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ABSTRACT

Research Subject: Carbon dioxide (CO,) pollution represents a major environmental challenge in contemporary society, primarily driven by industrial
expansion. A notable modern approach for CO, separation involves the use of polymer membranes, with poly (ether-block-amide) (Pebax) recognized
as a prominent industrial membrane in this field. However, this type of membrane is constrained by the permeability—selectivity trade-off, which hinders
its broader application in industrial processes. One strategy to overcome this limitation is the incorporation of various functional compounds into Pebax.

Research Approach: This study selected phenol—characterized by its hydroxyl functional group—as a filler, and prepared Pebax membranes with
varying phenol concentrations using advanced molecular simulation techniques. Molecular Dynamics (MD) and Grand Canonical Monte Carlo (GCMC)
methods were employed to evaluate both the structural properties and gas separation performance of the membranes. Initially, structural properties—
including fractional free volume (FFV), density, and polymer chain mobility—were analyzed, followed by assessments of functional properties such as
diffusion and solubility coefficients.

Main Results: The incorporation of phenol led to an increase in the membranes' fractional free volume (FFV). Radial distribution function (RDF)
analysis revealed that the interaction between CO, and phenol molecules was stronger than that between CO, and Pebax polymer chains. Furthermore,
the results indicated that phenol increased the CO, diffusion coefficient by a factor of 5.5 and the solubility coefficient by 1.3 times compared to the
pure Pebax membrane, due to Lewis acid-base and n-quadrupolar interactions. Analysis of CO, permeability and CO,/N, selectivity in the simulated
membranes showed that increasing the phenol content led to higher CO, permeability but a continuous decrease in CO,/N, selectivity.
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henol10 | henol25 | henol50

Parameters Pebax

Number of Pebax
Chain

Number of the
0 35 87 175
Phenol Molecule

Cell Volume (A%) | 24673.4 | 28444.8 | 339222 | 434159

Cell Length (&) | 29.1 305 324 35.1

cow g i ¥

oal g jlwanls slalid FFV ¢ JBsV-Y

Ol oelal pams o iales 1) oad g jlwands sbolae JE> ¥ S
oo Sl CaSlo o il o p )5 /7 el o balag adgl JBs (S
Sl [ ) L.':"”L‘ )lu\i‘: g A.Jb u‘"‘“ﬁ‘ NPT g)"")‘q ﬁl?u‘ )‘ o= as
sga o lad JBe Ol s el e cdalive (V) S j0 a5 jobjlen
oS 5 sl slid S S5 s wo s 01y o 45 oo
S Jgib b J&e o )3, pl &8 col alls glas JBs
Joaz 0 o gjlwans gbalie FFV 4 hwgie J&o> .owl Pebax 4
Al glie FRV 5 J&s (Joax nl bl pcol onls &3l Y
Gl o035 (il J31s slael) 055 ctalesl polie a5 oals (g 3lwdnds
b (mimed 08 o dnb | Lid ilwancd ol como el ol aS
Jsy el el 25 glad ) e a8 g9l> slalic FFV (Jsux
39 reeh bz w50 6 RTE L U sladsNge was oo Las
6Lad o iy (nl b (Seliwly xSl g (555,000 slasisn )18 Gk
plo g als slalic ofi] oo F S ailosls zol381 1 o] oy JI
0 50 Ol e e Goles ol S5y ) oo gleand slalis
lad Ol s Bl e el svalice BB S ol j0 a5 S5, o abolie
a3 0l ot ) s el slvo 2y e JB

1.2
1 Pebax/Phenol50

E s Pebax/Phenol25
gn e Pebax/Phenol 10
E, 0.8 ———Pebax
2
=
@
(=]

