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« PEBA/PEG/CNT MMMs have been successfully fabricated via solution casting method

« Good CNT dispersion in PEBA polymer has been achieved

* Presence of ether groups in PEG improved f@meability and selectivity Mixed Gas test
VKRZHG WKH QHJDWLYH HuHFW RI SODVWLFL]DWLRQ

« Incorporation of both CNT and PEG enhanced separation performance of PEBA membrane

|Abstract

Poly (ether-block-amide) /poly (ethylene glycol)/ carbon nanotubes mixed matrix membranes have been successfully fabricated using solvent evaporation method to determine f
HuHFW RI HWK\OHQH R[LGH JURXSV RQ WKH SHUIRUPDQFH RI IDEULFDWHG PHPEUDQHY 7KH HuHFWYV RI &17
WHVW VHWXS LQ GLUHUHQW WHPSHUDWXUH DQG SUHVVXUH )LQDOO\ WKH PHPEUDQHYV ZHUH VWUXFWXUDOC
,QIUDUHG 6SHFWURVFRS\ DQG $WRPLF )RUFH OLFURVFRS\ 5HVXOWV VKRZHG WKDW DGGLWLRQ RI FDUERQ
ether groups in poly ethylene glycol improved the, CEOHUPHDELOLW\ OHPEUDQH FRQWDLQLQJ ZW FDUERQ QDQRWXEHV DQG Z
with CO,/CH, selectivity and CQpermeability of 45 and 302, respectively, at 14 bars operating pressure. Moreover, mixed gas permeation experiments were carried out and result:
showed dramatic decrease in C&¢ HOHFWLYLW\ GXH WR PHPEUDQH SQOD@WPLHH]E QD V7 WHi \BW URHMDEHLRPEWD RH ERQWDLQLQJ

ZW FDUERQ QDQRWXEWW, 2ADH/O HF &/ LW IKW& 2R | DW DPELHQW HQYLURHQPHQW )XUWKHUPRUH PHPEUDQHV
SRO\HWK\OHQH JO\FRO SODFHG DERYH 5REHVRQTVY WUDGH Ru OLQH 7KH HuHFW RI WHPSHUDWXUH RQ SHU
in permeability and decrease in selectivity for all membranes.

© 2018 MPRL. All rights reserved.
1. Introduction

Environment protection, decrease in heat capacity, and increase inmembranes. Mixed Matrix Membranes (MMMs) are a type of membrane
corrosion of pipelines are some main reasons for elimination of acidc WKDW FRYHU EHQH¢,; FHQFH RI ERWK [RYJIDQLF DC
gasses (CQH,S) from natural gas [1,2]. Recently membrane technology JHQHUDO DGGLWLRQ RI LQRUJDQLF ¢ OOHUV WR
KDV DWWUDFWHG WKH DWWHQWLRQ RI P D Q\théBhticn@Wphint \bf Wandparddibadidgshould BSddenw LR Q ¢ HO G
by using various types of membranes, including organic and inorganic JLUVW VWXGLHV RQ 000 ZDV FDUULHG RXW E!
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polymeric matrix. Hanepe and cwvorkers used zeolite based MMM in 2.2.2 Mixed Matrix Membranes:
pervaporation and gas separation experiences. Results showed that addition of CNTs were added to solvent and placed in to ultrasonic bath fotdl hr
NaX and AgX zeolite particles to PDMS increased both selectivity andacquire high dispersed CNT. Then polymer was gradually added to it and
permeability of ethane/ethylene mixtufé]. Some researchers also used stirred at 75°C for 4 hr. Prepared solution was casted on smooth glass plate
brilliant properties of carbon nanotubes (CNT) like thehhaspect ratio, and then dried in room temperature for 3 hr. Remained solvent has been
excellent mechanical, thermal and electrical properties to enhance tlevaporated overnightin oven & ®.
performance of polymeric membrar{&s3,9]. For manufacturing of PEBA/PEG membrane, PEG was added to solvent
Line and Freeman investigated the effect of different precursors foand stirred for 2 hr. Then, like previous section, polymer was gradually added

fabrication of membranes for G@limination flom gas mixtures. According to it.
to this report, polymers which contain ethylene oxide (EO) functions showed In this study, MMMs by different loading of CNTs and PEG were
good CQ separation performandé@0]. PEBA is a thermoplastic copolymer produced. To produce PEBA/CNT/PEG NWM desired amount of PEG and
comprised of polyamide groups as its hard segments and polyether grou@a\Ts were added to solvent and stirred for 4hr. Then, polymer was added to
like PEO, as its soft segments. Presence of ether oxide segments can enhasiztain a homogenous solution. Solution was casted and dried in ambient
the efficiency of PEBAbased memianes for separation of high polarity condition like previous samples.
gasses like CgJ11,12]

