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1. Introduction

Graphene based materials have attracted a great deal of attention in
recent years because of their remarkable electronic, thermal and mechanical
properties owing to their unique one-atom-thick structure [1]. For example,
the thermal conductivity can be up to 5300 W/m-K which is higher than
diamond, with a Young’s modulus of 1.0 TPa for a graphene monolayer which
is higher than steel and copper [2]. Graphene is currently the thinnest but also
the hardest nanomaterial known [3]. Its structure is also very dense as even
helium atoms (the smallest gas molecules with a diameter of 2.60 A) cannot
go through graphene, as the carbon-carbon interatomic distances are only 1.42

* New type of graphene oxide, thermally reduced graphite oxide
(T-RGrO) and ascorbic acid multi-phase reduced graphene oxide

« Control the interlayer distance of graphene nanosheet to improve the

* Graphene/Matrimid MMM have much higher CO,/CH, and H,/
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In this work, three different graphene-based materials, namely graphite oxide (GrO), thermally reduced graphite oxide (T-RGrO) and ascorbic acid multi-phase reduced graphene
oxide (AMP-RGO), were synthesized and used to produce mixed matrix membranes (MMM) based on Matrimid®5218 for gas separation. From the samples produced, a complete
set of characterization was performed including XRD, FTIR, TGA and SEM to relate with the gas separation performance using H,, CO,, O,, N, and CH,. For all the gases studied,
the results showed that membrane permeability was inversely proportional to the gas molecular size. This behavior was associated to multi-phase reduced graphite oxide (AMP-
RGO) being an excellent gas barrier for large gas molecules, especially for CH,. The results showed that the H /CH, ideal selectivity increased to 231 which represents a 328%
improvement for M/AMP-RGO 0.1 compared to the neat matrix. The CO,/CH, selectivity was 79.8 for M/AMP-RGO 0.2 wt.% which represents a 344% improvement compared to

the neat polymer. These results confirmed that these membranes can be used for methane separation such as in ammonia plants (H,/CH,) or biogas upgrading/natural gas purification

© 2019 MPRL. All rights reserved.

A [4]. Therefore, graphene-based materials, such as graphene oxide (GO)
and reduced graphene oxide (RGO), have been considered as promising
materials for membrane separation minimizing transport resistance and
maximizing flux if their stacking structure is carefully controlled [5]. To
date, several pioneering works on graphene-based membranes have shown
excellent gas separation properties. For example, Kim et al. [6] reported that
selective gas (CO, or H,) diffusion through few-layered GO membranes
can be achieved by controlling the gas flow pathways and pores. Synthesis
of large-area few-layer graphene by the chemical vapor deposition (CVD)
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method, and preparation based on polymer-supported materials (poly(1-
methylsilyl-1-propyne) (PTMSP)) have shown H, permeance of 32 GPU and
H,/CO, selectivity as high as 30. Li et al. [5] developed ultrathin graphene
oxide (GO) membranes with thicknesses close to 1.8, 9 and 18 nm on anodic
aluminum oxide (AAO) support. These membranes showed gas mixture
separation selectivities as high as 2000 for H,/CO, at 20 °C. However, the
preparation of few-layer graphene membranes is very difficult and time
consuming. Furthermore, there are still several challenges for these neat
graphene  membranes as free-standing GO membranes without
substrate/support cannot be used to build separation modules because of their
brittleness [7].

On the other hand, polymer-based membrane technology is expected to
play a major role in the field of gas separation due to several advantages such
as high energy efficiency, low power consumption, easy operation control,
easy maintenance and low capital cost [8]. The majority of gas separation
modules are made from hollow polymer fibers with different configurations
for industrial applications. In the past, cellulose acetate (CA), polysulfone
(PSf), polyamide (PA), silicon rubber (SR), polyphenylene oxide (PPO) and
polyimide (PI) were often used alone as membrane materials [9]. Today, they
are used as matrices and modified using different particles. This led to the
development of mixed matrix membranes (MMM) in which inorganic or
organic particles, such as carbon-based particles (nanofibers, nanotubes, etc.),
ceramics, zeolites and metal organic frameworks (MOF) are introduced in the
polymer matrix to improve the gas separation properties [10]. In particular,
graphene nanosheets were introduced into gas separation membranes. For
example, polyether block amide (PEBA), which is a commercial block
copolymer, was filled with GO at different concentrations (0.05, 0.075 and
0.1 wt.%) [11]. The results showed that CO, permeability increased compared
to neat PEBA (from 50 to 100 Barrer) with increasing GO content, while N,
permeability showed negligible variation leading to significant CO./N,
selectivity improvement (from 50 to 91) with high operational stability (>
6000 min) at 0.3 MPa and 25 °C. The authors associated their results to the
CO; selective transport channels of GO laminates related to hydrogen bonding
between GO and PEBA. These GO nanosheets created several-layered GO
stacks leading to a molecular-sieving interlayer spacing and straight diffusion
pathways. The same group also studied MMM based on GO (0.1 wt.%) and
PEBA with different GO lateral sizes (100-200 nm, 1-2 pm, and 5-10 pm)
with thicknesses of approximately 1 nm [12]. The results showed that the 1-2
um lateral size produced the best CO,/N, separation performance with a CO,
permeability of 110 Barrer and a CO,/N; selectivity of 80. Dong et al. [13]
developed MMM based on partially reduced porous graphene oxide (PRG)
nanosheets obtained from graphene oxide (GO) via a wet chemical process
for introduction into Pebax®1657. The results showed that these MMM had
substantially improved CO, permeability (from 58 to 119 Barrer) as well as
CO,/N; selectivity (from 55 to 104) at 0.2 MPa and 30 °C. The CO,
permeability initially increased with increasing the PRG concentration, with
the highest CO, permeability (119 Barrer vs. 58 Barrer for neat Pebax) and
CO,/N; selectivity of (104 vs. 55 for neat Pebax) at 5 wt.%. The authors
assumed that the molecular sieving laminated structures (average width of
0.34 nm) between the neighbouring nanosheets was responsible to create this
effective molecular sieving for CO, against larger gas molecules (N,). Dai et
al. [14] used imidazole functionalized graphene oxide (Im-GO) in
Pebax®1657 to make MMM for CO, capture. The membrane filled with 0.8
wt.% Im-GO had the best gas separation performance with a CO,/N,
selectivity up to 105.5 combined with a CO, permeability of 76.2 Barrer (25
°C and 0.8 MPa). As mentioned above, several groups used Pebax with GO to
produce MMM, but mainly focussed on CO, capture alone. Furthermore, the
results are mostly reported for very low gas pressure as compared in Table 1.

