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Abstract: Polyimide membranes were prepared for use in hydrogen purification from the coke oven gas (COG) produced
in steel making industry. A low cost polyimide of 5-(2,5-dioxotetrahydrofuryl)-3-methyl-cyclohexane-1,2-dicarboxylic
anhydride-4.4’-oxydianiline (DOCDA-ODA) was employed as a new polymer. Both dense films and thin composite
membranes were prepared. Comparing with a dense film prepared from a commercial polyimide, the dense DOCDA-
ODA film exhibited high H,/CH, gas selectivity and low hydrogen permeability. Thin DOCDA-ODA membranes were
also prepared on alumina substrates, and the separation performance was optimized through tuning coating conditions as
well as applying caulking layers. The intrinsic gas separation of the DOCDA-ODA material was well-preserved in the
DOCDA-ODA membranes. A DOCDA-ODA membrane showed H,/CH, selectivity of 234.22 and H, permeance of
147.56 GPU, which value was higher than that of a commercial polyimide membranes. Thus, DOCDA-ODA polymer
would expect to be used as a low cost polymeric material for the hydrogen separation membrane.
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Table 2. Physical Properties of H,, O,, N, and CH,

H, 0, N, CH,
Kinetic diameter (A) 2.89 3.46 3.64 3.80
Molecular weight (g/mol)  2.02 32.00 28.01 16.04
Critical temperature (C) 2402 -118.8 -147.1  -82.1
sk AR} Aok 714 EAke] G ARGl s A4
= #olth wehx 71A E21e] B Sl ddS v
Hr}.

Table 2¢1 H,, O,, Ny, CH, 71A1¢] E2]13 545 vehd
ATH? FAFFS] SA= H, < CHy < N, < O, BAolH, #
glute] 7)ol BAte] Wit ©]F Y= (mean free path)oll
A 75 Al Zhto] dojdth® Al FatolMs BAlE
o] B2 7|H|¢] A =2 FHEE HolH, FhA] T34
T 7)A EARe] Aol Al vttt oAl 2Ee
H, <N, <0, < CH, ©|t}, &2 dA &8 72l+= 714 &
2He] A 3FE7] A1, wEbA] ARt &) 7 golst
o] B 3= AlGE zh=t) vbol] B} F7)o) e &+
A= H, < 0, <N, < CHE &2 2717} 245 184}
22 YollA] FAte] golalr] wiel &2 it AlRE 2t
‘_w:_q_.zs

Figure 1(a)= X122} e 2] Matrimid® 52183} DOCDA-
ODAS] XRD 4] Ax}olt}, Matrimid® 52188 E4 =&
20=15.85°(5.6 A)ollAl YEE 2™ DOCDA-ODAE ©|H.th
QEZEO R o533 20=16.57(5.3 Aol LrEFSETE EFH
DOCDA-ODA®] XRD 54 235 HS o, vk 244
21918 gelg 4= Qlt}. Table 39 23104 AR of7

d=5.34

(@

DOCDA-ODA

Intensity (a.u.)

Matrimid® 5218

10 20 30

40
26 (degree)
108
> (b) 5
= 2 Bx:
£ 10 BX:
-
8 10
2 -’
" 100
T 6FDA-TMPDA 6FDA-Durene-DABA
[ B Cellulose acetate
% 101 PIM-1 * leuuma' S::‘(‘hl-wom)
PEI . (This work)
I 10-2 PEBAX® 1657 :z::A»ODM'm‘W“‘"
Pes
2 A o ~ 0 > N ey
A0 A0 A0 A0 O\ O O

H, permeability (Barrer)

Figure 1. (a) XRD patterns of DOCDA-ODA and Matrimid® 5218;
(b) H, permeability and H,/CH, selectivity of polymeric materials.
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Table 3. Solubility, Diffusivity, and Permeability of Polymer Materials

