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Abstract

Membrane gas separation is an environmentally friendly and economical method used to separate valuable gases, indus-
trial process gas wastes, and carbon dioxide from mixed gases. The most important part of this method is the membranes.
Gas separation membranes are expected to have high separation and permeability performance, high mechanical strength,
easy and fast production capability, and low prices. Polymer-based membranes are mostly preferred depending on the
ease of modification capability. In this study, a zirconium-based metal organic framework (Zr-MOF, MIL-140 A) was
synthesized and used as a filler within polyvinyl alcohol (PVA) matrix for the selective separation of hydrogen (H,) from
carbon dioxide (CO,). The effect of MIL-140 A addition on the mechanical, structural, and morphological properties of
PVA was evaluated. The MIL-140 A significantly improved the mechanical strength of the membrane. According to the
gas separation results, the increasing concentration of MIL-140 A increased the selective separation performance of the
nanocomposite membrane. The highest mechanical strength (43.1 MPa) and best film-forming ability were obtained with
3 wt% MIL-140 A loaded membrane. The ideal H,/CO, selectivity and hydrogen permeability were obtained as 5.6 and
944 Barrer, respectively at 2 bar feed pressure and room temperature. The highest ideal H,/CO, selectivity was obtained
as 6.3 with the H2 permeability of 959 Barrer when the MIL-140 A ratio was 4 wt%.
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Ap Pressure difference or transmembrane pressure
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t Operation time (h)

p Permeability (Barrer)

a Ideal Selectivity

Tm Melting Temperature
AHm  Melting entalphy

1 Introduction

Membrane gas separation method, which is an alternative to
traditional purification methods, has many advantages such
as ease of installation, low operation consumption, and low
energy cost [1—4]. The process of gas separation employs
several membrane types, including polymeric, inorganic,
composite, and mixed-matrix membranes. Polymeric mem-
branes have a number of benefits, including ease of use,
reusability, affordability, and exceptional mechanical quali-
ties [5-8].

There are many polymeric membranes used in mem-
brane gas separation studies. It is possible to categorize
them according to their different characteristics. Accord-
ing to the structural mobility, polymeric membranes can be
divided into two groups as rubbery and glassy. While glassy
polymers are more rigid and have high diffusion selectivity,
rubbery polymers have high permeability. Polyvinyl alcohol
(PVA), polyimide (PI), polyethersulfone (PES), polysulfone
(PSF), polyamide (PA), polycarbonate (PC), polyvinyl chlo-
ride (PVC) are the most known gas separation membrane
material that is categorized as glassy polymers [9-12].
Styrene-butadiene rubber, polyetherblockamide (PEBA),
polydimethylsiloxane (PDMS), cthylene propylene diene
monomer (EPDM), polyurethane (PU) poly(vinylidene
fluoride)(PVDF) [13—15] are the most known rubbery state
polymeric materials. The chain mobility of rubbery mem-
branes is intense under normal conditions. Meanwhile, the
intermolecular spaces (void spaces) are generally quite
wide. This ensures high permeability in gas separation pro-
cesses. They are especially used in the separation of large
diameter gas molecules based on their solubility rather than
their molecular size. However, selectivity values are gen-
erally low, especially if the kinetic diameter of the gas to
be separated is considerably smaller than other gases (for
example, to separate nitrogen from methane). This situation
can be overcome by making some chemical and physical
modifications. On the other hand, glassy polymers have
more rigid structures depending on the glass transition
temperature. Unlike rubbery polymers, chain movements
are restricted below the glass transition temperature. This
allows lower gas permeability values [9]. It increases the
separation performance by increasing diffusion selectivity,
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especially in gas separation process that occurs according to
the molecular size.

