/ _
A .
o / __—
vl _— U -
Yy - QR
P > e
7oA o
/S ~ ~
/S S 55 -
/S S/ .
/

/S /

l/ L

/ i

/ e

/ = —
J 7 -
/ z —
/) ——
/ —

// =
/

EISSN:25885-5251

.....






Ol jLS waiao JENEN)

Ul J8 Gasigo ozl
6lg53.0l Lo ;3020 558>

J159: a0 iSS
195940 ) 5380 S5

ol Sl
=02 S Lo 30> usigo
192 5oUL o Judigo
OPOI—POAA

(922 las 8T JUil—glg jlgS olSiusl ) (53020 (pamn> ol JiSs
(Ul.o.:: qurglB glabw o&.&ﬁl));lj.‘: wiSg Lo jolle JisSs
(U5 081) ibg e JiSs
(e Cusmiuo olSUE01S) (lgags Lo Ldy 4iSs
(i imiuo 651 ) IOLED 3029 4iSs
(Sagu iziuo o851S) S5 oliblib L pule S jiSs
(Vlinzgly g Glisw oSES1S) ous) jusy JiSS
(s Castan OSUED1S) a2 Plw> S 4SS
(0185 liéi= pgle Solg — ST ol5w15) 631 j olol pantiligyl 4iSs
(s o 688w1S) HLBT Sgaumo iSs
(Ulgisol iziuo oSl S) iluw>l Lid jxazo yiSs
(s Casiao oSuiidg Jy ) 53y Sl poule iSs
(s o olSuR51S) 031 j (53U Ly S 5S>
(o imiuo 08E51S) amo Gauzo JiSS
(s o olSuiols) I 48 jguaio JiSs
(s Cusmivo 685051S) gSus (59 > Lid 00 iSS
(s o 68uR51S) obilsy W1 sac yiSs
(e o8uS1S) o JLS W s>
(1o OSuR01S) B yén> 4iS>

Ol J8 Gwsige gazsl ilis

150 SWy /Sl gbbs s /gl ul gLbs /gl g5
1OAPY—1AQ§V :oiuwssS

ijge.igi@gmail.com

Ul JB waigo ou it ol oy SULES Juuyl sl
.Awlo 38 ool o (WwWw.ijge.irangi.org) sbin ou




CEEEEYy) ) 0)

€0k ju

P]‘”OJLDJE’.I&:UJE U|J9|)Cﬁ:-ub;b.b.c|

(Ul—e5 o5—bwls) —ibg e Sy

(s Cmiun o851 5) (SLPBT Sgeamo 4SS

(52ile—> o8l s) ilowl (a0 JiSs

(JlaojS o8 iwls) Gwjw Sgewo 4SS

(J=a o8_iwls) yd5ga) G3go -S>

(Su9—z oB_iwls) (5 Lsadwl patipe 4SS

(S0l Gimo o8 iwls) LS ST Sy

(s o8 iiils) (llgh sl 3o Ligo 4 3S3

(lizg Ly g Gl 65 _5ls) jl5gsj aspo 1SS

(Ol by Glo Sy i) jg—jsolyd Sl yd 4 5S>

(Qlow  o8wls) (5yolo  Gow>dazo  HiS>
(Otimze—Ls 9 i —uw 68 _5w1S) Slsw o )lgy 45>
(ura3—0 w5 oSl s) slgS3u0l Ludy S_ozo 4iSs
(Ulz9d isiuo s8iwls) Pa—bo (53—clw —izo 4iSs
(Vlimzg—L 9 Glim—ow O5_&515) gy 6gu>g -iSS
(U= oloywivgs Gisiuo o8_iwls) hosile Lo,y jiSs
()=S0l Gisuo oS _Gwls) juas s93go Lo ,iSs
(Ulagr LanllEils isiuo oS _iwuls) lisd s S92 o 4iSs
(Obimzgls g Gl oS_isls) (5395 Jgy SLal> a0 a0 JiSs
(Olizgly g livw 65513 (53— jo S jaw Loy o0 4iSs
OlaalS 6 4 j 4iSs

oS gl JiSs

(Ulo sS—0uid ybiny 5 )9 lid g imiuo LueSiulluaziolSuinl 3) o> ) Sg020 yiSS



ooooooooooooooooooooooooooooooooooooo« g.,JLb_g ‘:'““‘)'Qé

\ OIS S SBCS g 9 (359 )0 <5551 HIAS 15 eusyT

Yo

| IR G’Lﬁiojlﬁuj‘&_&léﬁow,obwbﬁg_‘,&"sbéﬁ)b’ﬁ‘s}j)ﬁ
B30 G o255 Sy

S o (Sadlomw o pb 5l (550 e b (S0 89 5y (215 Gilwaine
Yo 01 ad g ol 31 (SO 50 (S B9 (o Ll
SIS e« By b (Sl Lojaant el S S

:AC/PES axsewl oyl gl jleolaiwl b b 315 gilulas o Sloe owy
¥4 PialojT i
L_,’_iLc P ] ‘QLS J,.AAJ‘}:‘ “s.oél} [SVE 9V

BY o 55 porcamn ; a2 LS Co e sl (2925 165 51 (Sl s oo druwgl
ol abel ol o i (sgakoms oo soptlyl cilacs

3

£ ST ey 9 LUy (IS yg 50 Lind by 4 B35 g 3lwlaz  JoSdg0 (g 3 Lwdmuis
L o 1 55Ty Kol scsinme Lo o5 o) 6T

A id g (395 o B Gl €82l Slo il STn 8 gy 9 arwed (5Nl 19w
o Lo yde (g 05 g0l e ol (iug,0 dgeme dadl cuse (6,00 o gl s

000000 eecccc0c0000000 0
o0 000000

oooooo.ooooooooooooooooocoooooooooooD 1ol jub .pgw g i M> .oguw 6 jlod . P> lgy J—w



oF JLo 50 59l 00y 35 9 oode ozl lgae ay ol o HE  cwadie (ol
2555 08 (sele (romil Blgeay Ll SVL ST L Rl B (cmiige (o]
S By 5548 Olysls s olsld ol Reesh 5l Jela o gty e tidgeny )
ol Josas Jelows (a2l 3l ()58 5 Dliins psle p e 5 basgs &5 £f 5 Guadd slaal b g

‘ it ot e (Q)

A S
PRTTR 2vIvAN s i
d/)b;.:«l:/r)‘-:a//'l

L/ . V " &, - /' . .
Uﬂd';}ﬁ’l@'/‘f}%d’)bb&’ul‘}Iﬁ“d}f//;‘gi/',dhd"/}‘f’dé&/ﬂ&:'yl
* £ ¢
'./ . b & = % o Lok s /
WS SN IAN a1 307 30§10 T7 (§18 /J" oW il
" RET » " .y ” .

V = ’ ) "'* ;// . . ; -~ Fa
zu’)ﬁ%/i £ 5/‘)"‘17“'/1&{,9(/ i,:'/.uj"of('l)y’/,bui'lu‘_‘aw,i/;u‘

3

T g P i ;
"”"}Uf"'/w‘f S dots f."‘/""ff ¥ s s T4 st
; rj’)o' s d Iy
. . - yb o b i ¢, » Lo - -
NSWI A i (;h}d//undjw‘jb Y IVN DY) 0918 2218 O
“ e ] ¢ o "

drer”

on

i

0000000000000 000000000.

1ol J.lJLl pg;ugpaau)l:pg,wb_,lﬂ-w.pﬁ)ﬂg)d;m 40..oooooooooooooooooooooooooooooooo.



