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ARTICLE INFO ABSTRACT

Keywords: Pebax1657 is known as a promising polymeric membrane material for CO, separation. In order to further im-
NOHM-I-HPE prove its gas separation performance, different polymers containing ethylene oxide (EO) groups are incorporated
Pebax1657

into the Pebax1657 matrix to form mixed matrix membranes (MMMs). Liquid-like nanoparticle organic hybrid
materials (NOHM-I-HPE, “I” stands for “ionic bond” and “HPE” refers to polyetheramine (“PE”) with a high
(“H”) ether group content), which are made of polyetheramine chains tethered onto functionalized silica na-
noparticles, have shown high solubility of CO,. In this study, the homogenous NOHM-I-HPE/Pebax1657 MMMs
with different NOHM-I-HPE loadings are prepared and investigated. The results indicate that the addition of
NOHM-I-HPE leads to a decrease in glass transition temperature of Pebax1657 and an increase in EO content of
the MMMs. Influences of NOHM-I-HPE content on CO,, N, and CH,4 permeations are investigated at 23 °C and
1 bar. For the NOHM-I-HPE loading ranging from 0 to 60 wt%, solubility coefficients of the MMMs for CO,
greatly increase from 1.16 to 3.84 cm?® (STP)/(cm®bar), while those for CH4 and N, only increase from 0.078 to
0.094 cm® (STP)/(cm>bar) and from 0.013 to 0.026 cm® (STP)/(cm>bar), respectively. Although the CO,/N,
selectivity slightly decreases with an increase in the NOHM-I-HPE loading, the CO,/CH, selectivity is improved
in the newly developed NOHM-I-HPE/Pebax1657 MMMs. These results indicate that the NOHM-I-HPE/
Pebax1657 MMMs are very promising candidates for selective CO, separation for various energy related ap-
plications.

Mixed matrix membrane
CO, separation

1. Introduction advantages, such as easy fabrication of flexible and compact devices,

low energy requirements, low capital and operating costs, etc., may be a

CO,, separation from large point sources has become a global and
urgent issue since the escalating atmospheric concentration of CO; is
threatening the delicate balance on Earth. Conventional technology for
the separation of CO, is chemical absorption using amine-based sol-
vents [1]. Although offering fast kinetics and high CO, capture capa-
cities, amine scrubbing still faces a number of challenges including a
high energy demand, the degradation of the amine, the release of vo-
latile organic compounds and the risk of equipment corrosion. There-
fore, some alternative technologies, such as anhydrous solvents [2,3],
cryogenic distillation [4,5], membrane separation [6,7] and solid sor-
bents [8,9] have been proposed and developed for CO, separation.
Among these technologies, membrane separation with a number of
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promising approach for separating CO, from various gas mixtures.
Over the past several decades, the application of polymer-based gas
separation membranes has drawn more attention because of their high
permeability and selectivity [10,11]. For homopolymer membranes,
such as polyamide (PA), polyimide (PI) and poly(dimethylsiloxane)
(PDMS), their gas permeation properties mainly depend on the poly-
meric structure. A major drawback of homopolymer membrane is the
trade-off limitation between permeability and selectivity, which is il-
lustrated as the upper bound curve proposed by Robeson [12]. To deal
with this trade-off, block copolymers based on poly(ethylene oxide)
(PEO), such as poly(ether-b-amide) (Pebax), PEO-PI and PEO-PBT (poly
(butylene terephthalate)) were synthesized by introducing PEO
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segments into the polymer structure of homopolymer membrane
[13-16]. Such block copolymers exhibits excellent CO, selectivity over
other gases due to the strong dipole-quadrupole interactions between
the polar ethylene oxide (EO) groups and CO, molecules, while their
CO, permeability is not compromised [17-21]. Among these block
copolymers, Pebax is a commercially available thermoplastic elastomer
and a great candidate materials for CO, separation membrane.

In order to further improve the separation efficiency of the Pebax
membrane, various methods, such as physical blending and chemical
cross-linking, have been implemented to increase the total amorphous
PEO content in the membrane. By incorporating poly(ethylene glycol)
(PEG) into Pebax1657, Car and Reijerkerk et al. [22,23] prepared PEG/
Pebax1657 blended membranes. The CO, permeability of PEG/
Pebax1657 blended membrane with 50 wt% PEG loading was double
that of Pebax1657, and the selectivity of CO,/H, also increased due to
high affinity between CO5 and PEG. Reijerkerk et al. [24] also prepared
the Pebax blended membrane containing poly(dimethyl siloxane)
(PDMS) and PEG. The PDMS-PEG blended Pebax membrane with 50 wt
% PDMS-PEG loading exhibited a CO, permeability of 532 Barrer,
which was greater than that of the neat Pebax membrane (CO, per-
meability of 98 Barrer). The PEG diacrylate (PEGDA) was used to
prepare fabricate PEGDA/Pebax1657 blended membranes by Ghadimi
et al. [25] by adding PEGDA to Pebax1657 matrix. These membranes
showed higher permeability for CO, than those for CH, and N, thereby
the selectivity of CO, over the two gases was enhanced. Yave et al. [26]
reported that the CO, permeability of the PEG dimethylether
(PEGDME)/Pebax1657 blended membrane with 50 wt% PEGDME
loading increased eight-fold.

