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ABSTRACT

good choice for gas separation application. The mechanical strength and gas
separation properties of these polymers can be improved by the preparation of
layered membranes. In layered membranes, the coating layer generally controls the
flow and selectivity of gas, while the porous substrate plays the role of mechanical
strength supplier. The dense layer, at the interface of the substrate and selective
layer, can also affect the efficiency of the layered membranes gas separation, and
its performance depends on the morphology of the substrate and the gas permeation
properties of the substrate and the coating layer. The goal of this research is to
prepare and investigate the effect of substrate morphology on the performance of
poly(dimethylsiloxane) block copolymers/polyurethane layered membranes.
Methods: Polyurethane substrates were prepared through the non-solvent-induced
phase separation (NIPS) method. Different substrates with sponge-like and finger-like
polyurethane, morphology structures were prepared with the help of changing the concentration of
: dope solution concentration (10, 20, 25, 30% by weight of polymer) and coagulation
nonsolvent-induced phase bath (molar ratio of water/methanol=100/0, 80/20, 70/30 and 50/50), and used for
separation, the preparation of poly(dimethylsiloxane) block copolymer/polyurethane layered
membranes.
Findings: The polyurethane substrates revealed a finger-like morphology structure
when a water coagulation bath was used due to the high exchange rate of solvent/
poly(dimethylsiloxane). non-solvent. Meanwhile, by adding methanol to the coagulation bath, the morphology
of the substrate changed to a sponge-like one. In an overview, the gas separation
properties of poly(dimethylsiloxane) block copolymers were improved by using a
polyurethane substrate. The results revealed that by changing the morphology of the
substrate from finger-like to sponge-like, the CO, permeability of the membranes
improved from 1.58 GPU to 4.53 GPU. While the permselectivity of the layered
membranes (CO,/N,) decreased from 21.94 to 12.57.

l lypothesis: Poly(dimethylsiloxane) block copolymers membranes are a

layered membrane,

block copolymer,
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Fig. 1. A view of layered membranes structure (on the right
side, the gas permeability of a layered membrane is shown in

an analogy with the resistance model in the electric circuit).
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Tablel. A summary of the researches done on the construction of layered membranes.

) Method for preparation Method for preparation of
Selective layer Substrate Ref.
of substrate composite membranes
] ) Solution casting and dip-coating
PDMS Polyethersulfone (PES) Phase inversion ) ) 8-10
selective layer cross-linked
o ) ) Dip-coating
PDMS Polyetherimide (PEI) Phase inversion 11
selective layer cross-linked
PES/Polyethylene glycol Solution casting
PDMS Phase inversion 12
(PEG) selective layer cross-linked
PEBAX/PEG Polyacrylonitrile (PAN) - Dip-coating 13
PEBAX PES/Pluronic Phase inversion Dip-coating 14
Poly(1,4-phenylene
Matrimid 5218 Phase inversion Dip-coating 15
sulfide)/PAN
Poly(p-phenylene oxide) PES - Solution casting 5
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Scheme 1. An overview of the principles of designing hard and soft segments in the synthesis of block copolymers to make gas

separation membranes.
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Scheme 2. Steps of block copolymers synthesis.

skie pds Al (g el Cm.ﬂjjg.:ﬁ SaSa oldags slalis
Lol pSKle 5 i (5,83l Lae 5l Calises b O Culies
23 3doe 3 el oS slalis Cabis (o Sile s bl

A 6 ,S eIl Yee=Y0r pm

Oy b S SIS ol

Pressure gauge

-
F_C?Eﬁ

Membrane module

TTTrT

Flowmeter
Gas tank

L ol Osasl olaws 5l Sl =Y IS

Fig. 2. A view of the membrane permeability analysis set-up
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Table 2. A summary of the information related to the synthesis of PDMS copolymers.

Method of ) o )
Sample code O* Molar ratio of reaction ingredients
Polymerization
SM Bulk 1 [MA]:[PMDETA]:[CuCl]:[Br-PDMS-Br]=200:4:2:1
SE Solution™ 1 [EMA]:[PMDETA]:[CuCl]:[Br-PDMS-Br]=200:4:2:1
SEM1 Solution 0.25 [EMA+MA]:[PMDETA]:[CuCl]:[Br-PDMS-Br]=200:4:2:1
SEM2 Solution 0.5 [EMA+MA]:[PMDETA]:[CuCl]:[Br-PDMS-Br]=200:4:2:1

*The molar ratio of organic monomers used for the synthesis of PDMS copolymers (for example, for SEM2 copolymer, it is defined as f*=f°

([EMAJ+[MA])).
**Toluene solvent has been used for the synthesis of copolymers..