Other groups used GO-based in situ polymerization of polyimide for
membrane synthesis [15,16]. For example, Wu et al. [15] synthesized 6FDA-
ODA (6FDA: 2,2'-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride,
ODA: 4,4"-oxydianiline) using GO or GO modified by polyethylene glycol
(PEG) in situ polymerization for CO./N, separation. The best results showed
that the CO, permeability increased from 45 to 250 Barrer, while the CO,/N,
selectivity increased from 8 to 32 at 1 wt.% of GO modified by PEG 2000.
GO and NH,-GO (modified by N,N-dimethylformamide) were introduced in
the solvent before the polyimide (BTDA-DMMDA) synthesis reaction [16],
(BTDA: 3,3",4,4"- benzophenonetetra-carboxylic dianhydride and DMMDA:
3,3’-dimethyl-4,4'-diamino-diphenyl methane). Then, a series of poly(amic
acid) PAA/GO and PAA/NH,-GO suspensions (0-4 wt.%) were used to make
MMM. The best permeability for pure CO, was 8.2 Barrer with a CO,/N,
ideal selectivity of 35 for PI/GO MMM at 15 °C and 0.1 MPa. For the
PI/NH,-GO MMM, a CO, permeability of 12 Barrer and a selectivity of 38
were obtained for both GO and NH,-GO at 3 wt.%.

Koolivand et al. [17] used Ultem® 1000 polyetherimide (PEI) with
graphene-based particles to make MMM of GO/PEI, GO-PEG/PEI and GO-
NH2/PEI nanosheets (0.25, 0.5 and 0.75 wt.%). GO-PEG and GO-NH,

nanosheets were modified by reacting pristine GO with polyethylene glycol
and ethylene diamine, respectively. Compared to neat PEI (Pco, of 2.4 Barrer
and CO,/CH;, selectivity of 25.8), all the MMM permeabilities (for both CO,
and CH,) decreased while selectivities increased. The results showed that
GO-NH; containing membranes were more effective at separating gases based
on both size and solubility differences. For example, the 0.75 wt.% GO-
NH,/PEI had 1.57 Barrer of CO, permeability and CO,/CH, selectivities up to
142 at 25 °C and 10 bar. The same group compared the effect of graphene
oxide (GO) nanosheets on the CO,/CH, separation performance of a rubbery
polydimethylsiloxane (PDMS) membrane, as well as glassy polyetherimide
(PEI) [18]. The best results were obtained at 0.25 wt.% GO for which
simultaneous improvement in CO, permeability (2.7 Barrer, 16% increase)
and CO,/CHj, selectivity (41, 59% increase) was obtained. Also, simultaneous
improvement of CO, permeability (5076 Barrer, 29%) and CO,/CH,
selectivity (8.7, 112%) was observed for the PDMS membrane using 0.5 wt.%
GO at 10 bar and 25 °C.

Feijani et al. [19] prepared MMM adding graphene oxide (GO) in
polyvinylidene fluoride (PVDF) or chemically modified PVDF (M-PVDF).
For PVDF/GO compared to the neat PVDF membrane, the permeability of
He, CO,, N, and CH, decreased by 14%, 4%, 56% and 45% respectively, by
incorporating 1 wt.% of GO, while the He/CH4, He/N, and CO./CH,4
selectivities increased by 94%, 34% and 118%, respectively. For the M-
PVDF/GO membranes, the permeability of all gases increased with the
addition of 0.25 and 0.5 wt.% of GO. The CO,/CH, selectivity increased by
10% and 22% at 0.25 and 0.5 wt.% of GO respectively, compared to the neat
M-PVDF.

Ha et al. [20] introduced GO (8 wt.%) into PDMS leading to a 99.9%
permeability reduction for H, Oz, N2, CH4 and CO; at 35 °C and 10 atm. A
significant increase of the ideal selectivities was observed for CO,/N, and
CO,/CH, for which 2.5 and 3.2 times improvement were observed compared
to neat PDMS. Also, H, permeability was decreased from 1000 to 10 Barrer,
but Ho/N, and H,/CHy, selectivities were still very low (10 and 2).

Introduction of amino acid-functionalized graphene oxide (GO-DA-Cys)
nanosheets into a sulfonated polyether ether ketone (SPEEK) MMM was
done by Xin et al. [21]. The optimum separation performance was achieved at
a GO-DA-Cys content of 8 wt.% with selectivities of 49 and 60 for CO,/CH,4
and CO,/N; respectively, while a CO, permeability of 22 Barrer at 1.5 bar and
25 °C was obtained.