Other polymeric materials have also been developed to capture CO,.
Nanoparticle organic hybrid material (NOHM-I-HPE, “I” stands for
“Ionic bond” and “HPE” refers to polyetheramine (“PE”) with a high
(“H”) ether group content), which consists of inorganic nanosized silica
and ionically tethered organic canopy species (i.e., polyetheramine)
were found to exhibit a good selectivity for CO5 against N, [27-30].
NOHM-I-HPE offers an organic-inorganic hybrid matrix, which can tune
both affinity and accessibility to CO,. Compared to the amine-based
reagents, the separation of CO, through physical interactions or weak
Lewis acid-base interactions is particularly attractive because the
stripping of CO, can be operated under much milder conditions [27].
Especially, NOHM-I-HPE possesses a high content of flexible amorphous
PEO segments and 0.4 mol of CO, can be captured by 1 kg of solvent at
3.2MPa [27], suggesting that the incorporation of NOHM-I-HPE into
the Pebax matrix could enhance CO, separation performance of the
membrane.

In this study, NOHM-I-HPE/Pebax1657 mixed matrix membranes
(MMMs) with different NOHM-I-HPE loadings were prepared. The ob-
jective of this work is to investigate the effect of NOHM-I-HPE loading
on the gas transport properties of the NOHM-I-HPE/Pebax1657 MMM,
and gain insight into the thermal properties, morphology, structure as
well as mechanical properties of these MMMs. Firstly, the prepared
MMMs and their corresponding precursors were characterized by
thermogravimetric analysis (TGA), differential scanning calorimetry
(DSQ), fourier transform infrared (FT-IR), scanning electron microscope
(SEM), and tensile tests. Then, the permeabilities of NOHM-I-HPE/
Pebax1657 MMMs for pure gases (i.e., CO,, CH4 and N,) and gas
mixtures (CO,/N, and CO,/CH,4) were measured at 23 °C and 1 bar.
Finally, the performance of the membrane to separate CO5 over CH4
and N, were evaluated in a mixed gas steam.

2. Experimental section
2.1. Materials
LUDOX SM-30 silica (7nm in diameter) and ion exchange resin

(DowexTM HCR-W2) were supplied by Sigma-Aldirch (Milwaukee, WI)
and Dow Chemical Co. (Midland, MI), respectively. 3-(trihydroxysilyl)-
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1-propane sulfonic acid (silane) and Jeffamine M-2070 (HPE,
1600-2200 g/mol for PEO) were purchased from Gelest Inc.
(Morrisville, PA) and Huntsman Co. (The Woodlands, TX), respectively.
Pebax1657 which is composed of a polyamide block and a polyether
block (PE), was purchased from Arkema Inc (Paris, France). Ethanol
was supplied by Beijing Chemical Reagent Co. (Beijing, China). It was
reagent grade and used directly without further purification. CO,
(99.99%), N5 (99.99%) and CH,4 (99.99%) were supplied by Hai-Pu Gas
Industry Co. (Beijing, China).

2.2. Synthesis of NOHM-I-HPE

NOHM-I-HPE was synthesized using the previously reported method
[27]. Firstly, LUDOX SM-30 silica and 3-(trihydroxysilyl)-1-propane
sulfonic acid were firstly diluted with deionized (DI) water to prepare
3wt% silica suspension and 6 wt% silane solution, respectively. The
silica suspension was added to the silane solution, and then the mixture
was adjusted to pH 5 by adding 1M sodium hydroxide. Next, the
mixture was incubated at 343K for 12 h with vigorous stirring. To re-
move excess silane, the functionalized silica suspension was dialyzed
against deionized water for 48 h. The ion exchange resin was employed
to remove sodium ions from the dialyzed solution and to protonate the
sulfonate group present on the surface of the nanoparticles. Finally,
HPE was diluted to 10 wt% solution and added dropwise to the func-
tionalized nanoparticle suspension. After the excess water was removed
under reduced pressure at 308 K for 36 h, the liquid NOHM-I-HPE was
obtained.

2.3. Membrane fabrication

NOHM-I-HPE was incorporated in Pebax1657 via the solution
casting method. To prepare a solution for the flat-sheet membrane, a
mixture of ethanol/water (70/30 wt%) was used as a solvent. Firstly, a
Pebax solution was prepared by dissolving Pebax1657 in the solvent at
80 °C under reflux and vigorously stirred for 4h to obtain a homo-
genous polymeric solution. After the solution was cooled down to room
temperature, a given amount of NOHM-I-HPE, defined by Eq. (1), was
completely dispersed in 10 mL solvent, and then mixed with the Pebax
solution followed by stirring for another 4 h. The resulting mixture was
sonicated for 30 min to degas and then poured into a flat-bottom Teflon
mold. Subsequently, the solvent was evaporated at 40 °C for 24 h. After
being carefully peeled off from the Teflon mold, the nascent membranes
were further dried for 3 days at 40 °C under vacuum to eliminate any
residual solvent. Finally, the average thickness of the resultant dense
NOHM-I-HPE/Pebax1657 MMMs was measured using a digital screw
micrometer (IP65, Mitutoyo) and it was in the range of 80-100 pm. In
addition, a pure Pebax1657 membrane was also prepared in the similar
procedure as a base case.

MNOHM —1-HPE

NOHM - I- HPE loading (wt.%) = ( ) X 100%

MNOHM-1-HPE + Mpebax
(@)

In this study, NOHM-I-HPE loadings ranging from 0 to 60 wt% were
investigated since the mixed matrix membrane with NOHM-I-HPE
loading of more than 60 wt% could not be synthesized due to its low
elasticity. The chemical structures of pure Pebax1657 and NOHM-I-HPE
are shown in Supporting Information Fig. SI.

2.4. Membrane characterization

2.4.1. Fourier transform infrared (FT-IR)

A Nicolet iS50 spectrometer (Thermo Fisher Scientific Corporation,
USA) was used to verify the chemical compositions of the membrane
surface. FT-IR spectra were acquired. The scanning frequency range
was 4000-500 cm ~ ! under ambient conditions, with spectral resolution
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2.4.2. X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed using a Thermo escalab 250Xi (Thermo
Nicolet Instrument Corporation, WI, USA) equipped with a monochro-
matic Al Ka radiation (1486.6 eV) at an operating power of 150 W. The
binding energy data were calibrated in term of the C 1s signal of am-
bient hydrocarbons (C-H and C-C) at 284.8 eV. Surface survey data
were collected followed by high resolution scans over C 1s
(279-299eV), O 1s (525-545eV), N 1s (392-414eV) and Si 1s
(95-114 eV). Peak areas were calculated using the Gaussian fit pro-
gram.