Polyvinyl alcohol (PVA) is produced by the hydrolysis
reaction of polyvinyl acetate [16]. It is widely preferred in
various industrial application areas, such as pharmaceuti-
cals, packaging, and membranes. Oil-water separation [17],
pervaporation [18], air filtration [19], and gas separation
are the most preferred membrane-based technologies for
the use of PVA membrane depending on the water-soluble,
non-toxic, high chemical, and mechanical resistance prop-
erties. PVA is recommended in many membrane gas sepa-
ration applications owing to its modification characteristics
[20, 21]. Modifications made to the PVA membrane directly
increase gas separation performance. Xu et al. (2023) pre-
pared a graphene oxide (GO) loaded PVA membrane for the
selective separation of CO, from H,. They reported that the
CO,/H, selectivity significantly increased from 10 to 22 with
the incorporation of GO [22]. Klepic et al. (2020) examined
the gas separation performance of PVA/ionic liquid-loaded
membranes. They reported that the H,/CO, selectivity
increased with the addition of ionic liquid [23]. Wong et
al. (2021) investigated the gas separation performance of
PVA/PEBAX (polyether bloc amide) membranes with dif-
ferent blend ratios. They obtained the highest permeability
of 20 Barrer and the CO,/H, selectivity of 7.6 with 60 wt%
PEBAX/40 wt% PVA membrane [24]. There are many poly-
mer-based gas separation membranes in the literature. These
generally have low selectivity. It is possible to increase their
selectivity by making some improvements without perme-
ability loss. Blending, cross-linking, grafting, and liquid or
nanofiller addition are well-known modification techniques.
Adding functional nanoparticles not only increases the
physical, chemical, and thermal resistance of the membrane
but also significantly improves the separation performance.
Materials such as metal organic frameworks (MOF), zeolite
imidazole frameworks (ZIF), covalent organic frameworks
(COF), graphene, borophene are known to increase all the
properties of the membrane simultaneously. These materi-
als can also be synthesized alone as membranes. However,
the production process is long, and quite expensive, and the
materials require support. Therefore, high-performance gas
separation results are achieved by adding these smart par-
ticles into polymeric membranes and making them mixed
matrix membranes (MMM).

There are many studies using mixed matrix polymeric
membranes with the addition of fillers to increase the selec-
tivity of the membranes [25]. Xing and Ho (2011) prepared
fumed silica (FS) loaded PVA membranes for CO,/H, sepa-
ration. They used a mixture of gas of 20% CO, and 80% H,.
They reported that the CO,/H, selectivity increased with the
cross-linking degree of PVA. They reported that when the
silica ratio was increased from 12 wt% to 22 wt%, the CO,/
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H, selectivity increased from 65 to 87%, but the CO, per-
meability remained constant as 1130 Barrer [26]. Ahmad et
al. (2013) prepared mixed matrix membranes including dif-
ferent ratios of TiO,-loaded PVA membranes. They reported
that they obtained the highest H,/CO, selectivity of 1.15
with 30 wt% of TiO, loaded membrane [27]. Kheirtalab et
al. (2020) studied the CO,/CH, separation performance by
preparing GO (2-4-6 wt%) loaded PVA membranes. They
reported that the permeability and CO,/CH, selectivity
increased depending on the graphene oxide ratio [28]. Li
et al. (2021) prepared GO, boron nitride (BN), and molyb-
denum disulfide (MS) incorporated PVA membranes [29].
They found that the permeability value increased from 36.8
Barrer to 144 Barrer by the addition of 1 wt% GO into the
pristine PVA membrane. They also reported that the 102.5
H,/CO, selectivity was obtained with the addition of 2 wt%
BN and this value was above the Robeson upper bond.
Metal organic frameworks (MOFs) are organic-inorganic
nanomaterials that contain positively charged metal ions.
They have numerous advantages, such as high surface area,
porosity, strong mechanical stability, and high thermal sta-
bility [30-32]. It is useful in numerous application fields,
including catalysis, gas separation, adsorption, and hydro-
gen storage [33-36]. MIL-coded MOF is a kind of zirco-
nium form MOF that has a triangular cage structure with
short linkages. It is resistant to corrosion, chemicals, and
water. MIL-140 A is one of the MIL’s family which has
the narrowest pore diameter [34, 37]. Their adjustable pore
diameters make them particularly suitable materials for gas
separation. However, there are very limited studies on the
use of MOFs for gas separation. Ozen and Ozturk (2019)
prepared polyimide (PI)-based Co, Cu, and Ni MOFs and
studied the effect of MOF types and ratios on gas separa-
tion. They reported that gas permeability increased in par-
allel with the MOF addition into MMM. The highest gas
permeability and H,/CO,, H,/CH,, and CO,/CH, selectiv-
ity were obtained using Cu-MOF based MMM. The hydro-
gen, carbon dioxide, and methane permeability increased
to 62.86%, 94.00%, and 121.27%, respectively by using 5
wt% Cu-doped MOF-5-polyimide membrane compared to
the pristine membrane [38]. Ashtiani et al. (2021) studied
the effect of UiO-66-NH, (3, 8, 13, 24, 55 wt% in PVA) on
CO,/N, gas separation performance. They reported that the
permeability of CO, was higher than that of N, at all MOF
ratios and the permeability value increased as the MOF ratio
increased for both gases. The highest CO,/N, selectivity
was obtained with 24 wt% MOF incorporated membrane.
However, the CO,/N, selectivity values for all MOF ratios
remained below the Robeson upper limit value [39]. MIL-
140 A was previously studied for gas adsorption and prom-
ising adsorption results were obtained [37, 40, 41]. Prakash
et al. (2015) reported in their study that MIL-140 A-based