Carbon nanotubes (CNT) and graphene oxide (GO) in Matrimid were
shown to improve the CO, separation performance of the neat membranes.
For example, Li et al. [22] reported that a combination of CNT and GO
produced a synergistic effect on the membrane permselectivity. The highly
smooth CNT walls acted as a gas highway producing high permeability, while
the graphene oxide nanosheets acted as a selective barrier producing high
selectivity through the hydroxyl and carboxyl groups on the GO surface. The
best results were obtained by combining 5 wt.% of CNT with 5 wt.% of GO
(Matrimid-CNT/GO-5/5) with a CO, permeability of 38 Barrer, a CO,/CH,
selectivity of 84.6 and a CO,/N; selectivity of 81. This is to be compared with
10 wt.% GO which gave a CO, permeability of 6.5 Barrer, a CO,/CH,
selectivity of 70 and a CO,/N, selectivity of 65. All the measurements were
performed at 30 °C and 2 bar. Unfortunately, no information on other gases
was provided.

Melicchio et al. [23] prepared graphene oxide (GO) 2.2 wt.% dispersed in
Matrimid® 5218 and compared the gas permeability between neat Pl and two
isotropic membranes by different preparation methods: thin film membrane
(TFM) and thick isotropic film (TIF). The results showed that TFM have very
low permeability (4.5, 5.4, 1.9, 2.0 and 2.4 Barrer for He, H,, CO,, O, and
N,), while TIF have much higher permeability (330, 322, 160, 131 and 197
Barrer for He, H,, CO,, O, and N,) compared to neat Matrimid. However, all
these membranes have almost no selectivity (less than 2).

From the above information, almost all the work in the present literature
focussed on CO,/CH, and CO,/N, separation and the MMM were based on
commercial polymers like Ultem 1000 (PEI), PVVDF, Matrimid and PDMS.
But PDMS is a rubbery polymer and its permeability strongly depends on the
relative solubility of each gas molecule; i.e. the solubility selectivity is often
higher than the diffusivity selectivity. Therefore, PDMS is more permeable to
large, soluble and condensable gases (CO,) than smaller and less condensable
gases (H,). Therefore, PDMS is not a good choice for hydrogen recovery. On
the other hand, Ultem and PVDF have very low permeability for all gases.
But Matrimid® 5218 has good thermal stability, mechanical properties and
gas transport properties, especially for hydrogen recovery and CO,/CH,
separation.

Based on the results reported on graphene oxide addition in polymer
membranes, different treatments were used to control the distance between
the particle layers and to determine the concentration effect on the MMM
barrier properties using different gas molecules (H,, CO,, O,, N, and CH,).
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Table 1
Gas permeability data for polymer/GO MMM from literature.

0Olco2/CH4 0co2iN2

Membrane (polymer/GO) GO content (wt.%) Pco2 (Barrer) o o Test conditions (°C / bar) Ref.
PEBA/GO 0.1 50-100* 50-91 25/3 [11]
PEBA/GO 0.1 50-110 50-80 25/3 [12]
Pebax®1657/PRGO 5.0 58-119 55-104 30/1-5 [13]
Pebax®1657/GO 0.8 76.2 105 25/9 [14]
6FDA-ODA/PEG-GO 1.0 45-250 8-32 30/10 [15]
BTDA-DMMDA/NH,-GO 3 8.2-12 35-38 15/1 [16]
PEI/NH.-GO 0.75 2.4-1.57 25.8-142 25/10 [17]
PDMS/GO 0.25 5076 8.7 25/10 [18]
PVDF/GO 0.5 0.897 40.6 RT/5 [19]
M-PVDF/GO 0.5 15 31.5 RT/5 [19]
PDMS/GO 8 3800-27.7 9.5-24 35/10 [20]
SPEEK/GO 8 22 49 60 25/15 [21]
Matrimid/GO 10 8.8-6.5 34-70 33-65 30/2 [22]
Matrimid/GO 2.2 45.7-160 0.52-0.81 RT/0.1 [23]

a: for example 50-100, 50 for neat polymer, 100 for MMM. RT: room temperature

2. Experimental
2.1. Materials

Matrimid® 5218 in a powder form was obtained from Huntsman
Advanced Materials Americas Inc (USA). Chloroform as solvent and graphite
powder (<20 pm) were supplied by Sigma-Aldrich (Spain). Potassium
permanganate (KMnQ,), sulfuric acid (H,SO.,), hydrogen peroxide (H.O,)
and ethanol (CH;CH,OH) with a purity of 99%, 96%, 99.5% and 99.5%
respectively, and 37% AR grade of hydrochloric acid (HCI) were supplied by
PANREAC (Spain). Ascorbic acid with a purity of 99% was supplied by
VWR (Spain).

2.2. Methods
2.2.1. Graphite oxide synthesis (GrO)

Graphite oxide was synthesized following the improved Hummers
method with slight modifications [24]. A mixture of 15 g of graphite and 45 g
of KMnO;, (oxidizer) was slowly added to 400 mL of H,SO, under constant
agitation. The mixture was maintained at 50 °C for 3 h. Then, the mixture was
added to a beaker containing 400 g of flake ice and 3 mL of H,O, to stop the
oxidation reaction. The mixture was filtered under vacuum and washed with
200 mL of deionized water, HCI and CH3;CH,OH. Finally, the compact cake
was dried overnight at 100 °C. The obtained product was designated as
graphite oxide (GrO). Graphene oxide (GO) synthesis was carried out by

O
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sonication (50% amplitude and a complete cycle) at room temperature of a
mixture of 800 mg of graphite oxide and 800 mL of deionized water. The
final mixture was centrifuged and the obtained solid was dried overnight at
80 °C. Figure 1 presents a schematic of this process.