Permeability Diffusivity Solubility H,/CH,
Polymer (10" em*(STP)-cm/cm*s-cmHg) (107 cm?¥s) (107 cm*(STP)/cm*-cmHg) Selectivity
H, O N, CH H O N, CH H O N, CH P D S
6FDA-TMPDA? 47636 1003 282 2242 - 4.087 1.263 0.338 - 25 223 663 2124 - -
pPC* 1459 202 0301 024 13.14 038 043 0.36 .11 52 07 065 60.79 36.5 1.71
PIM-1% 2936 969 252 320 29555 21.20 7.13 272 994 457 35 1177 9.175 108.66 0.084
PEI® 856.1 1199 21.8 18.9 6250 337 238 722 0.137 0.355 0.0917 0.04 453 86.57 3.425
PEBAX® 1657 7.8 33 1.3 4.1 484 8.5 74 4 0.16 0.388 0.176 1.03 1.9 12.1  0.155
P84’ 8.0 0.57 0.05 0.040 447 0.15 0.02 0.0034 178 3.80 243 11.76 200 1314.71 0.151
oot _P])If}g%?; 538 1024 265 23 - - - 024 - - - 94 231 - -
Cellulose acetate®® 8.0  0.55 0.083 0.09 - - - - - - - - 88.89 - -
Matrimid® 5218 2527 1297 0208 0.187 91.7 0.181 0.0324 0.00582 0.276 7.16 6.42 32.1 135.13 15756 0.00859
DOCDA-ODA 11.84 0.875 0.131 0.103 56.5 0.0978 0.0226 0.00676 0.210 894 5.80 152 114.95 8357.98 0.0138
PDMS 905.77 378.12 243.03 408.76 - - - - - - - - 222 - -
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Figure 2. Schematic of the experimental process.
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Figure 3. SEM images of (a) alumina disk; (b) alumina sol coated
disk; (c) Matrimid® 5218 with PDMS coated membrane; (d) DOCDA-
ODA with PDMS coated membrane; (¢) XRD patterns of mem-
branes.
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Figure 4. Pure gas permeances of alumina disk and alumina sol coated
disk: (a) Matrimid® 5218 membrane; (b) DOCDA-ODA membrane;
(c) Ho/CH, selectivity.
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2774 Eelolnl= A Eelu g 197

3k Foluke Ayuls) v)sdk AYes Kol A4l Ee F
F=2 et &3 DOCDA-ODAS}F Matrimid® 52182
AR ] s HlwEtle W, 0.1, 0.2, 0.5 wt%S]
DOCDA-ODAE ARE-gh #2]9e] H,/CH, A= =%} H, £
T 59 %59 Matrimid® 5218t ©& Zo] EelH ),
a2 D-0.05-2 A 9 5 7P 2 H/CH, A8 =
] 234225 Ho]H Robeson upper bound®} 71 =338k 9
el Je Ao] FRlHL) o] A= gk sy A4S
o= ZHS T8l welve] AlxE3S W DOCDA-ODA
7} Hy/CH, E2]ol] AME- 7Fest A A 2e] fAjgo] 9l
22 UERith

d =

7189 i B AgHE Eovn=E 2t 98
A g0 2 QlE|A, 71A| Eelet AFA] B2 H]go] £
the EAEe] om, $45 Aoz Aiksk=t o3
o] ATk & A= 7Ho] Bk A A= 2
olu|= 2791 DOCDA-ODAE AM&-3&le] 7|A] £33} EA4S
Wrrstal vhakslste] EeElvhs Al&telsint. aEAd AE &
FHo| Aol BAsh= AL 1T 4 UL, PDMS &
BS S9lM dedoE A1s ek = It Matrimid®
52183} H|3RE W, DOCDA-ODAE kS HlulS &3
A AFHoR FAaMeE BFENA 4 2T 7SS
o} HZ3sle Eeuke H, £3%= 147.56 GPU, H,/CH, A€
% 234222 38 AEA RS A3ERE Aee HAF
t}. o] 5 53] Hy/CH, ¥2]9 A2S 918 184 A=
DOCDA-ODA7} AR-E 7 =2 FRISHAT

o}y st

[} =

A2

ofy
Rl

ZAfe] 2: o] =R 20219 %
o) [e]

A9l oI5 2.

O|ah&tE: AA=2 olaldZol flas AT
TR

1. Gao, R.; Zhang, C.; Kwak, G; Lee, Y.-J.; Kang, S. C.; Guan, G.
Techno-economic Evaluation of Methanol Production Using
by-product Gases from Iron and Steel Works. Energy Convers.
Manag. 2020, 213, 112819.