2.4.3. Scanning electron microscope (SEM)

A SEM (JSM-7001F, Japan) was employed to characterize the pre-
pared membranes. The surface and cross-section morphologies of
Pebax-based membranes were analyzed at a voltage of 5kV and a
current of 10 mA. Prior to the surface analysis, the membrane sample
was sputtered with a thin layer of gold using an Emitech sputtering
device (JSM-6500, Japan). For the cross-section analysis, the mem-
brane sample was cryogenically fractured in liquid nitrogen and sput-
tered, and then the cross-section morphology was taken.

2.4.4. Differential scanning calorimetry (DSC)

A Mettler-Toledo DSC 822e instrument (TA Instruments, USA) was
used to study the effect of NOHM-I-HPE loading upon the thermal
transitions of the prepared Pebax-based membranes. For each mem-
brane, more than three samples were collected and measured to ensure
the reproducibility of the experimental results. For each sample, tem-
peratures at glass transition (T,) and melting point (T,,) were de-
termined using 3 cooling processes and 2 heating processes. A small
amount of sample was first weighted and hermetically sealed into an
aluminum pan. The testing sample was cooled down from room tem-
perature to —100 °C, and then heated from —100 °C to 250 °C at a rate
of 10 °C/min in the first DSC cycle. The cooling and heating steps were
repeated twice. At last, the temperature was lowered to room tem-
perature to complete the measurement. Through analyzing the second
heating process, T, and T,, were determined. In addition, the degree of
crystallinity in hard segments of the membrane (Xp4) was calculated
using Eq. (2) based on the DSC data.

AH,,

=M %100
(1 — 60%)¢AH,

Xpa @
where AH,, is the melting enthalpy determined by integrating the area
under the melting peak in the DSC curves, ¢ is the weight percentage of
the soft or hard phase in the blended membrane, AH?, is the enthalpy of
the pure crystalline phase. AH?, of hard segments is 230 J/g taken from
literature [14]. The reproducibilities in measuring T, and T,, were used
to assess the relative error for this technique and they were found to be
less than 0.2 °C.

2.4.5. Thermogravimetric analysis (TGA)

The thermal stabilities of pure components and NOHM-I-HPE/
Pebax1657 MMMs were evaluated using a TGA Q50 (TA Instruments,
USA). Each time, about 8 mg of sample was accurately weighted before
the calcination process. The samples were heated from room tempera-
ture to 800 °C with a temperature ramping rate of 10 K/min under high-
purity nitrogen flow (flow rate: 40 mL/min) in the in-built platinum pan
of the TGA instrument.

2.4.6. Mechanical properties

The tensile stress-strain characteristics of membranes were studied
using an Instron 3365 mechanical testing machine (Instron Corp., USA)
fitted with a 100 N load cell. The tensile experiments were performed at
room temperature (25°C, 50% relative humidity) with a crosshead
speed of 20 mm/min. The testing speed was set at a rate of 20 mm/min.
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All samples were prepared with a width of 10 mm and a length of
50 mm. The reported values of all the mechanical properties were
averaged over five independent measurements. The reproducibility in
measuring mechanical property was used to assess the relative error for
this technique, and it was less than 2%.

3. Permeability of gases

All measurements were performed at a constant temperature of
23°C and a feed pressure of 1bar. Before analysis, the membrane
samples were carefully evacuated to remove previously dissolved spe-
cies. A total membrane area of 4.9 cm? was used. For each membrane,
three membrane samples were tested to ensure the reproducibility of
the experiment results. Physical properties of gases were listed in
Supporting Information Table S1 [31].

The transport mechanism of gases through a non-porous, dense and
polymeric membrane is usually assumed to follow a solution-diffusion
process [32-34]. The permeability of pure gases was determined with
the constant volume/variable pressure (“time lag”) method using va-
cuum in the downstream [35,36]. Compared to flux, permeability (P,),
which is a material property, is less dependent on the membrane
thickness and the trans-membrane pressure difference. Permeability
and diffusion coefficient (D;) of gas i can be determined from the
pressure increase curves obtained during the “time-lag” experiments
using the following equations [35]:

Vi 27315 1 dp
P=—X X X —
2
Di = —=
66 C))

where Vj, [, A, T and p, are permeated volume of gas i (cm®), membrane
thickness (cm), membrane area (cm?), operating temperature (K) and
standard pressure (1 bar), respectively. p, and p, are upstream and
downstream pressures (cmHg), % is the pressure increment with time
in the downstream chamber (bars™ 1), and 6 is the lag time (s). The
ideal gas permeability through a membrane can also be described as the
product of solubility coefficient (S;) and diffusion coefficient of gas i.

P =S X D; )

Therefore, S; which generally depends on the gas molecule con-
densability, the interactions between gas and membrane material as
well as morphological features of the membrane material, can be ob-
tained based on the permeability and diffusion coefficient (Eq. (5)).
Also, the selectivity (a;), which is often treated as a material property
like permeability, can be calculated by taking the ratio of the ideal gas
permeability for a given gas pair (i and j):

P SD;
%= P = sp
J jj (6)

To further testify the membrane separation performances for mixed
gases, i.e. CO»/Ny (15/85vo0l.%) and CO,/CH, (30/70vo0l.%), per-
meation performances of the membranes were determined with the
constant pressure/variable volume method at 23 °C and 1 bar [36]. The
concentration of each gas in the feed and permeate gases was measured
by an Agilent 6980N gas chromatography (Agilent Corp., USA)
equipped with a thermal conductive detector. And then permeability of
gas i as well as selectivity of gas i to gas j can be calculated using Eq. (3)
and Eq. (6), respectively. The reproducibility in measuring permeability
was used to assess the relative error for this technique, and it was less
than 4.5%.
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Fig. 1. Thermal stabilities of pure components and NOHM-I-HPE/Pebax1657
MMMs as a function of temperature.