mixed matrix membranes could potentially be used for H,/
CO, separation [40].

In this study, MIL-140 A was synthesized and used as
filler in polyvinyl alcohol membrane at different concentra-
tion. The morphological, chemical, thermal, and mechanical
performance of the pristine and nanocomposite membranes
were investigated. Effect of MIL-140 A ratio on the separa-
tion performance of H,/CO, gas separation were performed.
According to the authors’ knowledge, PVA/MIL-140 A
membranes were synthesized and used for H,/CO, for the
first time in the literature.

2 Materials and Methods
2.1 Materials

Polyvinyl alcohol (Mowiol, MW: 125,000, 98.0-98.8 mol%
hydrolysis), terephthalic acid (98% purity), and zirconium
chloride (>99.5% purity) were purchased from Aldrich
Chemicals, Turkey. Acetic acid (>99%, analytical grade),
N,N-dimethylformamide (DMF), and methanol (anhydrous,
99.8%) were purchased from Merck Chemicals.

2.2 Methods
2.2.1 MIL-140 a Synthesis

MIL-140 A was synthesized according to the solvothermal
method which was also prepared in the previous study [42].
The procedure was modified from the study of Yahaya et
al. (2022) [43]. 0.03 mol of zirconium chloride, 0.06 mol
of terephthalic acid, 35 ml of DMF, and 0.32 ml of acetic
acid were mixed and stirred at 220 °C for 24 h. The solution
was then allowed to cool at room temperature and washed
with methanol several times. Then, the particles were stirred
with methanol overnight and filtrated to obtain MIL-140 A
particles. The produced MIL-140 A particles were dried in
an oven at 80 °C for 12 h.

2.2.2 Membrane Preparation

Pristine PVA and mixed-matrix membranes were prepared
by mixing 10 wt% PVA aqueous solution at 80°C for 5 h.
Separately, MIL-140 A was dissolved in water and distrib-
uted for 15 min in an ultrasound bath. Then, MIL-140 A/
water solution was added to the PVA solution and mixed for
2 h at room temperature with a stirring speed of 500 rpm.
0.1 wt% glycerol was added to the solution to prevent the
membrane from adhering to the glass surface. Then the
solution was poured onto the glass plate and left to dry at
room temperature with the humidity above 50%. The ratio
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Fig. 1 Molecular and chemical structure of MIL-140 A and PVA

of MIL-140 A in mixed matrix membranes was determined
as 1-2-3-4 wt%, based on the weight of PVA. Membranes
were coded with the name of the polymer and the ratio of
the MIL-140 A. No cross-linking or thermal treatment was
applied to the prepared membranes. The final thickness of
the membranes was measured as 33 +2 pum. The schematic
representation of MIL-140 A and PVA structure is given in
Fig. 1. Due to the strong physical-chemical bonding ability
of the hydroxyl groups in PVA and hydrogen in MIL-140 A,
it appears that the mixed matrix membrane can be suitable
for gas separation.

2.2.3 Characterization

The structure of the MIL-140 A material and the cross-sec-
tional morphologies were analyzed using scanning electron
microscopy (JEOL JSM-7100-F). SEM analysis was con-
ducted at 10 kV and 30 kV for the PVA membranes and
MIL-140 A, respectively.

The X-ray diffraction (XRD) test was used to determine
the crystalline-amorphous structures of MIL-140 A, PVA,
and MMM using a PANalytical EMPYREAN XRD device.
The test was conducted in the 5°-70° range.

The functional groups of MMMs, the state of their struc-
tural bonds, and their binding sites were determined using

Perkin Elmer Spectrum Fourier transform infrared spec-
troscopy (FTIR). The experiment was conducted in the
4000650 cm™! wavelength range.