2. Bermudez, J. M.; Arenillas, A.; Menéndez, J. A. Equilibrium
Prediction of CO, Reforming of Coke Oven Gas: Suitability for
Methanol Production. Chem. Eng. Sci. 2012, 82, 95-103.

3. Moral, G; Ortiz-Imedio, R.; Ortiz, A.; Gorri, D.; Ortiz, I. Hydrogen
Recovery from Coke Oven Gas. Comparative Analysis of Technical
Alternatives. Ind Eng Chem. 2022, 61, 6106-6124.

4. Van Acht, S.; Laycock, C.; Carr, S.; Maddy, J.; Guwy, A.; Lloyd,
G.; Raymakers, L. Simulation of Integrated Novel PSA/EHP/C

Polym. Korea, Vol. 47, No. 2, 2023



198

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

oloa - o}y

Process for High-pressure Hydrogen Recovery from Coke Oven
Gas. Int. J. Hydrog. Energy. 2020, 45, 15196-15212.

. Valappil, R. S. K.; Ghasem, N.; Al-Marzouqi, M. Current and

Future Trends in Polymer Membrane-based Gas Separation
Technology: A Comprehensive Review. J. Ind. Eng. Chem. 2021,
98, 103-129.

. Ockwig, N. W.; Nenoff, T. M. Membranes for Hydrogen Separation.

Chem. Rev. 2007, 107, 4078-4110.

. Freeman, B. D. Basis of Permeability/selectivity Tradeoft Relations in

Polymeric Gas Separation Membranes. Macromolecules. 1999,
32, 375-380.

. Chen, X. Y.; Kaliaguine, S.; Rodrigue, D. A Comparison Between

Several Commercial Polymer Hollow Fiber Membranes for Gas
Separation. J. Memb. Separ. Tech. 2017, 6, 1-15.

. Baker, R. W.; Low, B. T. Gas Separation Membrane Materials: A

Perspective. Macromolecules. 2014, 47, 6999-7013.

Ritter, J. A.; Ebner, A. D. State-of-the-art Adsorption and Membrane
Separation Processes for Hydrogen Production in the Chemical
and Petrochemical Industries. Sep Sci Technol. 2007, 42, 1123-1193.
Liu, C.; Greer, D. W.; O’Leary, B. W. Advanced Materials and
Membranes for Gas Separations: The Uop Approach. Nanotechnology:
Delivering on the Promise Volume 2 2016, 119-135.

Kargari, A.; Sanaeepur, H. Application of Membrane Gas Separation
Processes in Petroleum Industry. Adv. in Pet. Engg. 2015, 1, 592-
622.

Scholes, C. A.; Stevens, G. W.; Kentish, S. E. Membrane Gas
Separation Applications in Natural Gas Processing. Fuel. 2012,
96, 15-28.

Basile, A.; Mozia, S.; Molinari, R. Current Trends and Future
Developments on (Bio-) Membranes: Photocatalytic Membranes
and Photocatalytic Membrane Reactors. 2018.

Jue, M. L,; Lively, R. P. Targeted Gas Separations Through Polymer
Membrane Functionalization. React. Funct. Polym. 2015, 86, 88-
110.

Sazali, N.; Mohamed, M. A.; Salleh, W. N. W. Membranes for
Hydrogen Separation: A Significant Review. Int. J. Adv. Manuf.
Technol. 2020, 107, 1859-1881.

Kim, E. H.; Park, C. Y.; Kim, J.-H. Gas Transport Properties of
Soluble Polyimides Containing Alicyclic Dianhydride. Membr.
2014, 24, 100-106.

Sanaeepur, H.; Amooghin, A. E.; Bandehali, S.; Moghadassi, A.;
Matsuura, T.; Van der Bruggen, B. Polyimides in Membrane Gas
Separation: Monomer’s Molecular Design and Structural Engineering.
Prog. Polym. Sci. 2019, 91, 80-125.

Mi, Y.; Hirose, T. Molecular Design of High-performance Polyimide
Membranes for Gas Separations. J. Polym. Res. 1996, 3, 11-19.
Zhang, C. Synthesis and Characterization of Bis(phenyl) Fluorene-
based Cardo Polyimide Membranes for H,/CH, Separation. J.
Mater. Sci. 2019, 54, 10560-10569.