4. Results and discussion
4.1. Enhanced thermal properties of membranes

Thermogravimetric studies were conducted to assess thermal sta-
bilities of pure components and NOHM-I-HPE/Pebax1657 MMMs with
different NOHM-I-HPE loadings. Fig. 1 shows TGA curves of all the
samples as a function of temperature. The improved thermal stability of
NOHM-I-HPE leading to its negligible vapor pressure has already been
reported, which is one of the factors making NOHMs great alternatives
of aqueous CO, capture solvents [37]. Compared to neat Pebax1657,
NOHM-I-HPE was not as thermally stable, but interestingly the NOHM-
I-HPE/Pebax1657 MMMs exhibited thermal stabilities closer to that of
Pebax1657 than NOHM-I-HPE. Such an enhancement might be resulted
from a strong intermolecular interaction between NOHM-I-HPE and
Pebax1657. The decomposition temperature of Pebax1657 was about
362 °C, which was close to that reported by Dai et al. [38]. With an
increase in NOHM-I-HPE loading, the thermal stability of the MMM
decreased slightly but it was clear that NOHM-I-HPE within the mem-
brane was further stabilized and would be able to participate in CO,
capture at even higher temperatures than previously studied.

The thermal properties of NOHM-I-HPE, pure Pebax1657 and
NOHM-I-HPE/Pebax1657 MMMs were also investigated via DSC ana-
lysis. The results are listed in Supporting Information Table S2. It was
found that for each membrane only two melting temperatures were
observed, mainly resulting from a microphase-separated structure in
block copolymers [39]. For pure Pebax1657 membrane, the lower Ty,
was attributed to the melting of PEO crystals, whereas the higher T,
corresponded to melting of PA crystalline phases [22,40]. With the
addition of NOHM-I-HPE, a slight decrease in melting temperatures of
soft PE segments in Pebax1657 and a non-discernible change in those of
hard PA segments were observed. As the content of NOHM-I-HPE was
increased to 60 wt%, the melting temperature of soft segments in the
MMM was 12.3°C, which was a slightly lower than that in pure
Pebax1657 (13.8 °C). Such a decrease in T, of the PEO crystalline phase
in the MMMs with increased NOHM-I-HPE loading was probably due to
the presence of NOHM-I-HPE induced deterioration of the Pebax1657
crystal structure. The crystallinity of PA in prepared membranes was
calculated using Eq. (2) and the enthalpy of fusion obtained from the
area of the melting peak in the second DSC cycle. Xps of the pure
Pebax1657 membrane was 25.04%, which was consistent with that
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reported by Rabiee et al. [41]. With the increased NOHM-I-HPE loading
in the MMMs, the enthalpy of fusion and the crystallinity of PA de-
creased. As shown in Supporting Information Table S2, the enthalpy of
fusion of PA for the NOHM-I-HPE/Pebax1657 MMM with 60 wt%
NOHM-I-HPE loading was only 7.07 J/g, which was less than one third
of the neat Pebax membrane (23.04 J/g).

T, of PEO block in pure Pebax1657 was found to be —52.6°C,
which was nearly the same as that (—52 °C) reported by Rahman et al.
[42]. Ty of NOHM-I-HPE (—68.0°C) was lower than that of pure
Pebax1657 indicating that the mobility of polyether segments in
NOHM-I-HPE was higher than that in Pebax1657 because Ty was a
crude indicator of the mobility of polymer segments. For each NOHM-I-
HPE/Pebax1657 MMM, only one T, was observed, indicating the good
miscibility between NOHM-I-HPE and Pebax1657. T, decreased with an
increase in NOHM-I-HPE loading, and when the NOHM-I-HPE loading
in the MMM was up to 60 wt%, T, reduced to —60.1°C, which was
close to that of pure NOHM-I-HPE. This suggested that the addition of
NOHM-I-HPE caused an increase in chain mobility in the MMM, and
thus, the transition to a rubbery state could occur at a lower tempera-
ture. Also, the changes in T, can be related with the altered fractional
free volume (FFV) of the polymer [43]. Therefore, such a decrease in T,
led to the hypothesis that NOHM-I-HPE acted as an amorphous phase
and probably led to higher FFV in the blended membrane matrix. This
phenomenon could alter the gas diffusion performance of the MMM
(this will be illustrated in the next section). Rahman et al. [42] also
found that the incorporation of polyoctahedral oligomeric silsesquiox-
anes (POSS) functionalized with PEG in Pebax1657 resulted in a de-
creased T, and crystallinity of the nanocomposite membranes.