Thermal gravimetric analysis (TGA, Mettler Toledo
TGA Instrument) was done to investigate the thermal
behavior of membranes. The heating rate was 10 °C/min.
The test was done from 25 °C to 600 °C under the nitrogen
gas atmosphere.

The melting enthalpy (AH,,), glass transition temperature
(T,), and melting temperature (T,,) of the filled and unfilled
membranes were evaluated using the differential scanning
calorimeter (DSC, Mettler Toledo). The temperature of the
membrane samples was increased from 25 °C to 250 °C
with the temperature step of 10 °C/minute.

The universal testing device (ANKARIN) was used
for the mechanical tests. ASTM D882 standard was used
to determine the mechanical character. Membranes were
divided into strips (40 mm long and 10 mm wide). They
were stretched at a crosshead rate of 10 mm/minute.

2.3 Gas Permeation Set-up

A constant pressure gas permeation performance for single
H, and CO, was carried out in membrane gas permeation
system which is illustrated in Fig. 2. The system consists of
a stainless-steel membrane cell, where the gas permeation is
carried out by placing the membranes, the pressure control
device, and a digital flow meter (Omega, 13—100 mL/min,
%3 accuracy) to ensure that the gases are at the specified
constant pressure and flow rate. The active separation area
of the membrane was 7 cm?.

The performance of separation is determined depending
on the single gas permeability (P) and ideal gas selectivity
(a)) (Egs. (1 and 2) in which is described elsewhere [44]

Fig. 2 Single gas separation test
unit
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3 Results and Discussions
3.1 Characterization Results

In the gas separation process, the membrane must have
two important features other than gas separation perfor-
mance. The first is its non-porous structure and the second
is its mechanical strength. It is important to determine these
properties before performing gas permeability tests of the
membrane. Figure 3 shows the SEM analysis of MIL140A,
pristine, and MIL-140 A-loaded PVA membranes. As indi-
cated in Fig. 3a, the sizes of the MILs were almost homo-
geneous and there were crystal structures that could not be
synthesized, but they were very few.

Gas separation is a molecular-level separation process.
The most known problem that can be encountered, especially
when preparing nanocomposite materials containing fillers,
is the properly distribution of fillers through the membrane.
Moreover, the adhesion between polymer and filler must be
strong. Therefore, SEM analysis is critical for membrane
characterization. Figure 3b and ¢ show the homogeneous
distribution of MIL-140 A material on the PVA surface. The
point and lighter-colored phases visible in the membrane

represent MIL-140 A materials. As can be seen, the distri-
bution of the particles onto the surface is homogeneous.
Figure 3d shows both the surface and cross-sectional view.
The thickness of the membrane was about 33 um. As seen
in Fig. 3¢ and d, the membrane was synthesized as smooth,
non-porous, and quite regular. However, some MIL-140 A
particles also appear to be agglomerated. This is due to the
high interaction between MIL-140 A particles. Moreover,
the surface repulsive forces between the polymer and MIL-
140 A structures can be effective. Although an ultrasonic
bath is used to separate MIL-140 A particles through the
polymer matrix, aggregations are observed in some places.

Figure 3de 3f, 3 g, and 3f h show the cross-sectional
SEM images of the membranes at different MOF loading.
As can be seen, as the MOF ratio increases, the amount of
particles accumulated in the cross-section also increases. It
is also observed that particles aggregate at higher loading
rates (Fig. 3h). However, it is necessary to evaluate these
results together with the mechanical analysis and separation
results to determine its positive-negative effect.

Since gas separation is a pressure-driven process, the
mechanical strength of the membrane is as important as the
separation performance. Even if the membrane separation is
perfect, a membrane that cannot withstand pressure cannot
be commercialized. Therefore, the mechanical strength and
separation results should be evaluated together to determine
the appropriate concentration for filler. Mechanical analy-
sis tests were carried out on a tensile test device according
to ASTM D882 standard. The percentage of elongation at
break (%) and tensile stress at maximum load values were
calculated. Figure 4 shows the mechanical test results of