For the same reason, addition of PEG can improve &meation 2.3 Membrane characterization
through membranes. PEG polymer has ability to solve acidic gasses and have
good CQ affinity. This property caused recent research goes toward using A number of clracterization methods have been applied on prepared
PEG/polymermembrane for C@separation. literature review have shown membranes to determine quality and structure of membranes: XRD analysis
good CQ permeability and selectivity and sufficient mechanical stability for was carried out to determine structure of membrane usiffitéted Cu Ka
these membraned 3,14] Studies on effect of COon PEG showed that radiation by a Philip&X’ p e r t-rayr difftactoiXieter.SEM images were
moving chains of PEG polymer enhance the solubility of,G® taken to describe morphology of MMMs and dispersion of nano particles.
polymers.Some studies showed that,@&s high solubility tendency into low LEO-1455VP which was fitted with an energy dispersivea) spectroscopy
molecular weight PEG du®e presence of ether groups which are more polarwas used to get SEM images. In order to discovering polymeric bonds and
and attract polar molecul§s5,16]. Computer studies of Garzon ealed that  presence of functionalrgups, Nicolet Magn®50 spectrometer recorded
difference in electronegativity of C and O atoms causes specific interactiorfourier transform infrared (FTIR) spectra in KBr pellets at room temperature
between C@molecules, which has quadric polar moment, by ether links inin the range of 4084000 cm! and resolution of 4 cthfor each spectrum and
PEG structurg[17]. Studies on membranes composed of poly ethers likef i nal ly Samples in di mens ienp fors AFM f 1
poly(ethylene glycol) diacrylate (PEGda) or poly(propylene glycol) diacrylateanalyzing. AFM analysis was conducted using tapping mode eMNT
(PPGda) satisfied this explanation and showed high €&&lectivity and  Solver P47 (The Moscow, Russia) with a spatial resolution ohm2in z
permeability{18]. Also Wang et al. studied on the effect of different PEGs ondirection, and used to find surface morphology of membranes.
structure and performance of PEBA MMM and revealed that crystallinity of
membranes can be improvedising high molecular weight PEG3]. 2.4. Gas separation experiments

By noticing to superb advantageous of PEBA polymer and PEG and CNT
additives, a broad study about the important factors which effect on Permeatiortests were carried out in a stainless steel cylindrical module
separation performance of MMdis necessaryl9]. To the best of our with effective diameter of 30.86 émFigure 1shows schematic of module
knowledge, there is no published result in the open literature that havend permeation test setup. The permeation tests of gases was carried out in
focused on the optimized percentage of additives and on the behavior gressure range of 4 bar and temperaturange of 25 to 46C, and data was
interaction of poly ether groups and gases in different pressure anmieasured using simple soap flow meter for single gas setup. For mixed gas
temperature condition. This research was focused on fabrication gfermeation test, permeability was evaluated by gas chromatography setup
membranes comprised of PEBA, CNT, and PEG in diffepercentages for  (Varian CR3800, column PORAPAK Q).
separation of COfrom natural gas. In this work, effect of different factors CO; and CH gases with proportion of 580 were entered into a cylinder
such as percentage of CNT and PEG in polymer matrix and also influences wf prepare homogenous mixed gas.
temperature and pressure on LC€electivity and permeability were
investigated. Addionally in order to surveying characteristics of membranes,
permeation test and structural analysis were carried out in both single and
mixed gas setup.

Retentate

2. Experimental Membrane

2.1 Materials O-ring —
There are some available grads of PEBA like 1657, 6100 and 1205 bu
1657 type showed good efficiency for @OH, separatiorj20]. In this work,
PEBAX 1657 was chosen for continuous phase of MMM and purchased from
ARKEMA Company. Ethanol was supplied by Merc. In order to diminish
crystallinity of membrane, low molecular weight PEG was used as dispersed
phase (PEG200[13,21] PEG 200 was bought from LOBA Chemie. CNT - FEED
usedin this study was multi wall carbon nanotubes (MWNTs) and were
bought from Notrino withl0-2 0 nm di ameter, 3 ®gum 1e
surface area. C&and CH cylinders were supplied from Roham Gas Co. with
purity of 99.99%.