0.6

0.4

0 200 400 600 800 1000
Time (ps)

cg,\.LLg)‘L..ad,,.....Z LgLaL.i..é L;Lf’” Y J&&
Figure 3 Density of simulated membranes

plxl sl cdiny cpl Ho ol anile (g5lwand alyd ;0 GCMC s,
Slodshe o Bolss bty I lasSse (siluand Slalns
ig e By e o oSl 5l g5 Sige (b9, )3 D 2595 (S 3lwand
B9d o0 oolainl 55 sle JoSUge oS5 > 0, b i ndy (sl (Metropolis)
1y osis > slaJsUse olgi oo plid anlp )0 cho (g5luand (ol
O 50 0,8 Bis g lrals g ol is 2 00,5 ol Bolas wYlaix L
ol gleo yo g sl V B jLid ooguasme jo (gjlwand plxl b Ll
o 5 L8 Ay S |y 00iS 3905 518 cldale g e ool 5 sl 4> 0 YO
olyop 4 oI5 ige (Glawlme alpe Verrriree LS a5 oS
5 o0y logas 5 oolial b ot alool adgl Jobes aloye Ve eee v
C ol a8 3,8 aslos | Eldlo o5 s oo (F) Wolae (5,54

DV] e las SLLSP 5 58 cbile Kbl

C
S =Lim (—j
P>0\ P R

S cu pb 7Y

B ez @ oud a Lad Gk ) I 35 Ssai-cull> 1S5l 5
03,888 (5 yorh (Sla ey )l (S (s yoek oy e 9790
P Eha oS wase 1) GGl cnl 5 lasSge 4y iy Sllasil
o B ez Rl Lo es 4 ALS S5k (e At
slaJsSge Soi ouiiS 3ok sla JgSIge ojluil (28l 5 (6 yesh (sl 2
358 rd e Sl e SRl 358 alpe Ol Jlis 4 s 58
Cosl 03Y ( JgSge Scaalind g I eslitl b plas anss; jo lajl8
Oeed 4 . Sles ol gilwands Job 1o STyez axl jo o JoSge olass
Oloy e 0 @b cpl jo b JoSdge dlaws s a5 coll (5,8 Lo Judo
4l 5l b gd o 0)ly 3585 anl 4y a5 518 JsSUga po cailipSy O
Blol STy 4l @ guazr JsSse o] Gl @ 5 05h B> S5
NVT Lulpd cod g gileand Gloy J5 Job 50wl ailp cnl osd
S 4y 3890 45 5315 slaJsSge e csiludnnd (L o 09l 1SS
3985 (e 8,5 )18 gy 9590 ilond S5i5 a4y STe3 ax U )
) 3585 oo D9 oo e o] &8 > e 5l ooliiul b ajl8
DAL 855 ailoe (0) doles 5l ooliinl b ls oo

MSD = (2dD,)t" ®
dgi a5 golul vlass d g (g 3lward lojt dg25 b Ds YL aloles o
Col s ge eSles 55 MSD il odle el 95 oo ploxl
o i a0 P £ (0) Qi 30 a5 WOl o Al (F) alolee 5l a5
DAl ssa i JoSse a5l 5 adgl S slals

MSD = (r.(t) - 1, )" )



Sele ooy ;S al 9 CO2 Loy eyl sl (2S00 9 98 Ll

a
1.5 1
1 4
=
0
0.5 1 s CO2-PE
s CO2-Pebax
w—CO2-PA
0
b 0 5 10 15 20
1.5
1
o)
k-]
0.5 CO2-Phenol
e CO2-PE
s CO2-Pebax
e CO2-PA
O A
0 5 10 15 20

r(A)

65l i PEDX 55 & o (S90S li55 & Loy RDF & JSCi
Pebax/Phenol50 (b Pebax (@ :(PA) ol L iso 5 (PE)

Figure 5 The RDF of COz around the Phenol, Pebax, the polyether
(PE) and polyamide (PA) parts: (a) Pebax, (b) Pebax/Phenol50

Jod sladesdgn 3 5 poaly slo iy Sy Y-V
Jod sol> eaigiluans sbolic 3 jalls glac olp 7 IS8 o
oo ol cod loads w5 ploj 4 Cowd MSD gla i
DVl el o JsSge 5 o orsy 5 o5 5 5lea b S5 g b oaamo s
#2755 SAlh e &5 Sl patide gady 4 (JSO (pl 4 a2g L
slalag Gl o)l g yin S ol gawel b Gisu 4 G Pebax
Stz P I8 jobar Job sl Jsge 51 MSD (povie ol o J5id 5ol
5 A1k slasis 5 Pebax s yealy by sl O e 5l it
aie 50 J32b Lo sS5e (YL S o0 saimo Lt 4 sl ] gael Sy
el 5 1k slagion o PebaX yuxi S5 ol pd ol (5 yocly
Y Jgaz yo OT LS g 00l Al MSD piswio ooy 3l oolasul QT
Fo Jolis a5 Pebax on; e85 o pd ¢ Jaaz opl b .l 00ls )|
Ot ool G0l i (39 ey Br g sl i Fig ey
Oisu oS ool 5l mizmen o )ls 13 PA 5 PE (la sy 35i oo
Sl 55V 3985 15 9 S 28 ol gal b i) S sl
Sl Jsse 5 s yoely sl s S 25 Gl o)l uel Sy i
andls gl s 515 ladsSlge o8> 50 (e (1 Wigi e Joid