X20.000 10 pm

X20.0 25 [N e— X20.000 25 [N  e— X20.000 P i —— X20.000 P ——

Fig. 3 Surface SEM analysis of MIL-140 A (a), 3 wt% MIL-140 A loaded MMM (b, ¢, an d) and cross-sectional view of PVA-1 wt% MIL-
140 A(e), PVA-2 wt% MIL-140 A (f), PVA-3 wt% MIL-140 A (g), and PVA-4 wt% MIL-140 A (h) loaded membranes
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the pristine and MIL-140 A-loaded PVA membranes. The
tensile strength values of the membrane increased from
23.7 MPa to 43.1 MPa with the increase of fillers from zero
to 3 wt%. In other words, there is a significant improvement
in mechanical strength due to the increase in MIL-140 A
concentration. This can be attributed to the improved inter-
facial interaction between the nanofillers and the polymeric
matrix [45-47]. In addition, the homogeneous dispersion of
the nanofiller into the polymer matrix leads to the formation
of homogeneous phase morphology. However, a decrease
in tensile from 43.1 MPa to 26.4 MPa was observed after
the MIL-140 A ratio exceeded 3 wt%. This situation can
correspond to the excess filler loading rate which was also
indicated in Fig. 3h (SEM analysis). The polymer-filler
interaction may be weak due to the agglomeration of fillers.
Mechanical analysis is a very important performance
parameter for membranes that will operate at high pressure.
Therefore, it can be seen that this value for PVA decreases
after 3 wt% MIL-140 A loading. For this reason, gas sep-
aration studies were carried out until the point where the
mechanical strength decreased. Characterization tests were
also carried out for the pristine and 3 wt% MIL-140 A loaded
membranes, so the difference can be seen more clearly.
FTIR is an analysis that shows the interaction of additives
with the matrix. In this study, the ratio of additives (MIL-
140 A) was changed between 1 and 4 wt%. There is no sig-
nificant chemical change is expected in the FTIR samples.
Only the physical interaction such as water retention can be
observed. As the MIL ratio increased, the bond structure it
affected gradually increased. For this reason, only the effect
of MIL-140 A contribution (3 wt%) has been examined to
better understand the analysis and avoid confusion. The

FTIR spectra of the pristine and 3 wt% MIL-140 A loaded
PVA membrane is given in Fig. 5.

There are some important findings seen in the spectra.
One of them is that the ratio of the -OH stretching vibration
peak seen at 3280 cm™! points depending on the water-mois-
ture content decreased as the MIL-140 A addition. Consid-
ering the density and membrane hydrophilicity of the -OH
peaks in PVA, MIL-140 A has less water holding capacity
and moisture content than PVA. Peaks in the -CH; bond
in membranes vary between 2998 cm! and 2880 cm!. The
peaks observed at 1420 cm™ and 1510 cm™ belong to C=C
in the aromatic compound of the organic binder. The peaks
around 1600 cm™! can be said to be DMF residues used in
the synthesis of MOF material. While the bands at 830 and
740 cm™ ! are the result of aromatic C—H bending vibrations,
the bands at 1150 and 1023 cm™! may be attributed to C—-H
bending vibrations in terephthalates [48].

XRD patterns of the MIL-140 A, the pristine PVA mem-
brane, and 3 wt% MIL-140 A loaded PVA membrane is
shown in Fig. 6. The primary distinctive peaks of Zr-based
MOF materials are seen at 20=7.43 and 8.75° as shown
in Fig. 6 (red graphs). Other peaks are related to the noise
and the majority of contaminants. It is seen that the MIL-
140 A structure is entirely crystalline. The XRD pattern of
the MOF particle is similar to other research in the literature
[48, 49].

The blue line shows the pristine PVA membrane which
has a large diffraction peak at 260 =20- indicating the semi-
crystalline structure. As can be seen from the black graph,
the degree of amorphous groups is increased in the PVA
membrane by MIL-140 A incorporation.

Fig.4 Effect of MIL-140 A rate 50 220
on stress and strain values
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TGA experiments were evaluated to determine the ther-
mal properties of membranes. TGA and DTGA thermograms
of the pristine and 3 wt% MIL-140 A loaded membranes
are given in Fig. 7a and b, respectively. The characteristic
thermal properties of T (the temperature that lost 5 wt% of
the polymer mass), T, (the temperature that lost 10 wt% of

15

20 25 30

20

the polymer mass), and T,,, (the maximum temperature at
which decomposition occurs) are given in the figures.