RETENTATE

2.2. Membrane preparation
MEMBRANE
2.2.1 Neat PEBA polymeric membrane i~
PEBA is a hydrophilic polymer and it should be plaired oven at 66C b 4 -
to remove the whole of adsorbed solvent and moisture. Wtanol mixture
by volumetric proportion of 30/70 was identified as best solvent, so polymer
was added to water/ethanol solvent to prepare 8 wt% (polymer based)
solution [22-24]. Solution was stirred at temperature of @sfor 4 hr and
then put in ultrasonic bath for 15 minutes. Solution was cast on the glass
plate, using 200 mrometer casting knife, to produce a flat thin membrane.
The final thicknesses of membranes are about 60 micrometer, evaluated using Fig. 1. Schematic of membrane module and permeation test.
precise micrometer.

SEPARATION CELL

PERMEATE

FEED GAS SUPPLY
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In this study both single and mixed gas tests were carried out and
permeation of gasses was measured in different presdoreteady state

correlation[25].

T
PA=10" x— x

o

which P, is permeability (barer),To, and T are standard and ambient

P Q.L
T " POAAP @
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temperature (K)PoandP are standard and ambient pressures (cm €gd3,
volumetric flow rate ¢m¥s), L is membrane iokness (cm)A is effective

membrane area (&n and AP is pressure difference in two sides of

membrane (cm Hgy g is ideal selectivity of A respect to B.

Gasses used in this research were, @@ CH which have kinetic

In order to investigate the effect of PEG and CNT, various membranes

with different percentage of PEG and CNTs were produced. Details of
conditions, permeability and selectivity were calculated from following produced samples are tabulatedTable 1 Additionally someefforts have
been done to produce membranes containing more than 50 wt% PEG, but

they didn’t have

adequate strength

pressures. All experiments repeated to ensure accuracy and repeatability of

membranes.

3. Reallts and discussion

3.1. XRD

XRD results for the neat and MMM membrane with 50% PEG and 2%
CNT are shown irFigure 3 A broaden peak can be observed in the range of
15° to 29 degree which shows integration of both hard and soft parts of
copolymer [27]. According to this figure, polymer has sewrystalline

diameter of 3.3A and 3.8A, respectively. Chemical structure of PEBA

compound and PEG200 are depicteéfigure 2

o (o]
|| |

HO—¢ C4H!0—-)F{—-(- C—C,,Hz—NH )— C— C,H;— C—¢ OH,C;};

@
fort:
H ~OH
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Fig. 2.Chemial structure ofa) PEBAX 165726], and ) PEG 200.

Table 1
Details of produced membranes

Membrane composition Membrane code
PEBA Neat
PEBA/CNT 2% wt. Cc2
PEBA/PEG 50% wt. P50
PEBA/PEG 10%wt./CNT 2% wt. P10C2
PEBA/PEG 20%wt./CNT 2% wt. P20C2
PEBA/PEG 30%wt./CNT 2% wt. P30C2
PEBA/PEG 40%wt./CNT 2% wt. P40C2
PEBA/PEG 50%wt./CNT 2% wt. P50C2
PEBA/PEG 50%wt./CNT 4% wt. P50C4
PEBA/FEG 50%wt./CNT 6% wit. P50C6
PEBA/PEG 50%wt./CNT 8% wt. P50C8

24KV 300KX 1um

@

(b)

OH

KYKY-EM3200  SN:0448

structure which shows interconnection of hard
with soft parts. Neat PEBA poy me r h a s

part of polymer (polyamides)
s o m¢@ang 23aviths i n

intensity of 380 and 416, respectivel®8]. These peaks describe strong
hydrogen bonding between polyamide chains. Therefore additions of CNT
and PEG weakened these hydrogen bonds and decreased intensity of peaks in
21°, which means crystallinity of MM decreased relative to neat PEBA

[29].
&)
/
JAN
1’}"
me'f ‘\h‘v
i L R —— PEBAX®/PEG/MWNT
%’ e ’ 8 E\L ‘""‘""“-""W‘M""J-W"'W,w»m..M.J,w.w{w»w./mw;wm,
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Fig. 3. XRD spectra for neat polymer and MMM

Additionally, graph showed peak value of°&&ached to value of 501,
which this increase could be attributed to elaboration of membrane

crystallinity by addition of CNT$13].