2.2.2. Thermally reduced graphite oxide (T-RGrO) synthesis

Thermal reduction was carried out by introducing 5 g of graphite oxide in
a laboratory oven at low temperature (T<300 °C). The carbon material
expansion took place after a certain time (20-40 min) separating the graphene
layers and removing some oxygen functional groups from the structure. The
obtained product was designated as thermally reduced graphite oxide (T-
RGrO).

2.2.3. Ascorbic acid multiphase reduced graphene oxide (AMP-RGO)
synthesis

Chemical reduction of graphite oxide was carried out using ascorbic acid
due to its innocuous and environmentally friendly character. Ascorbic acid
multiphase reduced graphene oxide (AMP-RGO) synthesis was carried out by
mixing 800 mg of T-RGrO in 800 mL of deionized water with 800 mg of
ascorbic acid. The chemical reduction was performed under constant agitation
for 48 h at room temperature [24,25]. After reduction, the solution was
centrifuged and the obtained product was filtered and washed several times
with deionized water (until pH=7) to remove the remaining acid. Finally, the
solid obtained was dried overnight at 80 °C.
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Fig. 1. The chemical route from graphite to graphene oxide.
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2.3 Mixed matrix membrane preparation

A mixture of a specific amount of graphite oxide was prepared in 20 mL
of chloroform and introduced in a liquid cooled jacketed reactor to maintain
the solution at room temperature. The mixture was sonicated (UP400S,
Hielscher, 400 W/24 kHz, 50% amplitude and a complete cycle) for 1 h to
separate the graphene sheets of graphite oxide and obtain graphene oxide
(GO) [26]. Then, approximately 10% of the Matrimid powder was added to
the GO suspension. The slurry was agitated for 1 h and, after good
homogenization, the remaining amount of the polyimide powder was added
and the final slurry was agitated again for 1-2 h. Solvent was evaporated to
obtain a 10-12 wt.% solution. For degassing, the polyimide solutions were left
in a hood for 30 min. A nascent film was cast with the solution onto a clean
glass plate using a small metal container with a cover to delay solvent
evaporation from the nascent membrane. After 24 h, the cover was removed
to evaporate residual solvent for another 24 h. Then, the films were placed in
a vacuum oven at 100 °C and each membrane was annealed for 4 h. Finally,
the films were slowly cooled down to room temperature (RT) and stored in a
desiccator before characterization. Each MMM was coded as M/GOx where x
is the graphite oxide weight percent. Matrimid composites with TRGO and
AMP-RGO membranes were coded as M/T-RGO and M/AMP-RGO and
were produced using the same method.

2.4. Characterization

Elemental analysis was performed using energy-dispersive X-ray
spectroscopy (EDX) analysis on a scanning electron microscope (SEM) JEOL
JSM-840A. Powder X-ray diffraction (XRD) analysis was performed on a
diffractometer (PHILIPS, PW-1711) with a Cu Ka radiation (k = 1.5404 A).
The samples were scanned at a rate of 0.02%step over the range 5° < 20 < 90°
(scan time = 2 s/step) and the diffractograms were compared with PDF-ICDD
references. Different parameters can be obtained from XRD. The interlaminar
space (dooz) Was obtained using Bragg’s equation:

A

d . =— 1
202 " 2 5in B @
where / is the radiation wavelength (.Z = 0.15404 nm) and 6 is the diffraction
peak angle (°).

The packing size (L) of graphene planes was calculated by the Debye-
Scherrer equation as [27,28]:

K2

L =—"
¢ FWHM cosf

@

where FWHM is the width at half height of the diffraction peak and K is the
form factor (K =0.9).

The number of graphene layers (N;) in a crystal is directly proportional to
their packing degree and inversely proportional to the distance between them
(dooz) to give:

L

o= ®

The FTIR spectra were recorded using a Nicolet Magna 850 Fourier
transform infrared spectrometer (Thermo Scientific, USA) equipped with a
liquid-nitrogen cooled narrow-band MCT detector using Golden-Gate
(diamond IRE) ATR accessories (Specac Ltd., U.K.). Each spectrum was
obtained from the acquisition of 128 scans at 4 cm™ resolution from 4000 to
700 cm® using Happ-Genzel apodization. All spectral operations were
executed using the GRAMS/AL 8.0 software (Thermo Galactic, USA).

The weight curves (TGA-DTG) were recorded using a model Q50001R
(TA Instruments, USA) from 50 to 1000 °C at a heating rate of 10 °C/min
under a nitrogen atmosphere.

The glass transition temperature and Young’s modulus were determined
using a dynamic mechanical thermal analyzer RSA-3 (TA Instruments, USA)
at a frequency of 1 Hz. The temperature was increased from 50 to 350 °C at a
rate of 10 °C/min with a strain of 0.05%. Membrane thickness was measured
by a micrometer (Starrett No. 732, USA). All the membranes had a thicknesse
between 50 and 80 mm and the other dimensions were 25 x 6 mm?,

Scanning electron micrographs (SEM) were recorded to determine the
crystallite size and to characterize the materials dispersion state. Images were
taken on a JSM-840A (JEOL, Japan) operated at 15-20 kV.

2.5. Gas permeation measurements

The pure gas transport properties were measured by the variable pressure
(constant volume) method [9,29]. The permeability coefficient, P (cm® (STP)
cm/cm? s cmHg) and the ideal selectivity were obtained. In the measurement,
the permeate pressure was allowed to vary from 1073 to 30 Torr. For each
composition, at least three different membranes were prepared to detect
defective membranes which would yield inacceptable permeation rates. All of
the reported data were established for at least two replicas of the same
membrane. More details on the experimental set-up and calculations can be
found in our previous work [9,29,30].