As represented in Fig. 7; Table 1, the pristine PVA mem-
brane had three degradation steps while the PVA —3 wt%
MIL-140 A membrane showed four degradation steps. The
first decomposition temperature, which occurs between
105-110°C, is due to the single-crystal structure of the MOF

@ Springer



Journal of Inorganic and Organometallic Polymers and Materials

Pristine PVA
—— PVA 3wt.% MIL-140A

100

80

60

Weight loss (%)

20+

(a)

T T T T T T
0 100 200 300 400 500 600

Temperature (°C)

Fig. 7 TGA of the membranes a TGA b DTGA

Table 1 Thermal property of membranes

Pristine PVA
——PVA 3wt.% MIL-140A

0,002

0,000

Derivative weight (%/°C)
S S =] (=3
[=3 [=3 [=3 [=3
& & ® B
1 1 1 1

-0,010 4

-0,012 4

T T T T T T
0 100 200 300 400 500 600
Temperature (°C)

Samples Thaxe1 (°C) Trax—2 T

&S

max—3

o

T, (°C) T, (°C) Ash (Wt%)

max—4

(W)

Pristine PVA -
PVA — 3 wt% MIL-140 A 106.36

121.88
158.37

373.52
372.26

441.89
443.14

337.45
222.54

349.20
339.55

20.75
26.70

and the dehydration of zirconium atoms [50]. The second
decomposition is due to the moisture in the structure of the
PVA. The second decomposition temperature was measured
at 121°C in the pristine PVA and at 158°C in the PVA — 3
wt% MIL-140 A loaded nanocomposite membrane. Since
MIL-140 A has a higher thermal resistance compared to
PVA, a positive increase in the second decomposition tem-
perature was observed with the addition of MIL-140 A.
Since there was no significant change in the third and fourth
decomposition temperatures of the MMM with the addition
of MIL-140 A, these degradations are thought to be caused
by PVA. Decompositions observed between 370-375°C and
440-445°C occur as a result of the elimination of the acetate
groups in the structure of PVA and the main chain decom-
position [51, 52]. Additionally, when the residue values
were investigated, the amount of residue increased from 20
to 26% with the addition of 3 wt% MIL-140 A. This effect
indicates that the MIL-140 A filling causes an enhancement
in the thermal durability of PVA. In MMM studies, if ash
remains equal to the amount of additive, it means that the
additive remains without decomposition throughout the test
temperature. With the addition of 3 wt% MIL-140 A, the
amount of remaining ash compared to the pristine mem-
brane is around 6% (higher than the amount of filler added
to the polymeric matrix), confirming that the membrane
increases thermal resistance. Similar effects are also seen in
the literature studies [53, 54].

@ Springer
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Fig. 8 DSC thermogram of pristine PVA and PVA — 3 wt% MIL-140 A
mixed-matrix membrane

The enthalpy (AH,,) and the melting temperature (Tm) of
membranes were determined by the DSC and DSC thermo-
grams of pristine PVA and PVA — 3 wt% MIL-140 A mem-
branes are given in Fig. 8. The thermal data (T, and AH,,)
of membranes are shown in Table 2. Melting temperatures
of the pristine PVA were higher than those of the MIL-140 A
loaded membrane. Since the crystal radius of the water
molecules present in the structure of PVA has increased in
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Table 2 Thermal properties with DSC
T

Samples T T AH

m, onset m, peak m, endset m
W) ) 9] /g
Pristine PVA 205.98 216.42 220.79 -35.49
PVA -3 wt% 169.98 171.00 174.37 -32.01
MIL-140 A
i 1200

Ideal Selectivity
=272 Permeability

r 1000

o
L

r 800

%

r 600

H,/CO, ideal selectivity
(&}

I
H, Permeability (Barrer)

r 400

0 1 2
MIL 140 A ratio (wt. %)

Fig. 9 Effect of MIL-140 A loading on permeability and selectivity
(feed pressure:2 bar)

accordance with the Gibbs-Thomson equation, it has caused
the water areas to grow and melting to occur at higher tem-
peratures [55, 56]. With the addition of MIL-140 A, this
decrease in melting temperatures can provide a significant
advantage in the easy processing of membranes. In addi-
tion, it is seen that there is a significant decrease in melting
enthalpy with the addition of MIL-140 A. This decrease in
melting enthalpy means that less energy is needed, espe-
cially to ensure the homogeneous dispersion of nanofillers
in the polymeric matrix [57].

The permeability can be enhanced depending on the
decrease in the glass transition temperature. The T, value of
the MMM decreased from 78 °C to 71 °C when 3 wt% MIL-
140 A was added. This result demonstrates that the MOF
incorporation does not restrict segmental mobility and does
not have a negative effect on the permeability value.