4.2. Identification of chemical functional groups designed for gas separation

Chemical structures of NOHM-I-HPE/Pebax1657 MMMs along with
their precursor materials were studied using FT-IR analysis shown in
Fig. 2. The characteristic absorption bands of precursor materials (i.e.,
HPE, silane and silica) were clearly identified in the spectra of the
NOHM-I-HPE. For HPE, broad bands around 1050 and 2850 cm ™'
corresponded to C-O and CH, stretching vibrations, respectively. The
protonated amine absorption bands between HPE and silane were
found at 1530cm™! (84(NH5¥)) and at 1630cm ™! (§,(NH3™)), in-
dicating the formation of ionic bonding as suggested in Supporting
Information Fig. S1 (top). For silane, the main characteristic absorption
bands of Si-O-C stretching and SO3;~ stretching were observed in the
region of 800-1250cm ™, which was broad overlapping. The char-
acteristic absorption band near 1105 cm ™! was identified as Si-O-Si
stretching vibration belonging to silica. All of these were consistent
with those identified by Petit et al. [28]. The characteristic absorption
bands of Pebax1657 were around 1640 and 3292 cm ™! and they were
associated with H-N-C=O0 and -N-H groups, respectively. Saturated
esters (O-C=0) as well as C-O in PE blocks showed characteristic
absorption bands near 1733 and 1099 cm ™!, respectively [25,44].

As shown in Fig. 2, the main features of NOHM-I-HPE were clearly
observed in the spectra of NOHM-I-HPE/Pebax1657 MMMs indicating
that NOHM-I-HPE was present in the membranes and its chemistry was
preserved. It should also be noted that the characteristic absorption
band of G-O slightly shifted to a lower wavenumber (from 1099 cm ~*
for Pebax1657 to around 1075 cm ™! for NOHM-I-HPE,/Pebax). More-
over, with an increase in the NOHM-I-HPE loading in the MMMs, C-O
peak became stronger due to a large amount of ether groups in NOHM-
I-HPE.

In order to further investigate chemical functional groups existing in
the membrane, XPS survey spectra of the pure Pebax1657 membrane
and the NOHM-I-HPE/Pebax1657 MMM with 50 wt% NOHM-I-HPE
loading were obtained. No Si signal was detected in the neat Pebax1657
membrane (Fig. 3(a)), whereas four characteristic XPS signals corre-
sponding to C, O, N and Si were clearly observed in the MMM con-
taining NOHM-I-HPE (Fig. 3(b)). In addition, with an increase in the
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Fig. 2. FT-IR spectra of pure components and NOHM-I-HPE/Pebax1657 MMMs.

NOHM-I-HPE loading, the Si signal increased while those of C and N
decreased slightly. The result indicated that NOHM-I-HPE was suc-
cessfully incorporated in the NOHM-I-HPE/Pebax1657 MMMs. It is
worth mentioning that the content of O in the MMM with 50 wt%
NOHM-I-HPE loading increased by 14.37% compared to that of the
pure Pebax1657 membrane. This illustrated that the content of ether
oxygen groups in NOHM-I-HPE was higher than that in pure
Pebax1657.

4.3. Morphological structures of membranes with different NOHM-I-HPE
loadings

NOHM-I-HPE dispersed in the Pebax solution with ethanol/water
binary solvent was used to produce the membrane. In order to verify
the uniformity of the material dispersion and the absence of pre-
cipitation within the membrane, a series of SEM images were taken.

As shown in Fig. 4(a)-4(h), there were no defects or agglomerates,
further indicating the great compactability and higher degree of inter-
pentration between NOHM-I-HPE and Pebax1657. The surface of the
membrane made of pure Pebax1657 revealed a needlelike structure,
which corresponded to the PA hard segments of the polymer (Fig. 4(a)).
The regions in between these needles corresponded to the PE soft seg-
ments. As shown in Fig. 4(b)-(h), the surface morphologies of the
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membranes changed as NOHM-I-HPE was incorporated into the matrix.
With an increase in NOHM-I-HPE loading, the area of needlelike
structures on the MMM surface decreased due to an reduction in the
amount of PA segments, which was confirmed from the DSC result
discussed earlier. Also, an increase in NOHM-I-HPE loading led to a
change in the membrane surface roughness. The membranes with the
NOHM-I-HPE loading from 0 to 30 wt%, the membrane surface were
more uniform and smoother as the NOHM-I-HPE loading increased.
This phenomenon was mainly due to the inter-pentration between
NOHM-I-HPE and Pebax1657, which was also verified from a higher
decomposition temperature of the NOHM-I-HPE/Pebax1657 MMM
discussed earlier. But as the NOHM-I-HPE loading was increased be-
yond 30 wt%, the surface roughness of the NOHM-I-HPE/Pebax1657
MMM was visibly increased as shown in Fig. 4(f)-(h). This was because
increased amount of NOHM-I-HPE containing nanosized particles were
exposed to the surface of the membrane at higher NOHM-I-HPE load-
ings. The cross-sectional morphologies of three distinct samples (i.e.,
pure Pebax1657, and 20 and 50 wt% NOHM-I-HPE loadings) were also
investigated and as shown in Fig. 5, a homogeneous morphology for all
samples was observed regardless the surface roughness shown in Fig. 4.
The average thickness of the membranes was measured to be around
80-100 pm.

(b)
L Ols Element At %
Cls Cls 71.82
Ols 21.17
B Nls 3.08
[ Sils 393
z
£t
=
S |
g
E W Nls
1 1 1 1 1
600 500 400 300 200 100 0
Binding energy (eV)

Fig. 3. XPS spectra of (a) Pebax1657 and (b) NOHM-I-HPE/Pebax1657 MMM with 50 wt% NOHM-I-HPE loading.
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Fig. 4. Surface morphological structure of membranes based on (a) neat Pebax1657 and mixed matrix of NOHM-I-HPE/Pebax1657 at (b) 5 wt%, (c) 10 wt%, (d)
20 wt%, (e) 30 wt%, (f) 40 wt%, (g) 50 wt% and (h) 60 wt% NOHM-I-HPE loadings.