-a

“eeccccccccscscscscsocscscscsccccocd>

S ol iriuo oGS (i widdgen (5 5SS

S S g 00T yumno 10353008 9 5 Sigey ¥
&5 sldels o FeariS laanel SIS 59,008
Oisrde 220 Vel s 03550l (Jl onl b sl 00
iS5 5 s e 42 098 o0 395 (oreee 551 Sle
g o] drwg Jad wly aSL ans (39,000 od)
D9 s
slailo,le 5B 51 5,0 adgs (Lol pne 50
PRENC SN S S LS RN SIS TSRV
CO, Latlazgs LB als sl cobin s 05055
D95 g 3dgpm b9, 40 3 5l adg Tslojg b (yjg e Y
Y osg8l )l g Sl Lalb (Lo, sl o0)S
Jisil slags,gbd 5 515 dg) bglas 00 18 el
koSS (6,18 e jas 0 5508 b s o T (55l a3
Cado ool pl sl oolawl oS 5 59,00 Jl sl y
sl 00T 35y oLzl by (55500 St 515

38 Sl 513k 50 ol i s LNG Y

) Caro opl ool foadmle b 55 5L arwys
sbcdlie 4 58 Jliul K LNG cwl 00,8 Jgxio
WS oo pol 8 1) Ayl bshs gzl 5l 2 )5 9 SYsb
@52 el 5 Lol gLl g Lol 5,8 50 Lol 0,
D3k el e 5| K ING o5 ol o el
5L ez 55

1. Carbon Capture and Storage (CCS)
2. Blue Hydrogen

3. Turquoise Hydrogen

4. Liquefied Natural Gas (LNG)
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1. Mangling tendency

2. Cavitation

3. Bubble collapse

4. Bjerknes force

5. Peristaltic transport
6. Hele-Shaw model
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Ultrasound-based technologies, as cost-effective and
environmentally friendly methods, play a significant role
in enhancing oil recovery from hydrocarbon reservoirs.
By utilizing high-power ultrasonic waves, this technology
reduces formation damage near the wellbore and removes
obstacles to oil flow toward production wells. In this
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ARTICLE INFO ABSTRACT

RESEARCH ARTICLE Identification of hydrocarbon-bearing zones, as a primary objective
of exploration and production projects, requires precise analysis of
petrophysical data. Cementation factor is one of the key parameters in
petrophysical evaluation, which is used to calculate water saturation
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Received: 08 July 2025 (such as the Archie and Indonesia equations). This coefficient describes
Revised: 27 September 2025 the degree of cementation and consolidation on porosity. For carbonate
Accepted: 17 October 2025 rocks, cementation factor depends on pore type. Minor variations in this

factor can influence fluid saturation estimates, thereby posing challenges

for accurate identification of pay-zones. This study aims to investigate the
Keywords: effect of employing variable cementation exponent values instead of fixed
Pay-zone ones on petrophysical analysis results using Geolog software (Multimin

Well logging modeling). Effective porosity data resulted from the software were
. . applied into the Borai equation (1987) and variable and depth-dependent
Fluid saturation cementation exponent values were calculated. They were then compared
Geolog software to the commonly used constant values. The results demonstrated evident
Sarvak Formation differences between water saturation values obtained from two methods
ranging from 1% to 9%. Accordingly, pay-zone thickness and oil-water
contact location varied. Comparison of the identified pay-zones revealed
higher accuracy of the variable cementation exponent-based model. The
main pay-zone of the studied well is within units 3 and 4 of the Sarvak
formation, exhibiting favorable porosity and hydrocarbon saturation.
Ultimately, the findings of this study revealed that the precise determination
of fluid saturation values, based on the variable cementation exponent,
facilitates more accurate identification of reservoir zones and fluid contact

surfaces, thereby minimizing errors in volumetric estimations.
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The present research focused on synthesizing low-cost,
efficient activated carbon from waste walnut shells and applying
it in polyethersulfone (PES) mixed matrix membranes for
selective CO,/CH, separation. After carbonization, walnut shells
were chemically activated with ZnCl, and KOH. spectroscopy.
The structural and chemical characteristics of the activated
carbon were investigated by Fourier-transform infrared (FTIR)
spectroscopy and scanning electron microscopy (SEM), which
confirmed the successful distribution of carbon particles
throughout the polymer matrix. Also, the surface area and pore
structure of the produced activated carbon were characterized
using Brunauer-Emmett-Teller (BET). Moreover, varying amounts
of activated carbon were incorporated into PES using the solution-
mixing method and subsequently cast onto a polyester support
via the phase inversion technique. The separation performance
of the fabricated membranes was evaluated through pure gas
permeability experiments. The results demonstrated that the
MMM s exhibited a significant enhancementin CO,/CH, separation
performance compared to pristine PES membranes. Furthermore,
comparison with the Robeson upper bound revealed that the
MMMs approached the reported permeability-selectivity trade-
off limit. Although further optimization is necessary to surpass
this limit and fully maximize membrane efficiency, the outcomes
clearly underscore the effectiveness of agricultural waste-derived
fillers in advanced membrane design. Overall, this research
demonstrates the potential of converting walnut shells into
valuable activated carbon for the development of cost-effective,
environmentally friendly, and high-performance mixed-matrix
membranes for natural gas separation.
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Energy resources are among the most important factors
and elements of sustainable development. Iran, in addition
to possessing a wealth of fossil fuel reserves, has significant
potential for utilizing renewable energy. However, in the
energy sector (electricity, gas, and petroleum products), the
country faces imbalances, such as electricity shortages in the
summer and gas shortages in the fall and winter. Recently,
the situation with gasoline has also shifted from imbalance
to deficit. This article aims to provide a comprehensive
model for developing an appropriate structure to address
these imbalances in Iran’s energy ecosystem. The model
developed in this study to resolve imbalances consists of
four fundamental components: energy governance, supply,
demand, and diversification, which are interconnected like
the facets of a prism. It is worth noting that the base of this
prism, which consolidates and integrates the components,
is essentially the energy governance section, which is the
most critical part. The integrated approach in this model
harmonizes the policymaking structure, regulation, and
the coordination of relationships among various sectors to
address the dimensions involved in Iran’s energy imbalances.

How to cite this article

M. Ebrahimi Moghaddam, M. M. Najafi, A. Emamikhah, Development of the Energy Sustainability Prism Model: A
Framework for Integrated Management of the Energy Ecosystem. /ranian Journal of Gas Engineering. 2025; 12(3): 57-68.
(https://ijge.irangi.org/article_735141.html )

* Corresponding Author.

E-mail address: m.m.najafi2024@gmail.com, (M. M. Najafi).

Available online 21 December 2025

25885-5251/© 2014 The Authors. Published by Iranian Gas Institute.
This is an open access article under the CCBY license. ( https://creativecommons.org/licenses/by/4.0 ) m

1ol JJJLI [Dg.wgro.u;.u.n)l.?pg,wo_j'.o_mp.w)_ﬂg)d;m 4-ooooooo-ooooooo-ooooooo-ooooooo-oo.

©
3

0000000000000 000000000.



3

000000 eecccc0c0000000 0

“eeccccccccscscscscsocscscscsccccocd>

o bid gy a0 b gilulos Jesdeo g lwdi

Tl ye s FJuSl Soliw T (guazxo Lo < (5515 s.’.l-‘ﬂ govy

Ol oy g oKl (kg oo (gt 00SASNS ¢ ponds (gwdigee 09,5 )] bl IS ggzails N

Ol e e olRils (i g oo (owidige 00SASIS (oo (owdige 09,5 2SS Y

Ol Gy g oIS (g (ol (owiigee 00SLEINS ¢ ol (owdige 09,5 ¢ Leisls Y

herfan@tabrizu.ac.ir : 5Ll Jotue sdiu g (S iSUl Gy w01

S350 Al

AY - 54

VEF AN Bl )

Axao

VECF VNG sl s gl

oS>

il 45 5,8 oo pladl alize sla g, 3l eolaiul b (655 slabols gilwlax (535 o o
o8 sl 1508 Folog (6L & 35 Joado ay agal Lt (59 J9i55 it 55,31 UL, G e
O, el o ;08,015 5 slas5sleisS 5l S (65, UL ol g (goladl ad o o jlazes a4y

W5JL5U..NL “555)|b C:—ib-‘ “?,14_:,5,55 ‘53".3)"&45 asle calises —xo ‘SLAM.:.A)' 30 §59d9SS Q_g_l
Sladllae .l ool ey oyl o S8 by o imen g lalie ol L UL slola 4 e Lasls (gLl 4

Lad (659l calieo (sl i 25 9 s JSloso 5l

ot b o weled 59, S (sl gues

S OO g 4 (e Sge Sl (glwad

&) gol mlas jo 1) (5 bl Slelbl ailgs oo 1y 5 saisin (g5lulas gl lizee sl JLasl ols=
3591 G a1 ol oo 40 Oly3 i iSed g lalid g bl lellbsl a5 o ol d s ;0 45 aia

9t $U gl ild Las G5 gilalir ( Jose (5luand e lgunds

S8 Sy (rb 5 3l psle o35 slagl,z 51 S
B il glalas sl Ty oz ik as conl
ol o |y goladl g oo s SLlse 5 00,5 olax)
sleaio) ;o 58 gilwlas sllic ojg,l Lolecals
oSt ibalaz (g, gl wile o0t
(S 308153 55lehaz) pnes I (s3lolaz s s
1710555 oo 51,3 oolial 050 o 5 (s3lulaz
ans Jslgl o as Slaj il 658 gslwlas slalze
aile Loo 1,5 51 (6 ns (gl o el Sl o,ls YAA-

1ol jub .

doddo .
bl Jold Lasls (ilale Jolie sloa s,
a5 ol gl gilulazr g Lis S8y, slaas] s
S g by, Pl ol slatl 5 a il B s
S slabsln gilulaz sl a8 olid gyl 55 oo
ol ¢ 3 (golaidl IS sloacs Llad jlws, so )15 4
Sl laSuss plw 4 cund (Lol o Slas s, 8
(Pyore axly Slolee b (oot g (Goal ( Jgono
Slgasme b3k [F-V]wiS o culd, cods o i asile
Ol asile) Gl ciaio slagl > 5l UL 35, L