3.2. SEM

In order to prepare samples for SEM image, samples were placed in
liquid nitrogen to prepare defefree cross sectionszigure 4 shows SEM
images for neat and MMM membranes with different CNT and PEG loadings.
In general, SEM images sv absolutely dense morphology without any
defect for all neat and MMMs and, therefore, qualify effectiveness of

production procedures.

Compatibility between CNT and PEBA are shownFigure 4for both
2% and 8% CNT loading (iv). These images specifitalshow that no CNT
aggregations were found in PEBA/PEG/CNT membrafégure 4 shows

PEBA/PEG MMM which contains 50% PEG.

1um

KYKY-EM3200 SN:0448

Fig. 4. SEM imagef (a) cross sectional of neat PEBA membrafiy,MMM by 10% PEG and 2%NT, (c) MMM by 50% PEG and 2% CNT&nd (d)MMM by 50% PEG

E:
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3.3. FTIR

Molecular structure of polymers was investigated by FTIR to ensure ..
about structure of polymer and exploring any defects which may be produce °*
during production steps in thermal opéas, ultrasonic bath or casting step.
Literature revealed that addition of nanoparticles or additives could improv
performance of membrane when a powerful interaction between polymer ar
nanopatrticles was formdd0].

FTIR results for neat and blended membrane samples are shown
Figure 5 Peaks located in11@%n ! and 1733 cm, respectively, represent
C-O- and —C=0 stretching vibration bond3he absorption bands 1637
and 3302 cm show HN-C=0 and NH bonds of PA structure. Wavenumber
of 2869 and 2930 cbelong to symmetric and asymmetric aliphafioups
(-C-H) which theirintensity attenuated after addition of PEG and CNTs. This
change can be attributed to physical interaction between polymer and CN’
[31]. C=0 group is detectable in wavenumber of 1657 d&ther groups (€
O-C) can be detected at 1040 dmObtained results, definitely, show that
membrane production made no destruction in structure of polymer.

Neat

®
o
H
£
£
g
—— MMM =

Fig. 6. Surface morphology of membranes obtained by AEI neat PEBA(b) MMM

with 2% CNT and 10% PEGE) MMM with 2% CNT and 50% PEGd) MMM with

‘ : . : : : . . : 8% CNT and 50% PEGe) MMM with 50% PEGand f) MMM with 2% CNT.
4000 3500 3000 2500 2000 1500 1000 500 0

wave number (cm?)
3.5. Single Gas Permeability and Selectivity experiments
Fig. 5. FTIR results of neat PEBA membrane.
An efficient membrane should have high value of both selectivity and
. permeability{33]. Figures 7and8 show permeability and selectivity trends of

Furthlermore €O-H bonds, relevant to PEG polymer can be observed ingrepared membranes versus pressure. Results show that tper@®@ability
1544 cn'and 1259 cr. In 1540 crt peaks of O=ENH could be also  ang the C@CH, selectivity for all membranes increased with PEG and CNT
observed, therefore in this area intensity of peaks is stronger. Also peaks|ghding and pressure increment. While permeability of, @® the neat
1039 cn' belongs to ether groups of both PEG and PEBA. membrane is less than 105 barrer, addition of CNT or PEG enhanced the