3. Results and discussion

3.1. Characterization of the different graphene-based materials and the mixed
matrix membranes

3.1.1. Elemental analysis and XRD characterization

Table 2 presents the oxygen and carbon content (wt.%) of the different
graphene-based materials. Graphite, the non-oxidized raw material, is
composed of 100% carbon atoms as expected. After the oxidation process to
obtain graphite oxide (GrO), the oxygen content as part of a functional group
increased to 52%. But after the thermal reduction process, the oxygen content
decreased to 37% (T-RGrO). AMP-RGO, obtained from a combined thermal
and ascorbic acid chemical reduction, only has 27% of oxygen groups [26].

Table 2
Elemental analysis of graphite, graphite oxide (GrO), thermally reduced graphite oxide (T-
RGrO) and ascorbic acid multiphase reduced graphene oxide (AMP-RGO).

Material Graphite Gro T-RGro AMP-RGO
Oxygen content (wt.%) 0 52 37 27
Carbon content (wt.%) 100 48 63 73
Table 3
XRD parameters of graphite and graphene-based materials.
Materials 20 () Lc (nm) ez Ne
(nm)
Graphite (G) 26.7 37.1 0.34 111
Graphite oxide (GrO) 9.96 5.62 0.89 6
Thermally reduced graphite oxide (T-RGrO)  23.7 0.92 0.39 3
Ascorbic acid multiphase reduced graphene 21 097 041 2

oxide (AMP-RGO)

The XRD analysis results for the graphene-based materials are presented
in Figure 2. The characteristic parameters derived from the diffractograms are
reported in Table 3. Graphite showed a [002] peak at a 20 value of 26.7°
which is consistent to a layer separation (doo, from Eq.1) of 0.34 nm and a
number of layers of around 111. After oxidation, the [002] peak disappeared
and a new one appeared at 26 = 10°. As a consequence, the interlayer distance
(doo2) clearly increased while the crystal stack height (L. in Eq.2) decreased
after oxidation. Larger distance was attributed to the expansion caused by the
presence of oxygen functional groups and water molecules located in the
interlayer galleries of the hydrophilic GrO samples. Then, doo, decreased after
reduction for T-RGrO. Finally, the number of layers in the stacking structure
(N¢) substantially decreased after graphite oxidation. After thermal and
multiphase reduction, T-RGrO and AMP-RGO showed similar XRD patterns
with the main peak centered at 20 = 23.7 © and 22.1° respectively, while the
interlayer distance and crystal domains (L;) decreased after both reduction
types due to higher structural disorder. AMP-RGO was treated by ascorbic
acid to reduce T-RGrO and the hydrazine attacks the structure more intensely,
so the crystal domains were slightly higher in AMP-RGO than T-RGrO.
Finally, the number of layers in the stacking structure (N.) decreased to 3 and
2, as expected [31].
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Fig. 2. X-ray diffraction (XRD) analysis of graphite, GrO, T-RGrO and AMP-RGO.

The XRD pattern of Matrimid shows broad peaks at 26 of 14.2, 17.5 and
25.8° in Figure 3. This can be attributed to the amorphous nature of the
polymer in agreement with literature [32]. In MMM containing GO, the peak
at 17.5° is shifted to 16.7°as GO layers can act as nucleating points increasing
the polymer crystallinity. Furthermore, in spite of GO loading in membranes,
the characteristic feature of GO at a 26=9.96° disappeared in the MMM XRD
spectra. This shows that since the GO layers were far enough from each other
in the polymer matrix, there was no GO peak observed. Therefore, fully
exfoliated and dispersed GO layers in Matrimid membranes were achieved as
reported by Feijani et al. [19].

Neat Matrimid
M/GO0.3
o Al » " ..|.I e L

M/GO0.5
Wm
L 1 1 1 1 Il ]
0 10 20 30 40 50 60

20 (°)

Fig. 3. X-ray diffraction (XRD) analysis of GrO, neat Matrimid and mixed matrix
membranes (M/GO).

3.1.2. FTIR characterization

FTIR analyses of the membranes are presented in Figure 4. The
characteristic bands around 1775 cm™ (asymmetric stretching of C=0 in the
imide group), 1710 cm (symmetric stretching of C=0 in the imide group),
1365 cm'® (stretching of C-N in the imide group), and C-H group at 720 and
3000 cm™ are representative peaks of Matrimid. The bands around 700-900
cm* are attributed to (C-H), C-O-C anhydride group appears at 1050 cm™,
while the C-O band at 1275 cm* and C=0 band at 1720-1780 cm'* present in
GrO, TRGO and AMP-RGO, were hidden by the groups in Matrimid. The C-
OH hydroxyl group was not detected in M/GO membranes probably due to
the low GO content used. Therefore, all the MMM have very similar peaks
(Figure 4).
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Fig. 4. FTIR spectra of the MMM.

3.1.3. Thermal characterization

Figure 5 (left) shows the TGA and DTG profiles corresponding to
graphite oxide (GrO), thermally reduced graphite oxide (T-RGrO) and
ascorbic acid multiphase reduced graphene oxide (AMP-RGO). In the
graphite oxide TGA curves, three different weight loss steps can be seen. The
first one, between 0 and 200 °C, is mainly due to the elimination of both water
and solvent molecules as well as the decomposition of the more labile oxygen
functional groups [33]. The second weight loss step, between 200 and 500 °C,
is related to the removal of the more stable oxygen groups. Finally, the third
step (above 500 °C) is associated to the material thermal degradation.