P 9 Piucy > g 6l . Pasjlgs Jl—w



s UL e > L slajl ol (S 55 3545 e ity
b b dgi oy b (IS Sl 0 9 S s5 sla 58
lbslie glulizr sl S o y3e LEE 5| gy
o5 wloas Jlosl coibge b olid wT b aaiz ( JsSse
otz (el a5 S e slog i 5 lid o laasy] )3 o)
3 L5yl g 0,0)5 059> 30 (rizman g dig oo ool
sleanlp aal ool Lo o iilyi oo golatdl
s Sl 5l a8 e (59,5 lyer plis ol
Ozl S gl ¢ygmmsl 239 Seoe aiile Ssliously o
Joiliy L 5l asile cdale Lol 37 e ygnl i8530
DV o solil 5Jbsg 2SI asile (So Sl

a1 Ll ol 2312051 5 gl 2Lid Sos
llid 5 oo Iz o3 o5l o Lad 5 aiin S
Sylite () 5Lad Jlasl (e 4z )5 5 ooliiwl s 9
9o o3liiul (Gloj (ygenl By oo plllaol .o il oo
U S5l S Ve L5 o/ s bbb b S as
DV Ylas sl o8 J5Sse 055 L sl ol s
bl ol ildg Koo (sl o3liinl 3,50 slalas
slaytsbo gaml 2l 1ol (sl g Jodseto ) )L
Sloj el sl gl o5lwloz anTd o wa o il
Wgds laz conl 1348 oliolaS 05 b e ool
SHap] b as ac sl (Sos8 @l)3 b (ly sla 55
68 P55 mg S SSE o b gillas a5 gy /Y
wlyagilb yo sl slacd o [V Flasls =85 el
Joee caia ) 55 glubia glalod anwgs onl )
99 8kes 3 J S o imd Bl polw g Sl 00 S
b 3 Gl j3 08 oo wal 31, Lié sla S5y
S 5 ST (il @ 1 lgegil
942755 990 315 silulaz il slagy v )3 5 L5 Lo
Olgieds oyamlihigil sl [Volewl as 3 15 Jbj)
O 48 09 o (goimaib Ladoon lid anl s S
o310 25 (o0 )13 gl gl 5 (gSae sl slis
F99e 039 S b gl Y B /Y edgasma jo Lid Al
Aibe pedla Ve s LY 5ITMWCO)

9 S rdydsi an ainly b JoSIse So85 asul 4y L L3
Cuales ialS b Sgad aSyl s azgi b g conl Lid Cles
oot S5b L slalie asl 0wl oo il Lis
Wl 6230358 0255,k e joeals LSl glalss

1. Selectivity
2. Molecular weight cut off

1ol J.uLl pg;ugw)l:pg,wo_jla_m.pm)ﬂgédgu 40oo.ooooooo.ooooooo.ooooooo.ooooooo.

&5 ek 5 05 g poede (39,00 (039 (s slulax
Soloas ol o 0y cnl s 3l g wilazils gy Sa i
Ol g S3llaz (S (9 (0 003 0SS
sy 50 65 0 Ses (Jod8 L plend 5 (S
UL (6551 Lol tal 331 g g WooaiaUT L b gl
45 e (59 s dawgs slad ,o 5 39 [NV -V]s 5o Ll
Arwgi S 05 i o Colan slae ulw jo s Gllis
488 Sl oo (b (GB50 L2 w5 S,
Ao G (Bl (g5, Byman b sisdon glulax
Cwd sl U Mo ndo i35 s b aige slalse
U 5 UL (52343985 Gl 8,90 Jgamme (og 5 (304
slid mhaw alS 5 6 ndidsts lil sl S5 bl
S5 lalas slalead o ety ol [a]asl Lo s ee
slolas (28,5 )13 Guyiws 13 850 )0 a5 3ls 592
Divass as) oo 4 e ol

O393] slahs; jl ealiwl b el eli (5 )5lid anwgs
45 009 08 gl gy ol 5l 5 09 o0 pll L
el 2 Sas; S il ool solanll ad o 4 (5,4
it 45 ol J5Sg0 ela s 1 goliy Slallla plssl
L g ) a3l ol slid JsSUse sla Sig co
Seelias (giland 055 (Sl ULy (6 dy 358
Jo bas culanes ol Slwlre S5 S (J9Sge
So e Jelss Jl 0 sladgSIge (g &8 > adolae
S (0 (om0 e (95 Oloee 35k 1 e
Ol @y 928 U 40 (JoSgo Solins catddS” laans
anlllas sl Coidgn b o] 280 5 oz iy Su3d sl
ozl axlllas oyl o el 0 ooliiasl il oo 1o o,
)5 o (el ilubir glaanl b5l s paine modys
b3l lwlaz a0 0,)15 5 slalas gavail
Ol e ol 5o (JsSse Salins (g5lwand G s
Sealizs (§iluwrnd Sligiod 5l (S p «oled)e 2g-bi oo
won 6 slabsle glas glulie &5 JoSIse
Al aale> bl casles S

F3{L% elbis gilulos ‘slbu.\.ni)ﬁ Y

3g85 ol ol 10 8 (g5lwlas slalis o, Sloe
el 5 Lid 45 (g b i el 5| ok
el olge ,o ol el 4 55 ,o 34a5 ey 0l oo

©
3

0000000000000 000000000.



©
3

“eeccccccccscscscscsocscscscsccccocd>

Sl oS hasd a S ol S5e gilulas sl sl e

Divlacis g )5,0 witus Solite 6,3558

G Hgamwl i uiul,d 40 soliwl 890 Lalic f
5 e Al ol p elS ilelaz 05 6
Ol g 0o )8 oo Sl glad oole S 58 2 oland
S slabyline sjlulaz (sl axdyin (L2g) 4 Wb olge
il 50 b b Slse w90 nl oslle Wish (b ol
Al NS 1 Jlel 000 58 olae gjlulax
olos (s pdydsts Bl | dlse 4 balas o35 silulor
5 o35 slalae Jlo Glyiea slid gun Sy 5 silebr
Joile g s (b slind Sl g Sl ( JIB g5 08
Ol s LIk Rl ly (e Wlgi g slid ol (i

Iy vasl Jsdseie b oS ey el b o Lo

ST b s pouls glaline N-F

Sk sbolid gl salizee sl )5 conin o
o)Ll 5 (g5lwlaz 4 lgs o Loy ] alos 5l aS 5 ls 544
ol o UL slales Jazs clld La oy [V] 5,5
£ ol aS Slajcpl poglle il 1) cozley ol
wibe ploabiowe )3 Jg b slagile it Lis
b 5 it g LaolSayUl ¢ ity slaails IS
3 Sl 50 (S Gl S g 0 s oo Jlos!
Slalie Jyans jsbas aiily jlu St aiilys oo ST9>
e ol o 4y« Jodeie olge b s lin 1o (6 peuds
592097 3l sl Slos Ol s UL syt oS O3]
Divlaas

Some b T pué glalic Y-F

Jo ey slalie IS e A5 L
Sl bl s et w0 oS,
o e Jslge ol pled oS o lay (aals uy)
IVlccul ooy Sase slalad cow as 2l s
@bt 5 (SOl 6l Gitls o oglls lalsd o
GBS el glalis Ly anlio o amg LB
sybar oles e dm gy ol 5lg 9l (65U Sl
o 35 S slabslie gilulax 6l louli
T CE RPN 1 [COR AP P I R '] REPK PN
Iaia ol L 395 slulas

1. Thin film nanocomposit

$b 5Ll ol sloo p)l RS 3l JP PR gy
bsloe | aliee glajls (gl 2ld 5 (5lulaz ' jopals
Disleclanl cadad 5 IS ( JsSUge o3l bl

).h.\.iéj.ﬂ.i oole s.:..\> P e )lf S)LN‘» @Lm.c ..\.».J)B
oo byl8 o olaé gjlulax o [V Ylasl o Lae b
WSS 0 3985 g o Jo Lag glaal o Lid Lol 5SS
S STyt ol S o a5 Il 1k sl Sl
B @las wly jloas eSS ol pleear caile
Sibelaz Jile (@led 0 5hoe a5 2 Conl e Sl baslS
[6]ass o s 1, 55

4 e (59 e (e 1) 5B sl oS ge S5-43
1,5 (a5 SO gl 98 lawgy cdale

dc;
Ydx

Ji= QD)
Jesl co o € g D, ol Lie poiejo L, xl o
Sz Olaizie SO X g diws slid o Jolowo I8 clale o
e o 58 el g JUsl dgs sx_;.i—l)s'a)a)fl ol
)eJ;Mmck,»)onle}L?Cic‘lalé‘os.zub)éJou
b b e