Comparison between neat and MMMs revealed that posifipeaks for  hermeability to about 200 barrer. This value rises to over 302 barrer when
some groups slightly has changed, which suggest existence of SOM@h CNT and PEG were added to the polymer, as shoWigime 7
interactions between PEBA polymer and PEG or CNTs. Shifting he peaks of ~ cNT has a good affinity to addnCQ;, so by increase in CNT lading its
-N-H and-C=0 to lower wave numbers in MMM indicates that addition of permeability and selectivity increases. Also C@dsorption on CNTs
PEG enhanced Hond formation. Ado position of €O-C ether groups increases by pressure and, therefore, the, €@ectivity increases. By
shifted to lower wave numbers and could be deduced thetnid was formed — aqdition of CNT as filler, small accumulations are formed by gathering some
between PEG and PA segments and therefore good interaction between PERT particles. Addition of more CNTs leads to reach to critical point of filler
and PEBA has formei32]. ) ) loading, which is called Percolation Thresh{#d]. For PEBA/CNTMMM,
_ Presence of CNTan shift peaks in 1100 chto lower frequency. High  this value estimated to be 8 wt% of CNT. AccordingFtgure 7 the CQ
intensity of peaks in this wavenumber can suggest the good physical blendingrmeability versus pressure increases by lower rate for the neat polymeric
and chemical stability of matrix and additive polymers. By comparing thenemprane and the PEBA/PEG MMM relative to CNT containing
graphs, it is also revealed that MWCNT may influencethe GO and GH membranes. In general, PEBA/CNT/PEG MMMs 3% loading of PEG
stretching vibration of EO segments through hydrogen bonding interactiognq 894 loading of CNT give highest permeability value, equal to 302 barrer,
[31]. ) ) whereas the COpermeability for neat polymeric membrane reached to 105

Furthermore peaks of 1463 cmcan be attributed to existence of parrer. MMM with presence of solo CNT showed the permeability of 211,
MWCNTSs, although CNTSs are black bodies and in FTIR test they can adsof,y membrane with RE showed permeability of 191 under the best
mod of IR lights and therefore derived spectrum is not clearly reliable tozgngition.

detect them and FTIR spectrum may have some noise. As be observed iffigure 8 the PEBA/PEG membrane showed higher
increment rate of selectivity relative to other samples. The highegCap
3.4 AFM selectivity belongs to PEBA/PEG/CNT by 50% PEG and 8% CNlitu,

o ~ with value of more than 43. This value for the neat membrane was 25 and for

Topography of membrane surface can be significantly explored usingh,e cNT containing membrane was 13.
AFM technique. Figure 6 shows AFM results for differenmembranes. Considering the C2 membrane, which fabricated with only 2 wt% CNT,
Samples in dimensions of 16nx10 um were taken for AFM analyzing. _ reveals that it has relatively high ¢@ermeability and low selectiyi. This

_As figures show, surface rippling increased with PEG and CNT loadingrajt could be attributed to some defects on this membrane. It shows that weak
which could be attributed to the formation of bonding between polymer ang ynesion of polymeENT made some cracks in membrane structure and this
additives, as previously shown in FTIR spectra results. The formation of Hyefect caused increasing the permeability and decreasing th&CHGO
bonds decreases the fluidity of polymer dope in the stage of solverfgjectivity. Increase in pmeability of fabricated MMMs could be explained
evaporation and, as a result, the roughness of surface of MMMs respect §gsed on the XRD results, which are showrFigure 3and the results of
neat ones dramatically increased. Therefore surface area of membrar}ﬁ%vious works[13,34,35] In better words, addition of both CNT datow
increased and, consequently, the permigluif membranes increased. Good molecular weight PEG can decrease the membrane crystallinity and increase
adhesion between polymer and CNT are revealed in AFM results. the gas permeability, as well. XRD dataFiigure 3revealed that crystallinity
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of membranes decreases with PEG loading and, therefore, that€@ction As mentioned earlier, AFM results showed that addition of additives
with EO unit increaes and the C{permeability rises. Also, PEG polymer increases the surface area of the membranes and consequently enhance the
increases free volume of copolymer and, as a result, diffusion coefficients gfas permeability. Also, FTIResults inFigure 5Srevealed that by addition of
membrane increases. Experimental results satisfy this description very well. PEG and CNTs, interaction between the polymer and additives increased and
this result demonstrates that no voids were formed between PEBA, PEG, and
CNTsduring blending. This description was experimentallyified as are
shown inFigures 7and8.

Figure 9shows the position of fabricated membranes in upper bound
curve drawn by Robeson in 2008 and 1991 and comparison of the best
prepared membranes by previous studies. Membranes fabricated by addition
of CNTs from 2 to 8% with loading of 50% PEG gave points above
Robeson'srade off curve (2008) and it can be concluded that they can be
applied in commercial scale. As could be observedrigure 9 the neat
membrane has very low selectivity due to its rubbégracteristics and is not
suitable for industrial usage. However, incorporation of PEG or CNT
enhanced the selectivity of fabricated membranes: MMM uses the
—o—Neat beneficence of high permeability of polymeric matrix and high selectivity of
—_—C2 nanofillers and therefe membranes could place above the Robeson line.
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Fig. 9. Position of produced MMM in Robesonfade off curve
Fig. 7.CO, permeability results of néand different MMMs.