3.2 Gas Separation Results

The gas separation process in polymeric membranes is
explained based on the solution-diffusion model. Accord-
ing to this model, gas molecules dissolved on the top sur-
face of the membrane, diffuse through the free voids of the
polymeric matrix [58]. In all polymers, the diffusion coef-
ficient decreases with the size of the penetrating molecules;
because larger molecules pass through more difficult or
slower than smaller molecules [59, 60]. The gas separation
performance of membranes is evaluated depending on the
permeability and selectivity calculations [61, 62]. Perme-
ability is related to the productivity of the membrane. It is

related to the amount of gas separated from the unit area
of the membrane per unit time. It is necessary to have high
permeability, which is a critical parameter in membrane gas
separation studies. Selectivity is as important as the perme-
ability for determining the membrane performance. For an
ideal gas separation membrane, both selectivity and perme-
ability should be high. However, a trade-off trend between
these two performance parameters can be observed in most
studies. Therefore, it is important to overcome this problem
by modifications of polymeric membranes.

In this study, gas permeation tests were performed on
single gases. Therefore, ideal selectivity values were calcu-
lated. The effect of MIL-140 A ratio on the H,/CO, selectiv-
ity, hydrogen, and carbon dioxide permeability was studied
at a constant feed pressure of 2 Bar and room temperature.
As seen in Fig. 9, as the MIL-140 A content increased in
membrane from zero to 4 wt%, permeability values signifi-
cantly increased from 491 Barrer to 959 Barrer. Since the
MIL-140 A material has a porous structure, the gas diffu-
sion might be accelerated through the molecular diameters
of the MOF. While the separation mechanism in non-porous
polymers is based on the solution-diffusion model, when
porous structures such as MIL-140 A are added into a poly-
meric matrix, the transition mechanism is based on both the
particle transition mechanism (molecular sieve, Knudsen
diffusion) and the solution-diffusion model. Therefore, both
the pore size and the surface area of filler directly affect
the separation performance. Additionally, the additive may
change the physical, chemical structure, and crystallinity of
the polymeric matrix. In this study, the structure of the PVA
polymer has also changed, as seen in XRD, DSC, TGA anal-
yses, and mechanical tests. MIL-140 A changes the struc-
ture of the membrane by making it more amorphous and
flexible. It was observed from the DSC test that the MIL-
140 A incorporation decreased the crystallinity depending
on the enthalpy. Moreover, in the mechanical test results,
the elongation at break value increased, in other words,
the structure became more flexible. This flexibility in the
structure also increases inter-chain mobility. Therefore, the
increase in gas permeability is a predicted result from the
characterization tests.

As shown in the figure, the MIL-140 A contribution
increased the selectivity value from 3.8 to 6.3. In studies
performed with pure polymeric membranes, increases in
permeability generally cause a decrease in selectivity. How-
ever, the MIL-140 A additive caused an increase in selectiv-
ity as well as permeability. Selectivity in gas permeability
depends on diffusion and solution selectivity. The addition
of MIL-140 A resulted in increased diffusion selectivity by
increasing tortuous pathways by creating transition gaps
for hydrogen [63]. According to the surface area measure-
ments made in the previous study, the BET surface area of
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the MIL-140 A particle was obtained as 388.7 m*/g [42].
This value is quite large and thus the selective voids are dis-
tributed within the membrane. Hence, selective gas separa-
tion performance improved as expected. Since the kinetic
diameter of hydrogen is smaller than carbon dioxide, the
selectivity values increased.

In Fig. 10, the effect of pressure on hydrogen/carbon
dioxide selectivity and permeability was observed in 3 wt%
MIL-140 A loaded nanocomposite membrane. As carbon
dioxide is separated through polymeric membranes, some
interactions may occur between the carbon dioxide and
the polymer. These interactions may cause a change in the
structure of the polymer and a change in its selective separa-
tion capability. This situation, also known as plasticization,
is more effective, especially in gas separation at high pres-
sures. While some polymers may become flexible, their per-
meability may increase and their selectivity may decrease
due to this interaction. The opposite effects may also occur
in some polymers.