4.4. Effect of NOHM-I-HPE loading on mechanical properties of membranes

One of the important membrane properties is mechanical strength.
Thus, tensile tests were performed to examine the mechanical property
changes in the NOHM-I-HPE/Pebax1657 MMMs compared to pure
Pebax1657. Tensile strength, Young's modulus and elongation at break
of each sample are summarized in Supporting Information Table S3.
Young’s modulus for the pure Pebax1657 membrane was 154.47 MPa,
which was the same as the value (154.5 MPa) reported by Rabiee et al.
[41]. An increment in the NOHM-I-HPE loading resulted in a decrease
in tensile strength, Young's modulus and elongation at break of the
MMMs. For the MMM with 60 wt% NOHM-I-HPE loading, the tensile
strength, elongation at break and Young's modulus were only 2.10 MPa,
61.07% and 17.74 MPa, respectively. The addition of NOHM-I-HPE
caused the decrease of relative amounts of hard PA and soft PE

segments in the MMM, which were mainly responsible for the me-
chanical strength and elongation at break, respectively. In addition,
part of the hard PA blocks in the Pebax1657 matrix may have been
softened by NOHM-I-HPE acting as the amorphous phase. Therefore,
the tensile strength of the mixed matrix membranes was lowered. This
finding was consistent with the DSC results, which showed a reduction
in crystallinity in hard segments (Supporting Information Table S2).

4.5. Gas transport behaviors through MMMs

The most important operational parameters of the membrane
system are permeability and selectivity. A series of experiments were
performed to investigate the gas transport behaviors through the pre-
pared MMMs. First, pure gas permeabilities were measured through the
neat Pebax1657 and the NOHM-I-HPE/Pebax1657 MMMs with

84

Fig. 5. Cross-sectional morphologies of (a) neat Pebax1657 membrane and NOHM-I-HPE/Pebax1657 MMMs with (b) 20 wt% and (c) 50 wt% NOHM-I-HPE loadings.
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Fig. 6. Effect of NOHM-I-HPE loading on (a) diffusion coefficients (-O-, CO,; -A-, CHy; -[J-, N») and (b) ratios of diffusion coefficients (-[]-, CO2/No; -A-, COo/CH,) of
neat Pebax1657 membrane and NOHM-I-HPE/Pebax1657 MMMs at 1 bar and 23 °C.

different NOHM-I-HPE loadings. Diffusion coefficients of three gases
(i.e., COy, N, and CH,4) were obtained for different NOHM-I-HPE
loading cases. As shown in Fig. 6(a), the diffusion coefficient of CO, was
increased as a function of NOHM-I-HPE loading, although the differ-
ence was not very significant. When the NOHM-I-HPE loading was
60 wt%, the diffusion coefficient of CO, reached 0.66 x 10~ cm?/s.
On the other hand, there were large increases in diffusion coefficients of
CH,4 and N, with higher NOHM-I-HPE loadings in the prepared mem-
branes, particularly greater than 30 wt%. Diffusion coefficients of N,
and CH, were 2.50 X 107° and 1.19 x 10~ ®cm?/s, respectively, for
the MMM at 60 wt% NOHM-I-HPE loading. The increment in diffusion
coefficients for gases at higher NOHM-I-HPE loadings can be attributed
to the following three factors: (1) the addition of NOHM-I-HPE resulted
in more amorphous and flexible structure of the MMMs, which has been
verified by various membrane characteristic tests (i.e., DSC, SEM and
tensile analysis), (2) the decreasing crystallinity of the MMMs (as
shown in Supporting Information Table S2) with an increase in NOHM-
[-HPE loading may have resulted in an increase in FFV, and (3) NOHM-
[-HPE containing flexible Si-O-Si linkages enhanced gas diffusivity,
which would have been derived from the low energy barrier of rotation
of the polymeric chains tethered to nanoparticles (as shown in Sup-
porting Information Fig. S1) and the creation of favorable pathway for
gas diffusion [29].

It can also be seen from Fig. 6(a) that diffusion coefficients of three
gases in NOHM-I-HPE/Pebax1657 MMMs followed the order of D
(N,) > D(CH,) > D(CO,), and this trend was most visible for the
NOHM-I-HPE loading range of 20-60 wt%. N, diffused faster than CH,4
molecule, which was coincident with the kinetic diameters of the gases
(Supporting Information Table S1). While CO, has the smallest kinetic
diameter among three gases, its diffusivity was lowest because of the
Lewis acid-base interaction between CO, and ether groups in NOHM-I-
HPE reported in literature [27]. This chemical interaction of CO, with
the mixed matrix membrane resulted in interesting relative diffusivity
behaviors shown in Fig. 6(b). Ratios of diffusion coefficients of CO5/N,
and CO,/CH4 for the MMMs decreased with increasing NOHM-I-HPE
loading because the rates of diffusion coefficient increase for N, and
CH, were far higher than that for CO,.

Next, solubility coefficients of the three gases were obtained using
the permeability and diffusion coefficient (Eq. (5)). As shown in
Fig. 7(a), the solubility of CO, in the MMM changed greatly as a
function of NOHM-I-HPE loading (slope of 0.0453), whereas negligible
changes were observed for the solubility of N, and CH,4 (slopes of
0.00022 and 0.00025, respectively). Solubility coefficient for CO, in-
creased from 1.16 to 3.84 cm® (STP)/(cm>bar), while the values for
CH,; and N, minimally increased from 0.078 to 0.094 cm® (STP)/
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(cm®bar) and from 0.013 to 0.026 cm® (STP)/(cm>bar), respectively, as
NOHM-I-HPE loading increased from O to 60 wt%. Even for the pure
Pebax1657 membrane, CO, gas showed a high solubility in ethylene
oxide units mainly due to the affinity of ether oxygen and CO,. As
discussed earlier, Park et al. have found that the ether-based material
possessed the highest solubility for CO, owing to the dipole and
quadrupole interaction between polar ether oxygen and CO,, whereas
N, was found to be almost insoluble in NOHM-I-HPE [27]. The addition
of NOHM-I-HPE into Pebax1657 resulted in a higher content of ether
oxygen units (as shown in Fig. 3) and lower content of non-sorbing
crystals in the MMM (as listed in Supporting Information Table S2). In
turn, the larger quadrupole moment, higher polarizability as well as
higher condensability of CO, in the membrane (as shown in Supporting
Information Table S1) led to an increase in solubility of CO,. For the
NOHM-I-HPE/Pebax1657 MMM with the same NOHM-I-HPE loading,
the order of solubility coefficient for the three gases was S(CO,) > > S
(N5) > S(CH,). Note that the scale for CO, and N,/CH, are orders of
magnitude different. Fig. 7(b) shows the solubility ratios of CO,/N, and
CO,/CH,4 for each MMM, which were far greater than one and they
continued to increase as the NOHM-I-HPE loading increased. The in-
creased CO, solubility and remarkably high solubility ratios towards
CO, compared to N, and CHy illustrated a good potential of CO, se-
paration from N, and CH,4 using the NOHM-I-HPE/Pebax1657 MMMs.