3.6. Mixed gas tests

Lots of studies have carried out about gas separation processes in single
gas test mode. Although single gas tegi adequate data to evaluate the
performance and efficiency of fabricated membranes, but real gas separations
are performed in mixed conditions. To obtain more accurate results and
discovering the effect of different parameters like gas interactions and
plasticization, mixed gas test have been carried out in this study.

38 A gas mixture was prepared by mixing 50% LCé&hd 50% CH in
pressure of 12 bar. To determine the effect of temperature on the membranes
performance, mixed gas experiments were carried abuthe temperature
range of 29813 K. Gas fluxes for this mixture in different membranes are

33 ¥ Neat shown inFigure 10

—m—Cc2 Fluxes for all samples increased with temperature, although membranes
—#— P50 which contain both CNT and PEG showed more rapid increment rate. These
—=—P10C2 results have coincidence with loosens of polymer chains in upper
—#—P20C2 temperatures. Like single gas test data, the PEBA/PEG/CNT membrane
—e—P30C2 sample with 50% PEG and 8% CNT showed greatest permeation value,

P40C2 which was about 193 barrer. This value for the neat membsas 131 under
the best conditions. Also, the permeability values for PEBA/CNT (C2) and
PEBA/PEG (P50) membranes were 16 and 158, respectively.

Selectivity values of different membranes in mixed gas feed are shown in
Figure 11 Selectivity for all sampke decreased versus the temperature and
PEBA/PEG MMM with 50% PEG showed the most rapid rate. Also,
PEBA/PEG/CNT by 50% PEG and 8% CNT showed greatest selectivities in
the mixed gas test mode. This change could be attributed to the CO
13 interactions by the MMM segments. Temperature increment causes the
weakness of C@interactions by the EO groups and carbon parts of
membrane, but it does not have such a powerful impact on the CH
interaction. Therefore, temperature increments can diminish th#C8Q
° 4 6 8 10 12 14 16 selectuity.

pressure (bar) Figure 12shows the comparison of G@ermeability in two studied
conditions: Mixed gas and single gas test modes. It is obvious that the CO
permeability in the mixed gas is lower than that of the single gas results.
Relative to single gas resulthie CQ permeation in mixed gas condition
have dramatically decreased and the,@rmeation showed a significant

43
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N
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P50C2
P50C4

P50C6
18 P50C8

Fig. 8.CO2/CHa selectivity for manufactured membranes.
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increment. This change could be attributed to the plasticization effect, whict 250.00

causes polymer swelling and increase in membrane free voluinderCQ
permeability.
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Fig. 10.CO; Permeability in mixed gasses for all manufactured membrane.
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Fig. 11.CQO,/CH, selectivity vs. temperature for all samples in mixed gas feed

=
]
£ 200.00
]
8
Z 150.00
5 ® Mixed gas
g
£ 100.00 m Single Gas
T
7]
o
o 50.00
[}
o

0.00

neat (2 P50 P10C2 P20C2 P30C2 P40C2 PS0C2 P50C4 P50C6 P50C8

Fig. 12.CO; permeability comparison for both mixed and singges test.

4. Conclusiors

By noticing to the remarkable properties of PEBA, which recognized in
previous studies (e.g., good permeability and selectivity, chemical resistivity
and its price) it was chosen as an adequate polymer for membrane production.
This type of membrane could be used for removal of acidic gases from natural
gas or flue gas streams. MWCNT and PEG200 were selected to improve
efficiency of membrane. Results revealed that CNT loading in the range of 2
to 8 wt.% could have positive effeahd PEG percentages between5006
shows superb results in gas separation. Best results have gained in MMM
with 8wt% loading of CNT and 50wt% loading of PEG. Selectivity increased
by addition of both CNT and PEG. Mixed gas test showed that plasticization
affected on the MMM performance and decreased the €&lectivity.
Temperature increased the permeability for all membranes but decreased the
CO; selectivity.
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