Multiphase reduced sample (AMP-RGO) did not show significant weight
loss during the first step, confirming the elimination after reduction of almost
all the labile functional groups and water molecules. The thermally reduced
sample (T-RGrO) only lost 5% initially, while 20-23% was lost in the second
step indicating that most of the more stable oxygen groups remained in the
structure after thermal reduction. Finally, thermal degradation started at
around 600 °C showing a third step weight loss of around 35% [34].
Approximately 45% did not decomposed until 1000 °C showing its high
thermal stability. For AMP-RGO, the curve showed that the degradation was
steady with increasing temperature. Finally, more than 60% carbon did not
degrade until 1000 °C under a nitrogen atmosphere.

Figure 5 (right) presents the TGA results for MMM. The temperatures to
reach 5% (Tases) and 10% (Taa00) Weight loss in TGA are usually reported to
characterize the membrane's thermal stability. In all cases, the Tgsy Were
above 233 °C and the Tgio0 above 450 °C. The thermal stability of the
Matrimid/GO-based MMM is therefore considered to be sufficient for most
gas separation applications [35]. The DTG curves also give information on
the pyrolysis rates. In these curves, three steps can be seen: one at low
temperature (around 250 °C) related to residual solvent or hydroxyl groups;
the second (520-540 °C) fast weight decrease is related to the polymer
degradation, while H,, CO, CO, and CH, evolve from the sample; the third
step (570-700 °C), with a slow weight decrease, is usually associated with
residual non-elementary carbon components [36].

3.1.4. Morphology characterization

Figure 6 presents the morphology of the different materials studied.
Graphite oxide (GrO) and thermally reduced T-RGrO showed well-defined
sheets. After the oxidation process, GrO samples present a damaged structure.
AMP-RGO showed a single flake structure with relatively large surface
similar to a thin curtain which indicates that very good exfoliation took place
after the oxidation process and reduction.
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Fig. 6. SEM images of graphite oxide (GrO) (A, B), thermally reduced graphene oxide (T-RGrO) (C, D) and
ascorbic acid multiphase reduced graphene oxide (AMP-RGO) (E, F) samples.
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Figure 7 presents the cross-section images of graphene composites
membranes (A-C) and neat Matrimid membrane (D). Figure 7 also presents
MMM at the same graphene content (0.4 wt.%) for the three types: M/G0O0.4
(A), M/ITRGOO0.4 (B) an M/AMP-RGO00.4 (C). These images show that the
graphene spatial distribution is quite uniform and the polymer-particle
interface is of good quality. Each particle is in the center of a polymer
alveolus. Obviously, these alveoli in Figures 7 (A, B and C) are not present in
Figure 7 (D). The shape and size of these alveoli are related to the interaction
between the polymer and the inorganic particles [8]. Another point of interest
is that the number of alveoli in the images at the same magnification is in the
following order: A (26) < B (38) < C (48). (From the cross-section images in

Figure 7, it may be seen that each alveolae bears one particle. Therefore, the
number of alveoli is equal to that particles.) This indicates that GO (A)
dispersion was less than TRGO, and that AMP-RGO had the best dispersion
meaning that the number of GO graphene layers is higher than TRGO and
AMP-RGO. This is consistent with the XRD analysis (Table 2) where the
layer number was found to be 6, 3 and 2 for GrO, TRGO and AMP-RGO,
respectively.

Figure 8 compares the cross-section MMM morphology with different T-
RGO contents (0.2, 0.3, 0.4 and 1 wt.%). Images A-C show that a uniform
graphene distribution was achieved, while image D presents some
agglomeration known to form non-selective defects in MMM [37].

1¥m WO1@

Fig. 8. Cross-section SEM images of: (A) M/T-RG00.2, (B) M/T-RG00.3, (C) M/T-RG00.4 and (D) M/T-RGO1.



X.Y. Chen et al. / Journal of Membrane Science and Research 6 (2020) 58-69 65

3.1.5. Dynamic mechanical characterization

Given the excellent Young’s modulus of graphene (1.0 TPa for a
graphene monolayer), it can be expected that the MMM mechanical
properties would increase based on the good (homogeneous) dispersion in the
membrane produced. For instance, the Young’s modulus increased from 2.26
GPa for neat Matrimid to 2.40 GPa for M/GOO0.1, but a loss of elongation at
break from 49 to 9.8% is also obtained (see Table 4). For M/TRGO and
M/AMP-RGO MMM, the Young’s modulus and strength also increased and
the elongation at break decreased to different level (see Figure 9). Generally,
strong interactions between GO-based graphene and the polymer matrix can
restrict the polymer chain mobility leading to more rigid, but more brittle,
composite membranes. The reinforcement effect from GO-based graphene
can mainly be attributed to its fine dispersion and strong interaction between
the particles and the matrix. Moreover, the nanosheets may serve as
connecting bridges to prevent the matrix from fracturing upon mechanical
deformation, thus enhancing the MMM mechanical properties.

DMA was used to determine the glass transition temperature (Tg) via the
maximum loss of applied energy; i.e. the loss factor or tan (8) peak as a
function of temperature as shown in Figure 10. The glass transition
temperature of all the materials is listed in Table 3. Matrimid® 5218
polyimide has an aromatic group in the main chain substantially decreasing
possible chain rotation and leading to a high Tg value (327 °C as determined
by DSC for the neat powder). However, in our case, the Tg of the Matrimid
membrane was 315 °C by DMA. Potentially, small molecules such as water
and solvent are absorbed in the membrane, because the membranes were
dried at 100 °C only for 4 h, then the membranes were kept under ambient
condition (40-65% humidity) before testing. When graphene particles are
introduced between the main polymer chains, Tg is expected to increase due
to lower macromolecular mobility. Typical tan & results as a function of
temperature are presented in Figure 10. The MMM Tg is very close to neat
Matrimid as listed in Table 4. This may be due to the very low GO
concentration used. Additionally, the one-atom-thick structures of the
nanosheets are sufficiently flexible and have limited hindering ability on the
polymer chains segmental motion, leading to negligible Tg variation.