4.6. Gas separation selectivity of membranes and its comparision to the
Robeson's upper bound

In order to investigate the overall performance of the NOHM-I-HPE/
Pebax1657 MMMs, the relative permeability of gases should be dis-
cussed along with their diffusivity and solubility behaviors. Further
analysis on the pure gas permeability and the ideal selectivity of CO,
over N, and CH, of neat Pebax1657 and NOHM-I-HPE/Pebax1657
MMMs provided value insights into the potential of the developed
MMM as a system to separate CO, from N, and CH4. As shown in
Fig. 8(a), compared to the neat Pebax1657 membrane, NOHM-I-HPE
loaded membranes led to large increases in permeability of all the
gases. Particularly, the permeability of CO, increased from 70.02 to
335.93 Barrer, while the values for CH4 and N, increased from 4.20 to
14.91 Barrer and from 1.31 to 8.69 Barrer, respectively, as NOHM-I-
HPE loading increased from 0 wt% to 60 wt%. Permeability of CO, for
the MMM containing 60 wt% NOHM-I-HPE was nearly five times higher
than that of the neat Pebax1657 membrane. The permeabilities of three
gases followed the order of P(CO,) > > P(CH4) > P(N,). This can be
explained by solution-diffusion mechanism [45]. For the NOHM-I-HPE/
Pebax1657 MMMs, gas permeabilities were controlled by both gas



J. Wang, et al.
@ s
" o0 CO Value of slope is 0.0453
4+ 2
= 3r
Bt
= A
22
E . L Value of slope is 0.00025
&
% 0.08
mg 0.06
& 0.04 Value of slope is 0.00022
0.02
0.00 1 1 1 1 1
0 10 20 30 40 50 60
NOHM loading (wt.%)

Journal of Membrane Science 584 (2019) 79-88

(b) 180

—0O0— COz/Nz
—2— CO,/CHy

150

S 120
N
=
St
£ 9
=
=
S 60
103

30 +

0 1 1 1 1 1
0 10 20 30 40 50 60
NOHM loading (wt.%)

Fig. 7. Effect of NOHM-I-HPE loading on (a) solubility coefficients (O, CO»; A, CHy; [], No; — Correlated results) and (b) solubility ratios (-[J-, CO2/Ny; -A-, COo/
CH,) of neat Pebax1657 membrane and NOHM-I-HPE/Pebax1657 MMMs at 1 bar and 23 °C.

(a) T T T
=100 - i
5]
-
—
<
) —O0—CO,
£ —A—CH, ]
=
€ 10
g
=)
)
-9
1 1 1 1
0 15 30 45 60
NOHM loading (wt.%)
Fig. 8. Effect of NOHM-I-HPE loading on (a) permeabilities (-O-, COo; -A-, CHy; -[J-,
membrane and NOHM-I-HPE/Pebax1657 MMMs at 1 bar and 23 °C.
350 T T
A s
= 450
30F
\ﬂ
— —e— CO, permeabilit fm}edgasH
5 2s0f 0 "~ T {40
= O CO, permeability for pure gas =
g —m— CO,/N, selectivity for mixed gas w
: 200  © CO,/N, selectivity for pure gas %] %
:;E —A— CO,/CH, selectivity for mixed gas %
g A CO,/CH, selectivity for pure gas 130 5{
g 150 (o)
5 —
& o PNE—,
100 - o W 120
:7944/
50 1 1
0 20 40 60
NOHM loading (wt.%)

Fig. 9. Effect of NOHM-I-HPE loading on permeabilities and selectivities of
NOHM-I-HPE/Pebax1657 MMMs for mixed (closed symbols) and pure gases
(open symbols) at 1 bar and 23 °C.

86

(b) 60
50
40}
= —0—CON,
.% 30 —4—CO/CH,
D
3
2 M
10 -
0 1 1 1 1 1
0 10 20 30 40 50 60
NOHM loading (wt.%)
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solubility and diffusion (as can be seen from Eq. (5)). As explained in
the section of 4.5, the permeability of CO, for the NOHM-I-HPE/
Pebax1657 MMMs was mainly influenced by solubility, whereas those
of N, and CH4 were dominated by diffusion. For all the three gases, an
increase in NOHM-I-HPE loading resulted in the increase of both gas
diffusion and solubility coefficient (as shown in Figs. 6(a) and 7(a)),
thus promoting the enhanced permeability. This result indicated that
the addition of NOHM-I-HPE into the Pebax1657 improved gas trans-
port properties of the MMM.