PU b8 kb, s eslizad O el plosil (sl 03 SSCEs
leS By s s (DSC) ol oy inle S L
b8 e e b NETZSCH DSC pisle S (SaSay Lo 505
wly Ad adlas V=1V °C Gles e3sdes 3 ) +°C/min
Sy S slagld o (5, il LD glil oles
SaS4, (sessile drop) Tl oo opkad B, bl
Sld sl 51 S50 slanks A (6 ,Se3lbl Oyl ol olSans
5 BLE g Jdos g S, o5, LPDMS (gle ok S 55,
Slapks mhau 55, Juiise ) 5 Ol Gldd s 4l
Gl b 4l L (6 ,Se3lul PDMS (sla oy oS 5l eddag
Slags Se3ll Lt Sle Jols cigad 2 (sl p e 218
5 e G55 alg s (YO°C) Laes glos 53 osline
Owens-Wendt s Wu Jue 55 U laaises a8 5 ST gl
LPU ladnl s b ool I ol asly s 5 Se5lul
L oeddag gblis abs o s o Seslul el i,
FEI NANOSEM 450 Jds (SEM) o s g5 5S0) o sSns Sen
sllis oo ahie b S sdalie sy Ad o)
b 5 ol 4t mle 03550 030 b sed Il eldiang
WY bl gladyei 3 coonl 2iS LS )y SEM O gasl
e 0k T Bbloes Aol o3 Tl olisanl il L Laslows
oo G b Ol iy Sl dd e LOT b K2
Al sene Gl Oloy Lhay o eslinal Lalls sl il s
ol o3 el (e slalis s LIl 538 Gsesl Gl e
a5 s S WKa B a0l 3l ey 53 38 3 5a B
ot Slp st o 3 S RSeil ey (2B sde w add
Goao 0> A edlial ol LS ) 5l dad Sl s Sl

f?‘" EN )92 =313 po ¥ 0 Loy aigg o U poaks (539J9455 9 poke (ole Alxo

—[EMAY/

EMA

ol o Bbls a0l 3 5l eslinad Loy (3,6 a5 s )
Sglae slaclale LPU (glad showe ags (gl 5 il 4 sllianls
Jsles QU 55 51 A J>=DMF Jd> 5 #:°C sles
ol K25 Slaols b us (6,1ue Lo sles 53 YF h e
jamcusw(wu,:,ﬂldgwﬁ)-@sup;@;ﬁwjﬂ;
CHl eSS aba Ol cale )l U:”SV'L? Ky S
(D2) O plam s dolidly oddag aulns s iy
g$'<'-9)\-9 'L‘:'.\fe G o d)‘.\.@iu fA h Cdeds g ol 0 _5;23
57 Pl ples jletiag ST 5 s 355 JalS 56
)l&ju%#wdub)b Y e ob\bﬁjw g_.JTL.»e)Lg_gb

A e allas s el

SloY sblie ol

Oshie b LA g Jakome g Sa; oy b glal glalis
koS Uloma) g3 Y 5 Ad Lo aled g, Ml PU a5
SLdd> Ll 5l e A esls Sl Aol 5 Gy ((glanks
I Olgear S5 51 (mld o 03 i Olwrd ) il
5 b ol PDMS. gl jadysS s i S oY ag oly
LA ag S Vo chle b g ey slad sl

SWbs s s,
e dde easdes 5 FTIR 0030 dadiges gluls (gl
A el Perkin Elmer CMJuz..Ia heslazal L Fre—fueer cm’!
IO 5 L ek 5 J slons FTIR 0505 el gl Sl o se 0o
ot 3 okd ase, KBr (o3 (555 0f 5 o)k G 5 46 DCM



e 512103 poalsoS (S1AaY SLALLE (95 oled ju Olrgashs MaT ) iy JSib 3l

AAd SR ol Slankas 6\.@:%)5 f‘)b 3 e keslatu LSL“J“:& e v-<iJ:3 ool sl glasdls =Y Jsd>
Table 3. A summary of the physical and chemical properties of the polymers used in the design of block copolymers in this

research [25,26].
Polar Hansen Molecular weight Density Van der Waals | Glass transition Surface Solubility
Polymer | solubility parameter | of repeating units volume temperature energy parameter
(MPa %) (g/mol) (g/mL) (cm*/mol) (°C) (mJ.m 2) (MPa *)
PMA 6.94 86.09 1.22 45.9 6 37.92 22.65
PEMA 4.80 114.14 1.12 66.3 63 40.85 19.22
PDMS 0.00 74.15 0.76 47.7 -120 28.84 15.55