Ci:KiPi ™

podle g S Las C g P g el cll> cul K,
)\)(Ys \)uUéL&né}a)lfgichd‘bwl:)?LgLu&

Ji= Diki(P; — Py)

l 9
Ax

éP )LNS C"i BP’i clie cwlbrs AX l_’>r.u‘ B

Lid Cwdyml g ccwoll )b g0 o wes s ard 25>
oy b e o il S8 oS 3985 s3> ST ais
8,8 i s anl og aeles LSy g el o U
6 AL s ol Jlows] 2 58 SO (5 pdy i 45




ONR S PPUTESRPS TETNVPER PR AT | ) RO
Jlail 5 UKL o3l alaS 1 a8 ol ooy axslis
Cezlzr (oml moglle Sl 1) 0g 5 olete ol
(S5l i mgn] ely 3 slsul del osly oo sl

Ivfloss gisine slo ol o 5L L o

S(MOF) JT- 535 sy iz Y-Y-F
S Sl 56 Sl e LaMOF
b ales,S j5gls bt slao S Jopmiliy L
53l 5y geyesia O e Ve e LD UL ol
(St 5 Sy 5l 5 8 meveilian] qoas L
Sl slys sl b Sl )0 (o) a1, LeMOF
iS5 S oo e JLab oS 5 Lalsss aile
b uly S5l 5l Ugasne 45 (6508 asbin Sloinens
bl wilais v Sesl JT Glaaill g wileas Sis
sy sl U1y MOF et olys g b s L gl
3 292480 L8 ol aile (g0, )5 LIS
MOFs [¥0] 55l oo (Son 55 (g3l 33 5 (55,5
e slail8 bl oo ) sl o slacs )
5 85 (il el 53l Jloo olsioa) oLt
Ivslasms oo asl)) o Slae g dslio ojlasil p ol J s

F(MMMS) bglo s ylo glalis F-Y-F

g 98 es Sgnp Cuzr bgle i ile lalis cole
slee [5 0] was 7 lae (s peuly slalie jlisle #llol
Srduded (S piy S Gl ety Lol o le
00980 5l (SB8U sz g (s ey slalid @y cons ]y 50 0
Byl 093 (IS 5 gilelar Gla iy b Gase DS
L lalid g9 ol wad S8 slacaje ales 92 L [VI
Slyzme 3 oReal (FusSTy wile oo ol
5 68 olde yo oy SlSis b anze b ous »
DY olacs axlge Sauss

g0 Saolius by g Slanl b
O ye—ody 45 Jolaie ol i 535 sloans b o
Jdo 4 UL slos byl i o (g5Lwlas (gl (sloo oS

1. Graphen oxide

2. Carbon nanotube

3. Single wall nano tube

4. Multi wall nano tube

5. Metal organic framwork
6. Mixed matrix membranes

1ol J.uLl pg;ugpaaw)l:pg,wb_,lﬂ-m.pﬁ)ﬂg)d;m 40oooooooooooooooooooooooooooooooooo.

oé‘; d.vb » 6|.b|.&.é N-Y-¥

dnwi slp ez BB Sy o Slitdie 5 81,5
Sl Ly Jelsiogl S5 358 gl e slalsé
o gl b8 90U slalie a5y JeSUge 3lwlos
e lrossy wlys oo mleie la )i lw b 315
Dva A laas @) 518 g5lulaz (ol 1, Ll

sl by o818 5l i MGO) osT 815
(JeisS 5 oS sl S5 000 (JnS 525 09,5 o0L
Plss 5 0,8 4 jamie o 9o LSl Lo
355 4]y 5oa azg w09 S, S B olendsS
oo bl o aneole il ool 1o oglle ailos 7 >
Gillaz o @8 Sy ool gle Jle b pls>
alo 5l Ladie 5l (g s ;0 00,508 jobay o JsUge
I¥ - ogi oo soliul T (5lulas g1y 4 i

Gam aw slalag 51 S(CNT) oS sladggl
Joy 0215 5l 55U wlade 5o laailgil (315 a0l
L el g0 o Ly Sy 1y Lol s oo 5 009 00
"SWNT) o Ja> S5 sla ONT wiligs oy, 8 o
AL ;segilb VemBe odgamme j3 (S ;a8 il
s sleadgl wiea el Ve-Fe LSD
rogil Y5l gy ,ha8 0l o "OMWNT) o,lo>
Slamo Laos L yegil Voo LS (o las g0 sladlglgl)
comlin Jlows olss aalgdgil ol IVV] sl asls
p a5l Al LSl Ul ofns mhas alex
s Lo CNT .o o lis 1) pdas 0B g a gy
@bt 5 S S (Sl (S ey o
Iyl s 3 )8 asg 0,50 Lagl amg

ey .VY-Y-f
i Jis S slacliliwgingl Lacdgs;
SIO4 =9 )LP )I G dw A&o_u &D Ja_uy 0d
r:lS:u_“J dL?U‘ 6')" J?v.l?w Lgl_(boL? 4»1: K9y » [EY IR
0diSd Hln 095 4l 5 cigd 0 ools! Sl

©
3

0000000000000 000000000.



©
3

“eeccccccccscscscscsocscscscsccccocd>

oy als e o Jobss gl ads> e 50 ol col
el pls slocols folie olccwloa s azd 318
IFY Y] oS o sl Julos g 4o g ol e

‘ r—t) } o B g
[ ik e
| e e
|
h gl A Jada
ol i oy | l
S it A ey Sl
dpima
———
— A sl e |
o A [ ady -
Free |

| M el gl g
.
v
Al Sam as ik
o

ez alali babs | JoSge Sualiyd (55 lmdmd Jol o 1) JS

w0 LA 1) (iS5 slapls

sl b (dsere (JsSse Sl giloaes S
(R 5B on Epd ($39)9 Slapne 5 adyl (slajliSle
5 i bt igiloand i ol ol el ope i
S bl s S so ymend Aol 0 5 el slass
Syt sl sl Aol wnlin sl o el
oobel doosls ades 5l LB plply sl Lol Jow
sl o Ko (EFF) oad CBl 9,05 e S
Jolate g sloglare 3l iges wiz [Vogs iy wil
CHARMM «CVFF DREIDING UFF  Jls
23l sa COMPASS .OPLS

S3Lwloer Gpiumn 0 S os (o) 2 Lo yolyl .V
38
el (Jise Salins glajyall 5l glanws
B Gaa ] balas ©jle 5o el (JeSIse sl
2 JsSse )L, parhe (nl I (Jle gl S aims oo
JEl plss g Wige )18, «s pSiuzr ol balias (S0
) 5535, il el s Shae , 2l o ln S5l

02310 50 elem 5l atws (nl (Byme 4

Syl polio V-V

a5 el oo adsl (slmools 5l slaws (65,0 oyl e

1. Monte-Carlo
2. Force field

wlaxd )5 f5 5 aalllas 9,50 UL (59,95 5 () > Cueglie
6599-?)&? ‘C,‘_ij») o> )'| (o slalioc )'l J_u)L..C
aloz 5l oS e sla izl g (MOFs) JT et
olya o] Gl ,o [YY V] 85 oalesls slalie
09 oS A ] cwiws Jds an Baee u)S
B aslle 3,50 00 50 e by UL (51> s )lml
6olocss L olys ol oy oy YA NV ol 5
i 030l g 58 e olod el el a5 (il
Se3edns Cple g (xla slmog S slaaisS g oS5
sl ol ol azlge o s g Jlomo 0 sla sl
Ple 5l e Gy J5S50 slagjlwans
Sl (Solusse s olss an iSen  slosSUse
Ciogs ool plo LY WV oS o a1 Lo, T g
y&?séjﬁw&o}‘)l_&:ﬁuj)¢5b‘5ﬁ}‘ulibw
i 5 oS 5 S e U S 5l sl oo Leis
DV st Jol> s isln

oolaiwl 850 JeSge (g3l Joe Lol Il 4o
Diibee (JeSge Snls 3 'MO) 4, Scige g,
aS bgilwasd ol o 5Ls 0y owlal Slelll
Gilwdd b cds 5 bl clLlB g Laxil 5 bay
I lasis JeSge ollols S o ons |,
39 50l 0,SGe, S y0 Ugane ailys oo b g jlward
Sz o (Som) Gl 028 slaghs, b alie
I Tt soliul gt SO 5l ols axslisls

slagts, o «JsSge iluwany lUlbhol
‘_gLQMf Ui 3o as ..\_«S‘sn o)Lw‘ @‘L_wl;u
Solwdends Wigl oo a8 S L L5 o Cmlyody J9Sge
anlllae Sl 55 Lo talejl any Comad S o S (J5SUgo
b bl s cilisen (sla peiiie o0 J 58 5 Ssladans
oo 5l 005 (S g ilwlas dallas 8 jse mi
Irvls)ls Lag T )