Pandey, P.; Chauhan, R. Membranes for Gas Separation. Prog.

Zau, A)474 A23, 20239

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

&
s

o~
T

Polym. Sci. 2001, 26, 853-893.
Kim, H. W.; Park, H. B. Gas Diftusivity, Solubility and Permeability
in Polysulfone—poly(ethylene oxide) Random Copolymer Membranes.
J. Membr. Sci. 2011, 372, 116-124.
Maier, G. Gas Separation with Polymer Membranes. Angew
Chem. Int. Ed. 1998, 37, 2960-2974.
Van Amerongen, G. J. The Permeability of Different Rubbers to
Gases and Its Relation to Diftfusivity and Solubility. J. Appl. Phys.
1946, 17, 972-985.
Mabhajan, R.; Koros, W. J. Mixed Matrix Membrane Materials
with Glassy Polymers. Part 1. Polym Eng Sci. 2002, 42, 1420-1431.
Wang, L.; Cao, Y.; Zhou, M.; Ding, X.; Liu, Q.; Yuan, Q. The Gas
Permeation Properties of 6FDA-2, 4, 6-trimethyl-1, 3-phenylenediamine
(TMPDA)/1, 3-phenylenediamine (mPDA) Copolyimides. Polym.
Bull. 2008, 60, 137-147.
Riasat Harami, H.; Dashti, A.; Ghahramani Pirsalami, P.; Bhatia,
S. K.; Ismail, A.; Goh, P. Molecular Simulation and Computational
Modeling of Gas Separation through Polycarbonate/p-Nitroaniline/
Zeolite 4A Mixed Matrix Membranes. Ind. Eng. Chem. Res. 2020,
59, 16772-16785.
Li, P; Chung, T.; Paul, D. Gas Sorption and Permeation in PIM-1.
J. Membr. Sci. 2013, 432, 50-57.
Al-Maythalony, B. A.; Alloush, A. M.; Faizan, M.; Dafallah, H.;
Elgzoly, M. A.; Seliman, A. A.; Al-Ahmed, A.; Yamani, Z. H,;
Habib, M. A.; Cordova, K. E. Tuning the Interplay Between
Selectivity and Permeability of ZIF-7 Mixed Matrix Membranes.
ACS Appl. Mater. Interfaces. 2017, 9, 33401-33407.
Esposito, E.; Bruno, R.; Monteleone, M.; Fuoco, A.; Ferrando
Soria, J.; Pardo, E.; Armentano, D.; Jansen, J. C. Glassy PEEK-WC
vs. Rubbery Pebax® 1657 Polymers: Effect on the Gas Transport
in CuNi-MOF Based Mixed Matrix Membranes. Appl. Sci. 2020,
10, 1310.
Pulyalina, A.; Polotskaya, G.; Rostovtseva, V.; Pientka, Z.; Toikka,
A. Improved Hydrogen Separation Using Hybrid Membrane
Composed of Nanodiamonds and P84 Copolyimide. Polymers.
2018, 10, 828.
Wang, Z.; Tian, Y.; Fang, W.; Shrestha, B. B.; Huang, M.; Jin, J.
Constructing Strong Interfacial Interactions Under Mild Conditions
in MOF-incorporated Mixed Matrix Membranes for Gas Separation.
ACS Appl. Mater. Interfaces. 2021, 13, 3166-3174.
Belov, N.; Blinov, 1.; Suvorov, A.; Nikiforov, R. Y.; Chirkov,
S.; Alentiev, A. Y.; Kambur, M.; Kostina, Y. V.; Levin, 1
Shapagin, A. Gas Permeability of Cellulose Acetate Films
Treated with Fluorine in Perfluorodecalin. Membanes and
Membrane Technologies. 2021, 3, 114-123.
. Robeson, L. M. The Upper Bound Revisited. J. Membr. Sci.
2008, 320, 390-400.

BA SXME: SRTEASEE AAE B 2 )8 259
0 743} At FHS HATI



	제철 부생가스로부터 수소 생산을 위한 반 결정성 폴리이미드 소재 분리막 개발
	초록
	Abstract
	서론
	실험
	결과 및 토론
	결론
	참고문헌