*The details of the method of calculating the parameters mentioned in this table are presented in the previous works of this research group [16-19].
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Fig. 3. FTIR spectra of Br-PDMS-Br, block copolymers of

PEMA-5-PDMS-b-PEMA and P(EMA-co-MA)-b-PDMS-b-

P(EMA-co-MA).
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Fig. 4. Contact angle of: PMA-b-PDMS-PMA with (a-1) water (average contact angle 110.386°), (a-2) 1-bromonaphtahlene
(average contact angle 124.908°), PEMA-b-PDMS-b-PEMA with (b-1) water (average contact angle 80.306°), (b-2) 1-bromo-
naphtahlene (average contact angle 135.489°), and P(EMA-co-MA)-b-PDMS-b-P(EMA-co-MA) with (c-1) water (average contact
angle 91.717°), and (c-2) 1-bromonaphtahlene (average contact angle 126.567°).

Y?b EN )92 =313 po ¥ 0 Loy aigg o U poaks (539J9455 9 poke (ole Alxo



e 512103 poalsoS (S1AaY SLALLE (95 oled ju Olrgashs MaT ) iy JSib 3l

Synthesized block copolymers

& >
< >

PEMA

PDMS PTFE PTrFE PP PBzMA PE PMA PVC PEEK PET PU
Surface energy

i ﬁ

15 20 25 30 35 40 45 50

(PTTFE) :hsls, 8 o s 5 s «(PP) s o L) Jslize sla ol 5l (513 LPDMS (glankss (gl jods oS las (6551 oolie e lia -0 IS5

((PBzMA) (&l St s 50) s 5 PVC) (IS Jo o) L «(PEEK) 0 35 51 51 L «(PE) L3l Ju (PTFE) (L3l 58 5ldl 5 L
Fig. 5. The Comparison of PDMS block copolymer's surface energy with the number of common polymers (polypropylene (PP),

polytrifluoroethylene (PTrFE), polytetrafluoroethylene (PTFE), polyethylene (PE), polyether ether ketone (PEEK), poly(vinyl

chloride) (PVC), and poly(benzyl methacrylate) (PBzMA).
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Fig. 6. FTIR spectrum of polyurethane.
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Fig. 7. DSC thermogram of prepared polyurethane (heating
rate of 10°C/min).
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Table 4. Calculation of relative energy density (RED) for conventional solvents and PU.

Material R, (MPa'?) 5, (MPa'?) 5 (MPa'?) 3, (MPa'?)
PU [38] 8.2 17.9 9.6 5.9

Ra (MPa'?) RED 3, (MPa'?) 5 (MPa'?) 3, (MPa'?)
Acetonitrile 9.8 1.2 15.3 17.9 6.1
Benzene 9.2 1.1 18.4 1.0 2.9
n-Butanol 11.3 1.4 15.9 5.7 15.7
Dichloromethane 3.9 0.5 18.2 6.3 7.8
N,N-Dimethylacetamide 5.2 0.6 16.8 11.5 10.2
Dimethyl formamide 6.8 0.8 17.4 13.7 11.2
Dimethyl sulfoxide 8.0 1.0 18.4 16.3 10.2
Ethanol 14.2 1.7 15.8 8.8 19.4
Ethyl acetate 6.1 0.7 15.8 53 7.2
Diisopropyl ether 9.7 1.2 14.1 2.9 5.1
Tetrahydrofuran 3.2 0.4 19.0 10.2 3.7
Toluene 9.1 1.1 18.0 1.4 2.0
Trichloroethylene 6.5 0.8 18.0 3.1 53
Water 373 4.5 15.5 16.0 423
Xylene 9.1 1.1 17.6 1.0 3.1
Methanol 19.3 2.4 12.2 222 15.1
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Fig. 8. SEM micrographs of PU membranes (the temperature of the non-solvent bath was 25°C): (a) 10% wt PU, (b) 20% wt PU,

(c) 25% wt PU, and (d) 30% wt PU (the top and bottom images are of the surface and cross-setion, respectively).

V&N 92 pag— 313 50 ¥ 0 Loy (azizg o Ulw otk S59)9is5 9 pale o pole almo Y7ZA



e Slanind poaligS Y SlabiE I35 olgd s UL gt SiaT ps) awlishs JSib il

@ (b) © )

(e) )

AT bl glyls slaa] er-) PU 55 Y7 (b) ‘(;.j shls slaxs <=l.<,.>-) PU 55 Y+7 (a) :PU lalie SEM sl K5, -4 I
1d 5l 00/0r bl (glyls slaadl rl.w—) PU 35 Y47 (d) (O sl Ve bglses 15 slasl rl.w—) PU 35 Y+7 (c) (ol dsle
(Ol d ke 04/0r b e gl ls slaasl {:L‘&) PU 555 Y7 () 5 (CV ke 00/0 b glsee (gl s sl (:Lq}) PU 555 Y07 (&) (!