Fg0 Solias slagjlwands gl 2! #
e 9 Lo s Sloml o (J9SUge Salus 55 55
2 s S S5 s sln Lag T Jelos 5 a3
ooy Lisd 518 ol prnns olomy] ol o0y 58,5, L
Jobss cadsl (oo lade (ol al> o by, 4w Jolts S
oa ooy las (V JSi) jo a5 jables .l 0 dgs g




oy e JsSse (Jge s oSSy s x ol 0 a8
ol W 5 5 STye5

658 o lgo0ls G iSen a5 5515 slaJsSIge
Jodo @ Lol caigds oo Liné s i gl jas adlo Lag
Sl sod (ol il 5598 L Slo iiSen (oo
s 5 TS aisd i Sl sladiss aS Col

[Cals el S L AT

"(PMF) lwgio (59 5 Jummiliy Y-V

Slets caiS s Joolge 51 S PMF

Silmtand 53 s S bl (65,50 (Sslooge s
59 D58 go oolaul Slabee el )l 5l 2ol loieay
o> ez S a5 ) (65,50 Sl lsi e PMF (a3l
Gz LS i 05 5,9, ol L Lt s
O 5 i (g 51 B slacsy ay e ced 4SS
ooliiwl LPMF 5JUTIA o0 S (6 )10 ,mtiges (o jlwannds
5 IV ] 0 o amlone 2 g 15 ()0 yadigas bg,
Sl a5 p 55 e e diloe ogmaS (]
W@%Mﬁbwf@&bwow
laiss S5 65,31 by S IUT ol (s 5 050
ol 5l 20 slaases ol Sl 8 )8 i s lbas cul

&b o)y A
Sl Jlwl slae a5 wlbols ylas Slalas
ol (SSe 115 31 5 S el a5 b gl I (sl
b Shs ol il ool (ay pai o934y Ml ojlail 5 0o
Las SlSa i ol eails, @Sl a1, o JUs> s
sobolen [PV S o et 1) 0 s iy G35 5005
iz sbalid il ools sy |8 slacend (o oS
anlllas 550 235 (gilulaz (sl LSl 5 ez Sl
Sealizs siludnnd 6,5 S b Loyl o Shos g ax3 5 15

1. Mean square displacement
2. Permeance

3. Gas Permeation Unit

4. Potential of mean force

5. Umbrella sampling

1ol J.uLl pg;ugpaaw)l:pg,wb_,lﬂ-m.pﬁ)ﬂg)d;m 40oooooooooooooooooooooooooooooooooo.

il JeSge Sl slagslwans 3l olss so
Gl Ko Glgi e FF S 5l ool ul U [YF]s 5
SlaiiSeny 0,8 iyl 1) GaSsm g G9Tem
79 9 4sly 9 Ssm gy g A L goien
5 ol yils Jasgd (gaigy e slaiiSes g ol e

g o 03l Lidey Siliwly mSIl sl iiSen 5

935 By Sei @y lmly (pSke Y-V
SRMGRFS
Glpslid ple )0t el S (D) 3945 o 0
3 el gy LSl g LaJsSUge (29,35 capogs
St )0 (pyatn 358 b)) Ly plepiww
L b & )gon 'MSD) e (lomlr (=Sike w555
Sllie 5 1STalal el &S S e by i8] s
clite 5 b3 lagyb sl i G815 s
03 Sy sl 0uins Lt MSD i o e Sixio |,
(D) 5585 g y& sl JSdin Jams (3,1 51 (35-30)
olea ool 1 lay L MSD alal) s 5l ailgs oo
Ivs yolwl cows a4 il

Sl RS 9 B Sek Gl aulxe
Ll )50 iliBie Ll b o Lis o, Shee (o
clasl jl kel Lol slid slulas slapimpws ;o
Sgis .09 g0 ooliiwsl Lid (5590 0 ol 81y T(0) S5
Ol S yo as () 315 sla JsSIge Sl plgea 55
SAP) Lias slacl js jLas LS 51,8 (0) fpns
aly U Us—omo d[YA FVI0iiS o j5es () Lt el
Db iyl3S ) adolee B 0 TGPU

n
A.t.AP

p= 4p)

el gl p Las G Uy oasmoplias g pdy i 5
S5 bole S 5l ol JoSdge S (3l (5lula
33 00sS s Jole Sy (6 iyt i eadly o vl
GrRpin S ol Jypame S UL ogls 4 oliws
D950 et ) Dygon B 4y cond A J5SUse

Sa), = ®

©
3

0000000000000 000000000.



“eeccccccccscscscscsocscscscsccccocd>

lr sl 9 JanSgpaea bond Jloele 0)i> SO L 815
(Y Uy iols )8 sy 09,50 |y CHY/HLS bglea g3l
Sl JsSso y9u elys L o ol a5 siols (L gyl
Sele sleog,3F 350 0,Ses Lol sl 5,5 HLS § CH, 58
lolaz (sl 1, Jkliagh 18,5 slid wiilie 4 (g5,
(Y JS8) asS o o3l g cenlia CHY H,S bglses 3l e

pll Oldllas 95045 dnlol jo el ool s (Jss0
llie 5l aiws jo 8 Slee @ barye 3l GlaJlo ;o ous
A aalgs 4l bagls gjlulas 4o

S yS sl N-A
slae o Shae [FY] ) Ien 4 oolj aan Y41 Lo o

(1)

8l a5 (o beous (a0 yShos ylgicas (-F) 553gld g (COH) S gy0up b Jokisiogils opdl )5 slind (1) ¥ S
[F¥] et (39008 duidgmr s J9SIg90 g Lo (31,5 axiuogil bl )5 GLikE (59l 4F oudh (63 Lwands dnn ()

.,.

+ hirihane
& Hhdrogen walfide

B & B ¥ B ¥ B B

Sumbsr all prrsscabed pay medscaloy

B

i i ad LLE ] s

I L2 1.4 L& ILE

\pplied presare (M)

Jloe!l ciliso 5loyLid )0 (8,5 Lt d8Lio 82 5b 5l oud (gl 5 ()59 )08 dadlgw 9 Hlio Lo JgSdge Sluas oY S
[PY]asbait Yo g5lwamds oloy Job 50 oais

Pl e slasluans .o oolizwl o1 g CH, COLN,
B sladsSse 59, 2 ()5 6955 Jee! L '(NEMD)
ools ylis aslllae ol o aiaud plowl 3585 &y s jslaiceay
0L S BB b 5 AU ST 815 Bl (gl 0o

e 6)‘“'1’ 6[.{3[;2..&

1. Nonequilibrium molecular dynamics

0 LR s 5 950 ol YoYe Jlo o

odd silwaign 5 00 plid LBl S w0y asllhae
Gl UL pdy Sl s cniydel & pliws @lp )
ool onpdgy (L8154l (poiz jlead asle a5 wis )
5 ikl (sl g (F JSK8) 00gr (3157 (slaolsao
Hy CO: sl JgSge 551> slajl8 5l (sosloe 51 039,000




CE

T T
- e m e e m mm e w

(&) (&)

[FF] g 5lwanis 3o oolisw! 5590 daly Ll () touds oolism! elind () .6 jlbwumns primnn (5 )il (b S5 g F S

oolitnl b oylie g poula (5lolaz o Shae auslio g anlllas oy g45 93 Y-VY Jlo jo [F0] ol 5en 5 JoSU
0l 18wy 0550 (JeSdge Salins (g jlwands slp O J50) LS slic g9y p ) ol o Jele

(<) (AN

3 s 508 5 S5 (610 55) 358 080 3 S 92,5 S8ln () 9 5559l 3 S 31,5 Al (1) L (k5 Lk 20 JS
[folociwa F 3C O.H e A &5"’33}'&3:

555 ledsse o (VAW) (ullgjuily slagiiSan sy 5 GPUN " sga s )0 pole S9i8 i5Tas
&y PMF) il 5350 ity Slialons did pehas ] s & 351 (gles 4 o lole olaidl§ (slié 5 b
s 00 (L5 el il 3 15 sla JsSge dgks dnlllan 45 il 03,556 Cams bt F slid ) UL e &S
S iSen v ele Lo slaJ9Sdge Jlie o SUL 6551 LS slad UL (s ndi i3S 9 s nipdoi onams (las
e Lo mha 5 lap] G st eizmen (B USE) wilioe psle silelar sl o el

Sboo g JBwly gbS Ber KPa jLas 50 ylo Jole d8lw b lidl,8 10 65 bl asumild JoBg y ades y guai 5 S
[fo]aib o C g He H (glagsl osids oyLis (61059 38 § duiian « s $KS y a9l Vo 31 Ly (301

0000000000000 000000000.