As seen in Fig. 10, as the feed pressure increased, the
permeability value increased. It can be seen that there is no
structural degradation in the glassy polymer at low pres-
sures. The increase in the permeability value is attributed
to the increase in flux. However, the selectivity value was
gradually reduced. This means that the hydrogen perme-
ability of the polymer increases, but the carbon dioxide per-
meability increases even more, and this is an undesirable
situation. In fact, the percentage decrease in selectivity is
much higher than the increase in permeability. Therefore,
it is possible to conclude that the separation ability of the
membrane decreases as the pressure increases.

Fig. 10 Effect of feed pressure 10

3.3 Comparison of the Study

In this study, for the first time in the literature, MIL 140 A
was synthesized and added to the PVA matrix, and its effect
on physical, chemical, thermal, mechanical, and separation
performance of MMM was determined. Hydrogen and car-
bon dioxide gas permeation test was performed to determine
the ideal selectivity and permeability. Table 3 gives examples
of hydrogen purification studies with modified polymers and
MOFs.

As can be seen from the table, MOF and ZIF membranes
had higher selectivity and permeability values. However,
the production costs of these membranes are relatively high
compared to polymers. When we compared the separation
values in the table where MOFs were used as additives, rela-
tively high values were obtained in this study.

To obtain superior gas separation performance, the per-
meability/selectivity balance must be well adjusted. The
permeability/selectivity balance was defined by Robeson
in 1991 and revised by Robeson in 2008. Scientific stud-
ies on gas separation aim to approach the upper limit line
on the Robeson curve. In Fig. 11, the gas separation results
obtained in the present study are given in the Robeson’s
upper bond-1991 and Robeson’s upper bond-2008. The
result obtained from the pristine PVA membrane is far from
the upper boundary line of the Robeson curves. It is seen
that gas separation values approach the Robeson upper limit
values with the addition of MIL 140 A. This result is attrib-
uted to the MOF material increasing the diffusion selectivity
of hydrogen and eliminating the plasticizing effect of carbon
dioxide.
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Table 3 Comparison of the studies in literature

Membrane Feed P(Bar) Temperature H,/CO, Selectivity H, Permeability Reference
(&) (Barrer)

ZIF 95 1 325 25.7 >1*10° [64]
ZIF-100 1 25 72 [65]
PBI/ZIF-8 30 150 17 65 GPU [66]
Matrimid 5018 6 - 4.4 - [67]
SURMOE-Cl1 - 140 4.7 >2000 [68]
PBI/ZIF-11 - 25 5.6 67.8 [69]
6FDA-DAM-ZIF-11 4 30 1.06 272 [70]
MOF/COF 1 25 13.5 1.1*¥103 [71]
PMMA-NH2-MIL 53 - 30 53 10.94 GPU [72]
PBI - 200 15 45 [73]
PBI/Matrimid(50/50wt.%) - 35 6.05 13 [74]
Polyethyleneimine (CMS) 25 8.3 600 [75]
PVDF-IL 2 30 6.67 112 [76]
PI+IL 2 35 1.2 340 [77]
PVA +MIL140A (%4) 2 28 6.3 959 This study
PVA +MIL140A (%3) 3 28 5.5 1019 This study
Fig. 11 Performance of PVA and 20
PVA-MOF mixed matrix mem-
branes in Robeson’s upper bound ® PVA-3 wt.%MIL 140A (This study)

@® PVA-4 wt.%MIL 140A (This study)
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4 Conclusions

In this study, MIL-140 A was added to the PVA matrix for the
selective separation of hydrogen. Characterizations and single
gas separation tests were performed. According to the results,
the membrane was produced in a non-porous manner and the
MIL-140 A particles were homogeneously dispersed. The
structure of MIL-140 A added membranes became amorphous
and the melting enthalpy decreased. MIL-140 A addition sig-
nificantly increased the mechanical strength from 23.7 MPa to

T
500 1000 1500 2000 2500

H, Pearmeability(Barrer)

43.1 MPa up to 3 wt% MIL-140 A incorporation. In gas sepa-
ration tests, both permeability and selectivity increased as the
MIL-140 A ratio increased at 2 bar feed pressure and room con-
ditions. The highest permeability and selectivity were obtained
by using 4 wt% of MIL-140 A loaded membrane as 6.3 and 959
Barrer, respectively. Although the selectivity and permeability
values increased, the mechanical analysis results showed that
overloading (4wt.%) had a negative effect on the mechanical
strength. As a result, promising results were obtained with the
MIL-140 A loaded PVA nanocomposite membrane.
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