D9l 3 slaJsSge 29l g 3985 o yo o5l el

ya

osiglwands slie FFV 5 JE2 ¥ Jguo
Table 2 Density and FFV of simulated membranes

Membrane Density (g/cmd) FFV
Pebax 1.115 (1.14 [13]) | 0.115 (0.13[13])
Pebax/Phenol10 1.109 0.115
Pebax/Phenol25 1.106 0.120
Pebax/Phenol50 1.099 0.158
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Figure 4 lllustration of free volume (blue color) for simulated
membranes: (a) Pebax, (b) Pebax/Phenol10, (c) Pebax/Phenol25,
(d) Pebax/Phenol50
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Table 3 The diffusion coefficients of Phenol, Pebax chain, and its
polyether (PE) and polyamide (PA) parts

Dephenol Dpebax Dre Dpa
Membrane < 10~ * 10-¢ * 1078 (% 10°%
cm?/s) cm?/s) cm?/s) cm?/s)
Pebax 0 0.050 0.053 0.028
Pebax/Phenol10 0.242 0.080 0.087 0.047
Pebax/Phenol25 0.218 0.080 0.098 0.048
Pebax/Phenol50 0.587 0.180 0.213 0.120
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Figure 7 The MSD of (a) CO2z and (b) Nz in the simulated
membranes
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Figure 6 The MSD of Phenol, Pebax, the polyether (PE) and

polyamide (PA) parts in the simulated membranes: (a) Pebax, (b)
Pebax/Phenol10, (C) Pebax/Phenol25, (d) Pebax/Phenol50
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Table 6 The permeability of CO2 and N2 and the selectivity of
CO2/Nz2 for simulated membranes

Pco2 Pn2
Membrane (Barrer) (Barrer) 0CO2/IN2
105.49 (122 121.25 (71
Pebax 0.87
[22]) [22])
Pebax/Phenol10 183.83 1.59 115.62
Pebax/Phenol25 270.16 2.80 96.49
Pebax/Phenol50 750.48 10.05 74.67
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Figure 8 Schematic of the mechanism of CO2 passage through a
phenol-containing Pebax membrane
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Table 4 The CO2 and N2 diffusion coefficients in simulated

membranes
Membrane Dcoz Diz
(x 10~%cm?/s) (x 10=6cm¥s)
Pebax 0.70 0.31
Pebax/Phenol10 1.08 1.30
Pebax/Phenol25 1.50 1.96
Pebax/Phenol50 3.82 5.52
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Table 5 The solubility coefficients of CO2 and N2 in simulated

membranes
Scoz SN2
membrane | ey | G ayimeny

cmHg?) cmHg?)
Pebax 150.70 2.80
Pebax/Phenol10 170.21 1.22
Pebax/Phenol25 180.11 1.43
Pebax/Phenol50 196.46 1.82
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Table 7 The separation performance of simulated membranes in
comparison with the other studies

Filler Pcos
Membrane loading acoznz | Ref.
(Wi9%) (Barrer)
Pebax1657/ZIF-7 22 12832 | 2561 | [13]
Pebax1657/MFI 20 12360 | 9500 | [23]
Pebaxlﬁéé/POSSl P 30 161.95 | 5009 | [12]
Pebax2533/POSS-
PEG 30 335.04 | 2859 | [12]
Pebax1657/FAU 20 8023 | 73.74 | [24]
PebaxlO?émOz/PE 8 14230 i [14]
This
Pebax/Phenol10 10 18383 | 11562 4o
Pebax/Phenol25 25 270.16 | 96.49 SE‘(;;
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