Table 4
Young’s modulus, elongation at break and Tg of the MMM.
" :
. WCIIE Elongation at el Tg
Materials modulus break (%6) strength 0)
(GPa) ! (MPa)
Neat Matrimid 2.26 49.0 80.5 315
M/GO0.1 2.40 9.8 82.7 314
M/TRGO0.3 2.39 7.9 79.1 314
M/TRGO0.5 2.47 5.8 83.0 313
M/AMP-RGOO0.2 2.46 12.4 84.7 316
M/AMP-RGOO0.4 2.50 7.5 83.0 315
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Fig. 9. Stress-strain curves of the MMM.
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Fig. 10. Loss factor (Tan delta) as a function of temperature for the MMM.

3.2. Gas transport properties

The MMM were expected to have improved separation performance
compared to the neat polymer membranes as good particle dispersion was
achieved. However, the MMM paradigm is faced with practical challenges
due to the need to control factors limiting defects at the polymer-particle
interfaces and MMM structures can be classified into four cases [38]:
interfacial voids (sieves-in-a-cage), polymer rigidified chain layer near the
molecular sieving particles, partial pore blockage and ideal case (no defect).
Figure 11 presents the gas diffusion pathways in the MMM. Normally, gas
molecules through polymer membranes follows the solution-diffusion model.
Firstly, there is adsorption and dissolution of a number of gas molecules at the
polymer interface (solubility coefficient). Then, these gas molecules diffuse
into or through the polymer with different diffusion coefficients. Finally, the
gas molecules desorb into the external phase. For graphene-polymer
composite membranes, the graphene-layer influences the diffusion rate, while
adsorption and desorption should not change. The carbon-carbon distance is
only 1.42 A so none of the gas molecules can transport through the graphene
layer. Therefore, three routes are possible for the gas molecules to move in
the composite membranes. The first one is molecular diffusion through the
amorphous polymer phase as it is known that the crystalline regions are
considered impermeable [39]. The second option, when the gases meet some
resistance due to the graphene layer, the molecules need to change direction
inside the polymer phase, but potentially meet again a graphene layer
(tortuosity). The third route is for the gases to go through the interlayer space
between the particle by Knudsen diffusion or molecular sieving effect
depending on the distance between two layers and the molecule size.
Obviously, in the second case, the gas transport rate is reduced by the
presence of graphene and the gas diffusion rate decreases leading to lower
permeability. On the other hand, the third case can increase or decrease the
gas permeability. The gas molecules passing through the three GO was
different. In M/GO, H,, CO, and O, can pass the interlayer space between the
graphene layers; In M/TRGO, only H, can pass the interlayer; while in
M/AMP-RGO, H, and CO, can pass the interlayer. Therefore, the gas
molecular transport for each membrane is discussed in the following section.

3.2.1. Matrimid/GO

The XRD analysis of GrO showed that six layers are present with an
interlayer distance of 0.89 nm. When GrO is introduced into Matrimid after
exfoliation by means of sonication (1 h), it is possible that the numbers of
layers could be reduced as some polymer chains can enter these graphene
layers. In that case the polymer chains would create a rigidified layer near
these few-layer graphene, or produce partial pore blockage between two
graphene layers. However, from the DMA analyses it was found that the
MMM Tg was almost constant (see Table 4) so that significant rigidification
did not occur in this case.



66 X.Y. Chen et al. / Journal of Membrane Science and Research 6 (2020) 58-69

e atco e

= S

® _®
. .5.' ® e
| [ . | | [ [ [
! d 3 3 & l I I O
0000 SOO® ot SOO® 0000 SPO®

M/GO M/TRGO M/AMP-RGO

Fig. 11. Different gas diffusion pathways for the three different graphene-based composite membranes.

Figure 12 presents the gas permeation performance for Matrimid and at low (0.1 wt. %) AMP-RGO content in the membrane. This again resulted
graphene oxide composite membranes at 30 °C and 10 bar. For H, and CO, in a large increase in Ho/CH, selectivity which reached 231.
the permeability increased in M/GO compared to neat Matrimid. This result
indicates that at 0.1wt.% GO loading where the diffusional change by
tortuosity is not yet significant, some process involving an interaction
between hydrogen and GO favors H, permeability. But with further GO
content increase, the increased tortuosity is counteracting this effect. On the
other hand, O, N, and CH, permeabilities slightly decreased compared with
the neat Matrimid (exception for 1 wt.% M/GO). Based on the gas molecule
sizes (2.98 A for H,, 3.30 A for CO,, 3.46 A for O,, 3.63 A for N, and 3.80 A
for CHJ), and the distance between GO layers being approximately 8.9 A for >F
the GO concentration range studied (0.1 to 0.5 wt.%), the gas barrier effect is
not controlled by the distance between GO layers. For 1 wt.% M/GO, GO
agglomeration in the polymer matrix (see Figure 8) can produce more space
between the layers letting all the gas molecules through leading to higher
permeabilities. Therefore, in this case, the ideal selectivity of Ha/Ny, Ho/CHa,
CO,/N, and CO,/CHj slightly increased for 0.1-0.5 wt.% M/GO composite
membranes, but decreased for 1 wt.% M/GO MMM (see Figure 12).

