02 [16] 
Pebax/MCM-41-PEI 20 25/1 112 57 0.37 0.06 [16] 
Pebax/PVC/SiO2-IL 8 25/1 124 76 0.63 0.35 [26] 
Pebax/PVC/SiO2-OB 8 25/1 107 61 0.41 0.09 [26] 
Pebax/FS7 10 25/8 56.96 98.21 0.67 0.04 [27] 
Pebax/FS16 10 25/8 58.46 71.29 0.71 −0.25 [27] 
Pebax/SiO2 1 25/4 73.65 81.82 1.20 0.40 [28] 
Pebax/NOHMs-120 15 25/2 246.7 66.4 2.67 0.76 [33] 
Pebax/SiO2@PPy 1 35/2 274 40.1 1.14 0.04 [36] 
Recent Pebax MMMs 
Pebax/ZIF-8b 8 25/4 73.3 82.0 0.28 2.5 [30] 
Pebax/maltitol/ZIF-8 10 30/10 429.57 69.31 0.25c 0.04c [35] 
Pebax/ZIF-94 10 35/3 157 27.5 0.67 −0.05 [31] 
Pebax/ZIF-67-L 10 30/2 91.59 51.74 0.74 0.24 [32] 
Pebax/arg@GO 0.4 25/1 169 70 0.63c 1.26c [37] 
Pebax/PEI@ZIF HNTS 7 25/2 177 72 0.40c 0.11c [34] 
Pebax/ZCN 8 25/2 110.5 84.4 0.60 0.12 [38] 
Pebax/CuBTC-IL 15 35/1 335 176 1.12 4.5 [2] 
Pebax/CuBDC@MoS2 2.5 – 123 69 0.43 0.81 [39] 
Pebax/MIL-178(Fe) 5 35/3 312 25 0.12 0.25 [29] 
Pebax-1657/Ti3C2Tx 0.5 25/4 70.24 93.18 0.15 0.68 [40] 
Pebax-1657/γ-Al2O3- IL 10 25/7 126.79 102.36 0.47 1.24 [41]  
a Based on the performance of pure Pebax membranes. 
b In-situ growth iller. 
c Based on the performance of modiied Pebax membranes. PER: Permeability enhancement ratio, SeER: Selectivity enhancement ratio, IL: hydrophilic, OB: hy-

drophobic, FS: fumed silica, NOHMs: silica nanoparticle organic hybrid materials, PPy: polypyrrole., arg: arginine, IL: ionic liquid, ZCN: ZIF-90@C3N4, HNTs: 1D 
nanotubes, ZIF-67-L: leaf-like hierarchical ZIF-67. 

Fig. 9. Pebax MMM CO2/N2 separation performance with different types 
of illers. 

W.K. Setiawan and K.-Y. Chiang                                                                                                                                                                                                            



Journal of Membrane Science 680 (2023) 121732

9

Robeson’s upper bound 2008. It matched the CO2/N2 separation per-
formance of some Pebax MMMs comprising unmodiied silica particles, 
such as Pebax/2% SiO2 rice straw [12], Pebax/20% MCM-41 [16], 
Pebax/PVC/8% SiO2-OB [26], Pebax/10% FS16 [27], and Pebax/SiO2 
1% [28]. These unmodiied silica nanoparticles could only signiicantly 
impact CO2 permeability by altering Pebax chain packing with advan-
tageous diffusion gas pathways. CO2/N2 selectivity, however, was 
insigniicantly upgraded concerning the lack of reactive sites on the 
iller surfaces to provide a CO2-selective separation process. This phe-
nomenon was also observed in recent Pebax membranes with 
metal-organic frameworks (MOFs) iller such as Pebax/5% MIL-178 

Fig. 10. Illustration of proposed CO2 transport through Pebax MMMs at 
different iller types. 

Fig. 11. CO2/N2 separation performance of MMMs at different BSi- 
MAPS loading. 

Fig. 12. Feed pressure effect on (a) permeation luxes; (b) Pebax/BSi-MAPS-10 
membrane CO2/N2 separation performance. 

Fig. 13. Pebax MMM long-term stability with 10 wt% MAPS load.  
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[29], Pebax/8% ZIF-8 [30], Pebax/10% ZIF-94 [31], and Pebax/10% 
ZIF-67-L [32]. 

Incorporating amine functionalized BSi could eventually overcome 
the neat Pebax membrane trade-off problem. The PER-CO2 of Pebax 
MMMs containing 10 wt% functionalized BSi ranged from 1.10 to 1.50, 
while their SeER-CO2/N2 varied from 0.61 to 0.71. The CO2 perme-
ability and CO2/N2 selectivity values were relatively balanced at 60–90 
Barrer and 70–100, respectively. These performances were superior 
among available Pebax MMMs with silica-based illers and comparable 
with the other Pebax MMMs with functionalized illers in the literature. 
Nonetheless, the CO2 permeability values in this study were lower than 
other reported high-performance Pebax MMMs. For instance, a Pebax/ 
modiied silica membrane, Pebax/NOHMs-120, exhibited 246.7 Barrer 
of CO2 permeability (PER-CO2 = 2.67) at 15 wt% iller loading [33]. It 
was almost thrice bigger than Pebax/BSi-MAPS-10 in this study. Other 
Pebax MMMs with modiied MOF illers, such as Pebax/CuBTC-IL [2], 
Pebax/PEI@ZIF HNTS [34], and Pebax/maltitol/ZIF-8 [35], also 
revealed notable CO2 permeability, 2–5 times higher than the best Pebax 
MMMs in this study. Pebax/CuBTC-IL was also superior in CO2/N2 
selectivity (176) with 450% enhancement from its pure Pebax mem-
brane. Therefore, further development of functionalized BSi in this study 
is still needed to obtain much higher CO2 permeability and CO2/N2 
selectivity, regardless of the trade-off issue extermination. 

4. Conclusion 

BSi derived from rice husk was successfully functionalized with three 
different amines (PEI, MAPS, and PETS) and incorporated into Pebax to 
fabricate MMMs. PEI, which carried multiple amino groups, showed 
high occupancy to ill into the BSi pore surface, providing immense CO2 
reactive sites. Incorporating amine-functionalized BSi was favorable to 
decreasing the interfacial space (d-spacing) and increasing the thermal 
stability of prepared Pebax MMMs. It was primarily due to strong 
interfacial interaction between amine or hydroxyl groups (in original 
BSi particles) with the core Pebax polymer intersegmental chains. The 
amine groups in BSi could effectively enable a facilitated transport 
mechanism through the Pebax membranes. BSi-MAPS was shown to be 
the best iller for Pebax in this study due to suficient amine occupancy 
and reactive CO2 sites on the BSi surface, with 90.05 Barrer of CO2 
permeability and 100.41 CO2/N2 selectivity. To further improve these 
Pebax MMMs, tuning the pore structure of the original BSi should be 

considered to enlarge amine occupancy, avoiding severe pore blockage 
and particle aggregation. The CO2/N2 separation performance can be 
improved or even expanded to any other polar/nonpolar gas pair 
separation. 
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