1ol J.ULI [Dg.wgrb.uu.n.u)l:pg,wo_j'.o_mp.wb_ﬂg)d;w 4-ooooooo-ooooooo-ooooooo-ooooooo-oo.



3

“eeccccccccscscscscsocscscscsccccocd>

LEV] s bgliee slasls 3o al33l el urkew 59
S¥se Seolius (g5lwands [FA] o) om 5 (s ppnles
JESI elsz p b D356 6 3L ST oy 0 sl
sk el 6 ok sl S o N, g H, CH, slals
geevey )i.)Ls.c L axdlas u.:‘ .&0)5 ool li:lw:/u}d}w
@l b 4l s il )5 ek IS0
aisly lis g awsdls os5 Gillai wa b (g5luans o o)

g slid s Shas 5w Jole Gunlows SIS (635 L a8

ey lis Y-A

sl sloancs [FA] ) 15en g 0oljoess slanillas o
Gkl e 5l eda 5B ilule (JeS0se Salis
Si-PWN) alls Llew PWN g6 oy slec
ol e ols plas b aisls HI 3wy 850 (V) US)
VYY) +” GPU porla sl UL (6 50035 wilgs oo sl
Ol sl sge 4 s poda ool 398 (5 pdo i S g
JaS o.))j—‘)..v |)

4973 A

bolso o yilo ool zlol (g poady slalie Y-A
(MMM)
St [F8] 5§ el Lags (gl anlllas o
IS Sige slotsy 5 JiSle Sealizs ol JsSse
Hyo CH,e 55 sl J5Sye ol 5 355 s oot 1
o rle glalid ;5 515 59k esS 6l N, 5 CO, O,
5y o dPC) SlipsS Ly 3l o 4L (MMM) Lglis
55 & slas T isls ol A4 Jsi; s (NA) el
5 s @ Sl glnlr wile lulaz 5 (olad
PC lic a5 wisls (lis e MMM jo Qi slap g5
oole] MMM ;Lo b anslie jo 1, 0, Shae (0 g ool
g Sl pwyp Baaly Koo dslllas e oo lis oo
clolié 1o Sglite slacdale b agls Jlisil i3, s i
Seelss (il SoSiSs i ploil PSF/ ks
SoS Lyl Ll cod WMMM (55, 5 JsSlye
G ol plsl e S5 o, ialidl 315 CO,/CH,
by G J sl Tl ol ol (gl

[FA] Si-PWN itdg; sLind Jolis oylio g ks (53wl (6Ll piammns S Locs 2 S

(MOF) JT 5348 0oyl Jolsuio gl glalins .F-A
SIFSIX-3-Cu(MOF) Lze Ulys [0V] o) San g Lo,

it bawgi (e g eale S5 90 (gl ol (A JSC2)
aS adbals ylid s asaly )13 ) 0550 (JeSge SCaliys
S5t 5 8 iy e o Wl oo STFSIX-3-Cu s
ol soel ewd 4 (UL 3945 L g aisls He (g slulo (gl |, UL
He UL oola| 593 (s v siainsS o VEFx)+" GPU sga o

255 (sl Oyl (UL o> I CH, (sl J9S0g0 40 s

Sealss slasilwans [00] o Ken 5 o0ljipu>
oosbew DDR g5 slad o Shoe b)) slp (JsSse
sl Kr/Xe) o555 5 o5 S @ilobzr sln A
JELEe 00 b jao o)l Lid s baggloares il
S pdded o s slad o plosil ailigli Ve o jo o
oS YVY sles 5V MPa jLad o 1) g pdy (235
L AVYYOxAY mol/(m2s-Pa) nl s e ,S &l
ol las

1ol jub .pgw g Eiuww > .pgw 6 jlo—bs . Easjlgs J—w



L S L T
e i, . . M . A IR

'
’
'
#
#
i
!

N PR M

L
S ey

3l g penld 63 belso g jLulaz gl SIFSIX-3-Cu gLié Jolis (g 3Lwdnnid durs Silos :A JSUi
©5 w0590 0 o Ll 50 9 CoH He € 5 4y w9 (o296 cglojg b (2l 005 0 B S,
(0] consl 32,5 (526536 3 (35958 iy y9isld S

le—iz g Bae ool Lo wbas (il clese
Dyin (o2 9 G lalas i 0 S ga bl
sl s ool sl 5l oo b sly s plés!
olS glaodled 5| 5Ly il atyl b sl o 5, Shae
Sl (lid Slge polae angi ( alid (5,5l areej 5o
@i iz winnn Sl ol 6l (BB 5l
Stles Loy 3 gilwdige 5 2l (Slb (355
Sk 3je 5o ol s pleair ol ot o
ELERVIC N [ S W A Wy S| B EWae
syl 36 8550 53 Silatas oy o ol
albas oo b (St oS 5 Jle plyed) (Sloles
5 elid gilwlaz o, Slas 10 (g Loo ) Lid o gl
elzd oole SO (gl A Sldes Ll o Lol
Tovlosb o ol
Slallas (gilwands 5 glwJoe o cd,in L
Jbe So el oad oo Slidind eel o
slagiie glally ibeand ol a8 ez
3ol a8 gilvlas slad s o adl))
Jlie plyeay) sqaz slss i eslin il daggsluans
3 el ools dnwgs lalae o 1) (81,5 ¢ LaCNT
L slasbly slwdae 5 ilwand i dle slao )5
ot Nl L (s delz 4 g0l 0
b Jlew labglie Lol s Slus oS 5
SoS Lol dean ol .crwl 00,5 S ooz

1ol J.ULI [Dg.wg[ua.au)l.?pg,wo_jln_w.pm)_ﬂgbd;m 40..oooooooooooooooooooooooooooooooo.

5293 i asdllas aw opl 5l ool s a5 s
9 poale lasl8 silulaz (o) o Lis g5 4w 0 Slae
Aoy 10 1) gam Oldllae plosil g aos oo Cows 4 L
gy Rl LSlo b balid jsam o lasls (LS,
O)L‘”LSA

Sl (gilwands jloolawl b )50 axlllas 4o
Sl olsP g S ndy AR S 9 S9k o pS « JoSe
~J szl o byl byl 5 als- H,S 5 CH,
S5 8,5 5 sy 50 MILAT(V) 538
&9 @y sl ekl b ases o 515 slasSse i
Sloslainl b 55 slo JoSUge 3sai 58, s (RDFS) clais
3590 9131 6531 Sl dedo 9 sangs JBz sl loges
Loyl cé5 15 o)y

ol G yo 1 Il g jllpis A
oad piiie Vo Ve (gy5lid jlaileio an a e U
slagyld 9 Gllze JsSgo pole 455, Ly
5 Il Gl e sl gloane; 5l (SO Slwlxe
@ s S8y anlpan azg by coul ool
lp oltglogl o Lz 5 (g3l Ly aga (olid sly
b Sen Joly Gy S lie slao )8
el Bun el JsSge o5l e Ly sl olys
@59 Sl Pl i lie wx s5lw e
oo 5l gt m adsl Jsal el S
5 F9Nse slagmbie 4 olelll JLitl 5 gogilyS

©
3

0000000000000 000000000.



“eeccccccccscscscscsocscscscsccccocd>

&S Az e

4 5 bl gilwlax gl as olie g,5l8
o3lasl e b (golaidl IS slaacs Ll 51y, o0 )8
Syl GacSiSs plw 4 Cad ol o, Sloe s i3
LgL(bL_m.C ad)‘i_mf )}Iodu ULM .».\_3)‘& Srop ‘QSIW
ilools dxwgi 5 sy |y 35 g5l gl 550l lS
Laad 5 oib 51 ISiiio Bl Spugs il 5 Lié cppize |y
SLeMOF 5 Loy ()5 0 (Sue sLoadlglil
Ced b 5 S ndde (s iRl vse slp LS Lugls
3o elad Glas,sld jo o magh ailoas slpiiey i
5 oalie (slaibl) slagsslwand 5 )b 5l (JsUse wla
V50 Salind (ilwand ool JlsB0 2p sla s,
I35 bl o ,Shes (nian 50 555 G2 Mg
b ansls g, slalas & b

12l

[1]. Aniga Imtiaz, Mohd Hafiz Dzarfan Othman,
Asim Jilani, Imran Ullah Khan, Roziana
Kamaludin, Javed Igbal, & Abdullah G Al-
Sehemi, (2022). “Challenges, opportunities

and future directions of membrane
technology for natural gas purification: a

critical review”. Membranes, 12(7), 646.