The next question was what were the selectivities of CO»/CH,4 and
CO4/N, separations and what was the effect of the NOHM-I-HPE
loading on the separation efficiency. Fig. 8(b) show the effect of NOHM-
I-HPE loading on ideal selectivities of MMMs for pure gases at 1 bar and
23°C. Also, to testify the separation performance of NOHM-I-HPE/
Pebax1657 MMMs for gas mixtures, the permeation data of mixed gases
of CO,/CH,4 (30/70vol.%) and CO»/N, (15/85 vol.%) for membranes
containing different NOHM-I-HPE content were measured at 23 °C and
1 bar. Fig. 9 shows the effect of NOHM-I-HPE loading on permeabilities
and selectivities of MMMs for pure gases and mixed gases at 1 bar and
23 °C. It was obvious that the separation performances of MMMs for gas
mixtures were good agreement with the data for pure gases.

As shown in Figs. 8(b) and 9, with an increase in NOHM-I-HPE
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Fig. 10. Separation performances of NOHM-I-HPE/Pebax1657 MMMs with different NOHM-I-HPE loadings in terms of (a) CO,/N, selectivity and (b) CO,/CH,
selectivity vs. CO, permeability and their comparisons to Robeson's upper bound.

loading, CO,/N, selectivity of the NOHM-I-HPE/Pebax1657 MMMs
showed a gradual decreasing trend, which was caused by a fact that the
increase of CO, solubility was overcome by the higher diffusion of N, at
higher NOHM-I-HPE loading (Figs. 6 and 7). However, with the in-
creasing NOHM-I-HPE content from 0 wt% to 60 wt%, the selectivity of
CO, to CH, for mixed gases increased from 16.50 to 22.31 (as shown in
Fig. 9). The similar result has been reported by Wang et al. [36] that
CO,/CHj, selectivity of the PEG20000/Pebax1657 membrane increased
with the incorporation of high molecular PEG-based weight polymer,
such as PEG20000. However, incorporating low molecular PEG-based
polymers, such as PEG200, PEG400 and PEG600, led to a decrease of
CO,/CHj, selectivity [6,22,36]. Reijerkerk et al. reported that with the
increasing PEG200 content to 50 wt%, CO,/CH, selectivity of the
Pebax1657/PEG200 blended membrane decreased to 15.7 at a tem-
perature of 35 °C and a feed pressure of 4 bar [6]. The results obtained
in this work further testified that the membranes containing Pebax1657
and polymer with high EO content would be more effective for the
separation of CO,/CH,4 streams.

But since it is known that the selectivity decreases with the per-
meability, it was important to evaluate these findings against the well-
known Robeson's upper bound [12] developed for polymeric mem-
branes. As expected from the permability and selectivity results dis-
cussed earlier, the mixed matrix membranes containing NOHM-I-HPE
significnatly improved both CO, permeability and CO,/CH, selectivity
and the slope of their relationship as a function of the NOHM-I-HPE
loading was clearly positive towards the Robeson's upper bound
(Fig. 10(b)). In other words, with higher NOHM-I-HPE loadings better
separation between CO, and CH,4 was achived. The effect of the NOHM-
[-HPE loading on the CO, and N, separation was less significant.
However, as shown in Fig. 10(a) the rate of decrease in selectivity as a
function of CO, permability was smaller than that of the Robenson's
upper bound. This behavior suggested that the addition of NOHM-I-HPE
improved the CO, permeability of the mixed matrix membrane while
maintaining the selectivity CO5 to Ns.

It is worth mentioning that the feed pressure tested in this work was
only 1 bar. The NOHM-I-HPE/Pebax1657 MMMs might have surpassed
the limit of the Robeson's upper bound (2008) if higher feed pressures
were used (unfortunately the maximum pressure of our testing unit is
1 bar), because CO, capability of NOHM-I-HPE increases with the in-
creasing CO, partial pressure [27]. Also, the existence of strong inter-
molecular interactions between water molecules and the poly(ethylene
glycol) component of NOHMs, causing the drastic decrease in the
NOHMSs' viscosity with the addition of water [37]. Therefore, an op-
timal water content leading to the best trade-off for the given CO,
capture conditions. In the following work, on the basis of MMMs, the
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composite membranes will be prepared, as well as the effect of different
parameters (especially the water content) on separation performances
of mixed gases for the composite membranes will be investigated in our
following work in detail.

5. Conclusion

The NOHM-I-HPE/Pebax1657 MMMs with different NOHM-I-HPE
loadings are successfully prepared by incorporating NOHM-I-HPE into
Pebax1657 polymer. Characterization results indicate that the addition
of NOHM-I-HPE resultes in structural and morphological changes of the
Pebax1657-based membrane, and a higher NOHM-I-HPE loading re-
sultes in a higher EO content and lower crystallinity in the NOHM-I-
HPE/Pebax1657 MMMs. Consequently, diffusion coefficients for CO,,
N, and CH4 show significant increases with a higher NOHM-I-HPE
loading. As NOHM-I-HPE loading increases to 60 wt%, solubility coef-
ficient of CO, is greatly increased from 1.16 to 3.84 cm® (STP)/
(cm®bar) due to higher EO content in the mixed matrix membranes.
This study shows that the newly developed NOHM-I-HPE/Pebax1657
membranes can improve both gas permeability and CO»/CH,4 selectiv-
ities compared to the neat Pebax1657. CO, permeability of the NOHM-
I-HPE/Pebax1657 MMM with 60 wt% NOHM-I-HPE loading is 335.93
Barrer, which is almost five times than that of the neat Pebax1657
membrane. Although the selectivity of CO5 to N, shows a slight de-
crease, CO,/CHy selectivity is enhanced from 16.50 to 22.31. All of
these findings indicate that the NOHM-I-HPE/Pebax1657 MMMs are
very promising candidates for CO, separation and its performance may
further be improved by incorporating the functional groups in NOHMs
that are more basic than EO groups.
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