(s (50 plae 5 o S5 S Gy 5 VL sla) (YOOO)
Fig. 9. SEM micrographs of PU membranes: (a) 20% wt of PU (water coagulation bath), (b) 20% wt of PU (the coagulation bath
contained a mixture of methanol/water 20/80), (c) 20% wt of PU (the coagulation bath contained a mixture of methanol/water
30/70), (d) 20% wt of PU (the coagulation bath contained a mixture of methanol/water 50/50), (e) 25% wt of PU (the coagulation
bath contained a mixture of methanol/water 50/50), and (f) 30% wt of PU (the coagulation bath contained a mixture of methanol/

water 50/50) (25°C), (the top and bottom images are of the surface and cross-section, respectively).
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Table 5. Solubility parameters of water/methanol mixture.

Chemicals 5 % % K
(MPa'?) | (MPa'?) | (MPa'?) | (MPa'?)

H,O 47.8 15.5 16.0 423
MeOH 29.5 15.1 12.2 222
DMF 24.8 17.4 13.7 11.2
H,0:MeOH, 80:20 40.9 15.4 14.6 35.1
H,0:MeOH, 70:30 38.6 15.3 14.1 324
H,0:MeOH, 50:50 34.9 15.2 134 28.4
PU 21.2 17.9 9.6 59
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Table 6. The properties of solvents and non-solvents (water

and methanol) used for the preparation of PU substrate.

Properties Water | Methanol | DMF
Molecular volume (A%) 30.00 67.00 128.00
Boiling point (°C) 100.00 64.50 153.00
Vapor pressure 17.50 96.00 2.70
(mmHg at 20°C)
Specific density 1.00 0.79 0.94
Viscosity (102 Pa.s) 1.00 0.60 0.92
D’ . oy (10 cm?/s) 25.00 20.12 -
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Table 7. A comparison of average size of pores appeared at the surface of PU membranes (25°C).

Substrate Non-solvent Polymer dope concentration (wt%) Pore size (um)
Ml Water 10 431
M2 Water 20 1.67
M3 Water 25 Without pore
M4 Water 30 Without pore
M5 Methanol:water 20:80 20 1.92
M6 Methanol:water 30:80 20 2.23
M7 Methanol:water 50:50 20 3.42
M8 Methanol:water 50:50 25 3.03
M9 Methanol:water 50:50 30 2.63
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Fig. 10. Evolution of surface pore sizes of PU membranes by the effect of (a) changing the concentration of methanol (polymer

solution concentration of 20% wt, 25°C) and (b) changing the concentration of polymer solution (the 50/50 mixture of methanol/

water, 25°C).
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Fig. 11. The contact angle of water with PU substrate with two morphology (a) finger-like (M3) and (b) sponge-like (M8).
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Fig. 12. Cross-sectional SEM micrographs of PDMS copolymers layered membranes prepared using PU substrate with (a) finger-

like and (b) sponge-like morphology structures.
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Table 8. Gas permeation properties of poly(dimethylsiloxane) block copolymer/polyurethane layered membranes.

Membrane Hard segment a (CO,/N)) P (CO,) (GPU) (FEV),..." T, 1ara CO)
|
0. (o]
PMA-b-PDMS-h-PMA/PU_ & 21.9400+5 1.5800£0.2370 0.2031 13
n
|
PMA-5-PDMS-5-PMA/ o0
1257003 4.5300£0.0700 0.2031 13
PUw/m
n
PEMA--PDMS-b-PEMA/ o( 0
1646002 0.2300+0.0400 0.1994 56
PU_
m
P(EMA-co-MA)-b-PDMS-b- o
O o O. (o]
P(EMA-co-MA)/PU._ M 6.7600+0.7000 0.9300+0.1200 02122 27
PEMAZO'ZS P q
|
O. o
PMA-b-PDMS-5-PMA \& 4000042 4.5400+0.4500 0.2031 13
n
PEMA-5-PDMS-b-PEMA % 14.490042 0.0360-0.0300 0.1944 56
m
P(EMA-co-MA)-b-PDMS-b- Ol
16.1000+4 0.1300+0.0100 0.1908 27
P(EMA-co-MA) ., =0.5
P q
PU dense membrane - 49.2200+7 0.0400+0.005 - -

* More details about how to calculate the partial free volume of poly(dimethylsiloxane) block copolymers are described in the previous works of this research

group [16-19].
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