[2]. Amir Hossein Behroozi, Vahid Vatanpour,
Louise Meunier, Mohammad Mehrabi, &
Ehssan H Koupaie, (2023). “Membrane
fabrication and modification by atomic layer
deposition: processes and applications in
water treatment and gas separation”. ACS
Applied Materials & Interfaces, 15(11),

13825-13843.

[3]. Jos¢ M Luque-Alled, César Moreno, &
Patricia Gorgojo, (2023). “Two-dimensional
materials for gas separation membranes”.
Current Opinion in Chemical Engineering,

39, 100901.

[4]. Maria-Chiara Ferrari, (2023). “Recent

developments in 2D materials for gas

Gilnde pll s ok aallS sl
5,80ee Giogs (6l 1, (6 pps cdblis gelaus o (glasill,
S Fege Sels waS oo L ULl s L s
Pl s olab bz slwand sl 658 95,
Ivvlccul s U (g agil asls b olalasxs
5l elid gilulas g bl oS Jls yo
sl iy goliatdl gladisse 5 (g mdy Gera LS
Ol o Sliizd g ol s al Lo (S 5l golas
Sealiss g3lwancs ;o Lt DV oS )ls 8 cgs
slatsy 5 Sl cnlie Joo S aslingdly (JoSse
4 S oS o ol Joles gla il 5 (55lmoslal
@S sloosls wlys oo Lemias (JeSIge Solins
GBS gl ) plsear asl S LSS ) (a8l
S o o oy aslllas o a S SUSCin

o¥] S g

oy iS4 0l oo (JeSge Sels sl S,
S93 bamme b Lol Jalss (555 conzmy Sls- 51, 9
S S (Soielom 9 lend (S L8, 09
Sl sa J3SIse Spoliys o 553 U5 45 5 bylen
ot b el Jlo o (s s )lse (o) sl
ool (So3slsm ladise; g olys pole ool rne
Sl slaylpl 60,25 slaasly Jol Syl o
P90 i aS (Jlo o waenl sald cn e
sl el Gl So e (JeSge Sl
g Sl oszn SIS0 092 (6095 o (S
Wilgge el oot ] (i JLis 4 a8 Sl
e ol sl tey 751 (S il sy
G VLY olyw pole 1 (e o JoSdge Sl
sloalas b ol 53S0y ile 5o )8 ol il
Jlw Ve Jlw b aS 098 co aiaS cdin ol 5o b iy
e e osee So il lac Ll su]
Al oo 45 05 amlys Lab sl yslid | Saal )
ey Sloged ]y ;5 SUsk 5 155 slagsjlwand
Sl aS cl ol o olizel aas slodl 5l )5 g
So 0 Sl slacsz )bz 5 ol jebar J9SUoe
b ass )5 o sleo,Sog, Lol cfos s jpal
Iy Jocat el 51 o mUb a0 ks



science, 9(1-2), 121-189.
[14].JW  McBain & SS Kistler, (1928).

“Membranes for ultrafiltration, of graduated
fineness down to molecular sieves”. The
Journal of General Physiology, 12(2), 187-
200.

[15]. Gauri Hazarika & Pravin G Ingole, (2024).
“Nano-enabled gas separation membranes:
Advancing sustainability in the energy-
environment Nexus”. Science of The Total
Environment, 173264.

[16].Didem Aydin, Ilkay Hilal Giibbik, &
Mustafa Ersoz, (2024). “Recent advances
and applications of  nanostructured
membranes in water purification”. Turkish
Journal of Chemistry, 48(1), 1-20.

[17]. Majid Pakizeh & Minoo Soltani, (2011). “An
overview of various type of nanocomposite
membranes, manufacturing methods and
their application in gas separation”. Journal

of Iranian Chemical engineering, 9.

[18].Byung Min Yoo, Jae Eun Shin, Hee Dae
Lee, & Ho Bum Park, (2017). “Graphene
and graphene oxide membranes for gas
separation applications”. Current opinion in

chemical engineering, 16, 39-47.

[19].Poonam Kumari, Kumud Malika Tripathi,
Lokesh Kumar Jangir, Ragini Gupta, &
Kamlendra Awasthi, (2021). “Recent
advances in application of the graphene-
based membrane for water purification”.
Materials Today Chemistry, 22, 100597.

[20]. Liu Yang, Fengchun Jia, Zhaoge Juan, Dehao
Yu, Liyue Sun, Yu Song, Yanxin Wang,
Linjun Huang, & Jianguo Tang, (2023).
“High-permeable graphene oxide/graphitic
carbon nitride composite nanofiltration
membrane for selective separation of dye
and desalination”. Journal of Environmental
Chemical Engineering, 11(2), 109306.

1ol J.uLl pg;ugw)l?pg,wo_jlo_mpm)_ﬂg)d;m 40oooooooooooooooooooooooooooooooooo.

separation membranes”. Current Opinion in
Chemical Engineering, 40, 100905.

[5]. Paola Bernardo & Gabriele Clarizia, (2013).
“30 years of membrane technology for gas
separation”. Chem. Eng., 32, 1999-2004.

[6]. MA Aroon, AF Ismail, T Matsuura, & MM
Montazer-Rahmati, (2010). “Performance
studies of mixed matrix membranes for
gas separation: A review”. Separation and
purification Technology, 75(3), 229-242.

[7]. Reza Abedini & Amir Nezhadmoghadam,
(2010). “Application of membrane in gas
separation processes: its suitability and
mechanisms”. Petroleum & Coal, 52(2), 69-
80.

[8]. Yong Ding, (2019). “Perspective on gas
separation membrane materials from
process economics point of view”. Industrial
& Engineering Chemistry Research, 59(2),
556-568.

[9]. Haiqing Lin, (2014). “Integrated membrane
material and process development for gas
separation”. Current Opinion in Chemical

Engineering, 4, 54-61.
[10]. Pratibha Pandey & RS Chauhan, (2001).

“Membranes for gas separation”. Progress
in polymer science, 26(6), 853-893.

[11]. Daniel Bahamon, Mohammad RM
Abu-Zahra, & Lourdes F Vega, (2019).
“Molecular simulations of carbon-based
materials for selected CO, separation and

water treatment processes”. Fluid Phase
Equilibria, 492, 10-25.

[12].Paola Bernardo, Enrico Drioli, & Giovanni
Golemme, (2009). “Membrane  gas
separation: a review/state of the art”.
Industrial & engineering chemistry research,
48(10), 4638-4663.

[13].H  Strathmann, (1981). “Membrane

separation processes”. Journal of membrane

©
3

0000000000000 000000000.



[28].R Ben-Mansour, MA Habib, OE Bamidele,
M Basha, NAA Qasem, ABDULMALIK
Peedikakkal, T Laoui, & MJAE Alj, (2016).
“Carbon capture by physical adsorption:
materials, experimental investigations and
numerical modeling and simulations—a
review”. Applied Energy, 161, 225-255.

[29].N Quirke, (1986). “Molecular simulation:
progress and prospects”. Fluid Phase
Equilibria, 29, 283-306.

[30]. Arash Mollahosseini & Amira Abdelrasoul,
(2021). “Molecular dynamics simulation for
membrane separation and porous materials:
A current state of art review”. Journal of
Molecular Graphics and Modelling, 107,
107947.

[31].Linghong Lu, Shanshan Wang, Erich A
Miiller, Wei Cao, Yudan Zhu, Xiaohua Lu,
& George Jackson, (2014). “Adsorption
and separation of CO,/CH, mixtures using
nanoporous adsorbents by molecular
simulation”. Fluid Phase Equilibria, 362,
227-234.

[32].Hannah Ebro, Young Mi Kim, & Joon
Ha Kim, (2013). “Molecular dynamics
simulations in membrane-based water

treatment  processes: A systematic

©
3

overview”. Journal of membrane science,
438, 112-125.

[33].Sima Majidi, Hamid Erfan-Niya, Jafar
Azamat, Soroush Ziaei, Eduardo R Cruz-
Cht, & Jens Honore Walther, (2023).
“Membrane based water treatment: insight

from molecular dynamics simulations”.

Separation & Purification Reviews, 52(4),
336-352.

[34]. Arash Mollahosseini, Srija Argumeedi,
Amira Abdelrasoul, & Ahmed Shoker,
(2020). “A case study of poly (aryl
ether sulfone) hemodialysis membrane

interactions with human blood: Molecular

[21].SM Sanip, AF Ismail, PS Goh, T Soga, M

Tanemura, & H Yasuhiko, (2011). “Gas
separation properties of functionalized
carbon nanotubes mixed matrix
membranes”. Separation and Purification
Technology, 78(2), 208-213.

[22]. Ahmed O Rashed, Andrea Merenda,

Takeshi Kondo, Marcio Lima, Joselito
Razal, Lingxue Kong, Chi Huynh, &
Ludovic F Dumée, (2021). “Carbon
nanotube  membranes—strategies and
challenges towards scalable manufacturing
and practical separation applications”.
Separation and Purification Technology,
257,117929.