30 20

20

Permeability (Barrer)

3.2.2. Matrimid/T-RGO

CHy permeability (Barrer)

The XRD analysis of T-RGrO showed that three layers were present in a
stack and the interlayer distance is 0.39 nm. Figure 13 presents the gas
permeation performance for M/TRGO MMM at 30 °C and 10 bar. H, .
permeability was almost constant and similar to the neat Matrimid value. GO concentration (wt.%)
However, the most significant feature is the reproducible decrease in CH4 100
permeability up to 0.2 wt.% T-RGO. This results in a significant increase in —o— H,N,
H,/CH, ideal selectivity up to 226. Obviously this change is not associated —a— H,/CH,
with a tortuosity effect which would equally affect the permeability of the 80 I v CON,
other gases tested. Note that CH, permeability in the neat Matrimid —+— CO,/CH,
membrane was already very low (<0.5 Barrer) and that the presence of _m O,
sonicated T-RGO seems to enhance this polymer lack of solubility for CH,.
CO, permeability was slightly decreased in MMM compared to neat
Matrimid. It is assumed that CO, could not diffuse in the interlayer space of
TRGO. Finally, O, and N, permeabilities were more decreased than in M/GO
MMM. It is assumed that TRGO acts as a barrier for these larger molecules.
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3.2.3. Matrimid/AMP-RGO

Figure 14 presents the gas permeation performance of M/AMP-RGO 0 " "
MMM at 30 °C and 10 bar. H, and CO, permeabilities were slightly increased 02 9.0 92 94 98 8 10 i
for M/AMP-RGO 0.2 wt.% compared to the neat Matrimid. AMP-RGO was GO concentration (wt.%)
dispersed as mono-layer or two layers in the polymer. H, and CO, could
possibly pass through the 4.1 A interlayer, while O,, N, and CH, Fig. 12. MMM permeability (above) and ideal selectivity (below) as a function of
permeabilities were even more decreased than in M/GO MMM. Therefore, GO concentration.
the AMP-RGO acted as barrier for these three larger gas molecules.

The most important feature is again a large decrease in CH, permeability
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3.3. Comparison between the different GO/polymer MMM
3.3.1. CO,/CH,separation

The CO,/CH, gas permeation performance of different polymer/GO
MMM s presented in Figure 15 with respect to the Robeson upper bounds
[41,42]. The black points are the results of this work and two points (M/AMP-
RGO 0.1 and M/T-RGO 0.2) are close to the Robeson line 1991 (Pco, of 6.9,
7.5 Barrer and CO,/CH, selectivity of 57 and 55). While one point for
M/AMP-RGO 0.2 (Pco, of 10.7 and CO,/CHj, selectivity of 79.8) is above the
Robeson 1991 line. The down triangles were obtained at 30 °C and 2 bar
while the stars were obtained at 25 °C and 1.5 bar. Only one PDMS (up
triangle) having very high CO, permeability also passed the first bound. It is
known that gas selectivity decreases with increasing gas partial pressure.
From our experience, some polyimides can lose more than 10% selectivity
upon increasing the feed pressure from 2 to 10 bar [29]. Thus the data
obtained under different feed pressures are difficult to compare.

3.3.2. Ho/CH,separation

One work dealing with H,/CH, separation by PDMS/GO MMM was
found in the literature [20], and the data are compared to the results of this
work in Figure 16. PDMS was good for CO,/CH, and CO,/N, separation
because it is a rubbery polymer, but it is not good for the industrially
important H, recovery. Two points of the Matrimid/GO (M/AMP-RGO 0.1
and M/T-RGO 0.2) series having high selectivity (231 and 226) and quite
close to the Robeson bound (Figure 16). Therefore, these membranes are
promising for industrial application. Keeping the high H,/CH, selectivity
(above 200), and using hollow fibers instead of flat MMM, the (permeance)
could be improved by a reduction of the membrane thickness (skin layer) to
the nano-scale.
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Fig. 14. MMM permeability (above) and ideal selectivity (below) as a function of
AMP-RGO concentration.
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Fig. 15. Comparison of the CO./CH. separation performance of different
polymer/GO MMM and Robeson upper bounds.

4. Conclusions

In this work, two new kinds of graphene based materials, thermally
reduced graphite oxide (T-RGrO) and ascorbic acid multi-phase reduced
graphene oxide (AMP-RGO), were synthesized and embedded in
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Matrimid®5218 to produce mixed matrix membranes (MMM) for gas
separation. As a first step, the carbon based materials were analyzed via XRD.
The spectra showed that a [002] peak at a 26 value of 23.0 and 22.1° was
observed for T-RGrO and AMP-RGO, respectively. Therefore, the interlayer
distance (dooz) were 0.39 and 0.41 nm, respectively.

The results showed that the gas molecules transported through the MMM
in different ways depending on the gas molecular size and the MMM
morphology (mainly the interlayer distance). The gas barrier effect was
observed for larger gas molecules due to a narrow interlayer distance (T-
RGrO and AMP-RGO). The result also showed that the AMP-RGO gas
barrier effect was the highest, especially for CH,4, while H, and CO, were able
to pass through the polymer phase and graphene interlayer. Therefore, the
CO,/CH,4 and H,/CH, ideal selectivities reached values up to 79.8 and 231
respectively, which represents 344% and 328% improvements for M/AMP-
RGO 0.2 and 0.1 compared to the neat matrix, respectively.

Therefore, these membranes are expected to be good starting point to
optimize a methane separation process or biogas upgrading/natural gas
purification system. The high selectivity for H,/CH, and Hj /N, are also
making these new membranes promising for several applications including
hydrogen recovery from ammonia plants.

1000
Robeson 2008
2 100t
=
G
o
&
- Robeson 1991
7 ® This work (Matrimid/GO)
T 10¢ A PDMS/GO [20]
A
= A
: ‘ ‘
1 10 100 1000

H, permeability (Barrer)

Fig. 16. Comparison of the H./CH. separation performance of different
polymer/GO MMM and Robeson upper bounds.
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