[23].Catia Algieri & Enrico Drioli, (2021).

“Zeolite membranes:  Synthesis and
applications”. Separation and purification
technology, 278, 119295.

[24].JDF Ramsay & S Kallus, “Zeolite

membranes”, in Membrane Science and
Technology. 2000, Elsevier. p. 373-395.

[25].Qihui Qian, Patrick A Asinger, Moon

Joo Lee, Gang Han, Katherine Mizrahi
Rodriguez, Sharon Lin, Francesco M
Benedetti, Albert X Wu, Won Seok Chi,
& Zachary P Smith, (2020). “MOF-based
membranes for gas separations”. Chemical
reviews, 120(16), 8161-8266.

[26].Miral Shah, Michael C McCarthy, Sonny

Sachdeva, Alexander K Lee, & Hae-Kwon
Jeong, (2012). “Current status of metal—
organic framework membranes for gas
separations: promises and challenges”.
Industrial &  Engineering  Chemistry
Research, 51(5), 2179-2199.

[27].Majid Shahbabaei & Daejoong Kim,

(2022). “Nanofluidics for gas separation
applications: the molecular dynamics
simulation perspective”. Separation &
Purification Reviews, 51(2), 245-260.

'oooooooooooooooooooooooooooooooooooD 1Kol J-l-’ .Ogw g Eiww M .pgw o loi . p>jlgy Jl—w



in molecular simulation of nanoporous
graphene membranes for gas separation”.
Journal of the Korean Physical Society, 71,
54-62.

[43].Roghayeh Jafarzadeh, Jafar Azamat, &
Hamid Erfan-Niya, (2019). “Molecular
dynamics study for CH4/H2S separation
through functionalized nanoporous

graphyne membrane”. Petroleum Science

and Technology.

[44]. Sebastian Muraru & Mariana Ionita, (2020).

“Super  carbonaceous  graphene-based
structure as a gas separation membrane:
a non-equilibrium molecular dynamics
investigation”.

Engineering, 196, 108140.

Composites  Part B:

[45].Siamak Pakdel, Hamid Erfan-Niya, &
Jafar Azamat, (2022). “Efficient separation
of He/CH4 mixture by functionalized
graphenylene membranes: A theoretical
study”. Journal of Molecular Graphics and
Modelling, 115, 108211.

[46]. Hossein Riasat Harami, Amir Dashti, Pooria
Ghahramani Pirsalami, Suresh K Bhatia,
AF Ismail, & PS Goh, (2020). “Molecular
simulation and computational modeling
of gas separation through polycarbonate/
p-nitroaniline/zeolite 4A mixed matrix
membranes”. Industrial & Engineering
Chemistry Research, 59(38), 16772-16785.

[47].Khadija Asif, Serene Sow Mun Lock, Syed
Ali Ammar Taqvi, Norwahyu Jusoh, Chung
Loong Yiin, Bridgid Lai Fui Chin, & Adrian
Chun Minh Loy, (2021). “A molecular
simulation study of silica/polysulfone mixed
matrix membrane for mixed gas separation”.
Polymers, 13(13), 2199.

[48].Iman Salahshoori, Ahmad Seyface, Aziz
Babapoor, Frances Neville, & Roberto
Moreno-Atanasio, (2021). “Evaluation of

the effect of silica nanoparticles, temperature

1ol J.uLl pg;ugw)l?pg,wo_jlo_mpm)_ﬂg)d;m 40oooooooooooooooooooooooooooooooooo.

dynamics simulation and experimental
analyses”. Computer Methods and Programs
in Biomedicine, 197, 105742.

[35]. Doros N Theodorou, (1996). “Molecular
simulations of sorption and diffusion
in amorphous polymers”. PLASTICS
ENGINEERING-NEW YORK-, 32, 67-
142.

[36]. Yuri Yampolskii, Ingo Pinnau, & Benny D
Freeman, “Materials science of membranes
for gas and vapor separation”. 2006, Wiley
Online Library.

[37]. Dmitri D Iarikov & S Ted Oyama, “Review
of CO,/CH, separation membranes”, in
Membrane science and technology. 2011,
Elsevier. p. 91-115.

[38]. Ahmad Fauzi Ismail, K Chandra Khulbe, &
Takeshi Matsuura, (2015). “Gas separation
membranes”. Switz. Springer, 10, 973-978.

[39]. Zhongde Dai, Jing Deng, Xuezhong He,
Colin A Scholes, Xia Jiang, Bangda Wang,
Hongfang Guo, Yulie Ma, & Liyuan
Deng, (2021). “Helium separation using
membrane technology: Recent advances and
perspectives”. Separation and Purification
Technology, 274, 119044.

[40].Sang Eun Jee & David S Sholl, (2009).
“Carbon dioxide and methane transport
in DDR zeolite: insights from molecular
simulations into carbon dioxide separations
in small pore zeolites”. Journal of the
American Chemical Society, 131(22), 7896-
7904.

[41].Glenn M Torrie & John P Valleau, (1977).

“Nonphysical ~ sampling  distributions
in Monte Carlo free-energy estimation:
Umbrella

computational physics, 23(2), 187-199.

sampling”. Journal of

[42]. S Mahmood Fatemi, Aminreza Baniasadi, &
Mahrokh Moradi, (2017). “Recent progress

©
3

0000000000000 000000000.



and pressure on the performance of PSF/
PEG/SiO2 mixed matrix membranes: A
molecular dynamics simulation (MD)
and design of experiments (DOE) study”.
Journal of Molecular Liquids, 333, 115957.

[49].Mina Mohammadzadeh, Siamak Pakdel,
Jafar Azamat, & Hamid Erfan-Niya, (2024).
“High-efficient helium purification through
anovel Si-PWN zeolite membrane: Insights
from molecular simulations”. Computational
Materials Science, 237, 112895.

[50]. Amir Hasanzadeh, Siamak Pakdel, Jafar
Azamat, Hamid Erfan-Niya, & Alireza
Khataee, (2021). “Atomistic understanding

of gas separation through nanoporous DDR-

type zeolite membrane”. Chemical Physics,
540, 110985.

[51].Hossein  Rezaei, Hamid Erfan-Niya,
Jafar Azamat, & Siamak Pakdel, (2023).
“Efficient helium separation through
SIFSIX-3-Cu membrane: a molecular
dynamics study”. Computational Materials
Science, 223, 112143.

[52]. Rungroj Chanajaree, Wutthigrai Sailuam, &
Kompichit Seechamart, (2022). “Molecular
self-diffusivity and separation of CH,/H,S
in metal organic framework MIL-47 (V)”.

-a

Microporous and Mesoporous Materials,
335, 111783.

[53]. Xuezhong He, Daniel R Nieto, Arne
Lindbrathen, & May-Britt Hagg, (2017).
“Membrane system design for CO, capture:
from molecular modeling to process
simulation”. Process Systems and Materials
for CO, Capture: Modelling, Design,
Control and Integration, 249-281.

[54].Sylvie Neyertz, (2013). “Gas transport in
dense polymeric membranes, molecular
dynamics simulations”. Encyclopedia of

Membrane Science and Technology, 1-21.

000000 eecccc0c0000000 0

.ooooooooooooooooooooooocoooooooooooD 1Kol J.ul.; .Ogw g Eiww M .pgw o loi . p>jlgy Jl—w



IRANIAN JOURNAL OF GAS ENGINEERING

Volume 12/ Issue 3/ NO. 23 / Autumn 2025 / Pages 69-84

Journal Homepage: www.ijge.irangi.org

Molecular Dynamics Simulations of Membrane-Based Gas
Separation:Overview, Challengesand Future Perspectives

Amir Aghaei- Livar', Sima Majidi?, Siamak Pakdel?, Hamid Erfan-Niya*

1. M.Sc. Student, Department of Chemical Enginnerig, Faculty of Chemical and Petroleum Engineering, University of

Tabriz, Tabriz, Iran

2. Ph.D., Department of Chemical Enginnerig, Faculty of Chemical and Petroleum Engineering, University of Tabriz,

Tabriz, Iran

3. Associated Professor, Department of Chemical Enginnerig, Faculty of Chemical and Petroleum Engineering,

University of Tabriz, Tabriz, Iran

ARTICLE INFO

ABSTRACT

REVIEW ARTICLE

Article History:

Received: 07 October 2025
Revised: 07 November 2025
Accepted: 10 November 2025

Keywords:

Molecular dynamics simulation
Gas separation
Nanotechnology

Membrane

Filtration

DOR: 20.1001.1.2510.1106.1404.07.15

The gas separation from the mixture of gases is carried out
using different methods in the industries. The membrane
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