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G CO, I il FF i Tolk Ak s T/, CO, Bfitftfb
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Fig. 1 Schematic diagram of CO, hydrogenation to methanol through membrane reactor
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Table 1 Typical catalysts for CO, hydrogenation to methanol and their catalytic properties

fiEfL WE/C JEJ/MPa a(COp :n(Hy)  CO, Fefb®/ % WEEEEME/ 0 BIHISCH
Cu/Zn0O/ AL O; 250 4 1:3 23 14 [9]
Cu/ZnO 200 2 1:3 2.3 56.4 [20]
Cu/Zn0/ZrO, 220 3 1:3 18.2 80. 4 [24]
In, 05/ Z1O, 300 5 1:4 - 93 [26]
Cu/AlCeO 200~280 4 1:3 22.5(280 °C) 94(200 C) [27]
Cu/Zn0O/ Al O; 260 33.1 1:10 95. 7 98. 2 [31]
MoS; 180 5 1 12.5 94. 3 [32]
In, O; 200 4 1:4 0.15 100 [33]

LY CO, Il B AR AN 36 1 fs, &=
FAUTE Cu FEAEALH . S a R AL | & Jm S AL i
PR 4 8 & A AR Cu JEp AR iy T 3L
AR A i B 5 P AEOAS B T CO, i i i e
R Z AR e, Cu/ZnO- AL O, AL
AE Tl I EEA B o 32 S 2 . CO, i &l s
i 1) 2 32 7 2 A BR A 5 B0 2D 1 ik

PN SRy P A B A S A B g R PR B R
W HEFE 200~300 CHY &R A 5~20 MPa f5 &
HEAT, ELI L e (4~6). i T3 4R 0 K S
A (RWGS) B iy A1 7 4 K 5 | i) e A7) v 2
T3 Cu/ZnO- Al Oy AL B HEALTE P L B FEME R
ROEMEAAEA L™ i B2 4R 5 7 ol 1l
FUFRIEPE TR N e M. 0, 38 2 48 2 B mT 4
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e Cu SR (4 f A0 1 5 3 2o AR A5 A T A
LA 2B Cu (943 SO AT HE 58 Cu—
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i i e T 2 T T B 3 A R T B v
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WL CO, FARRCRAIIR T B,

CO, AW B R B EZA LT 3 A it

(i
CO,(g) + 3H,(g)=CH;OH() + H,O)
(AHp5x=—49. 4 kJ/moD) @h)
CO(g) + 2H,(g)== CH;OH(D
(AH05x=—90. 4 kJ/moD) 2
CO, (g) + H,(ge)>=—=CO(g) + H,OD
(AHy5x =+41. 0 kJ /mol) (3)

2 CO, pma W B RS2

B2 N7 48 12 Tl 4 PR R ) 28 3 AN AN e T Ak
(R AR AR SR S SR R T 5 B P 5 A R e AR 3 25
RE » BL4E T 7K ORGP Al 2 A M I K B 3R,
H,O/MeOH LA K 7K/ (H.O/H,. H,O0/CO;,
H,O/CO %) /r B i $e1k. 3% 2 F M 1 45 i 44 ket
R M 7 1 B T 28 FEE A ek 1 B s 7 s P g 35 7K A
A7 53—t R EL A A5 1Y) SR K PR AR 2 — A AL
R BTALIE , HoKB & R HUK /A B s T
B EL

2007 4E, Sato ZU U HRAE T FAU BI4»1 0 B AE
e A R R Ho O/ Hy /MeOH IR A8 75 M
fE. 7€ 180 °C.3 MPa T, H.O & & % & ik
3.4X107" mol/(m? * s *» Pa),H,O/H, 4Bk
PSR 54, H,O/MeOH 153 e 2. 1, B3 1
T[] R s RO 2 2 2 o FH (9% 3. 2008 4, Mat-
sukata A1 BAS™ F] ] MOR ( Mordenite) % 43 i i
7 250 ‘CEid A HO/MeOH/H, A S M b ik
PEE B K 72897, Ho O/H, R IA 3 49. 1% 1A
BAIEFIFH Na—-ZSM -5 20 Fii B H, iz
75 R AIK R H, O 23 HARIAF) 3X10° 7 mol/
(m® + s » Pa)), 2015 4F, Wang 257 F| B SOD 43
T BEAE 200 ‘CF A H,O/H, A1 H,O/CO, IREGX

Hhge R 2 B Uk 2895, H O/H, Al HoO/MeOH
YEREVEST BSR4, 6 F1 22. 6. Raso 2558 R HF9E T
SEK M A B (NaA, MOR, T, Chabazite fl Ti-
Chabazite) 7£ s i T- 0 i B2 N ) H, O/H, /CO, &
AR R B PR BE. NaA 4310 B D9 H B 22 Al
iR e ELAT BRI SE KM R T Bt H O/
H, 43 B 3EHE (70). Deng 255 7E A0 B vh 25 41 4
AR L& 1 JE B G NaA 43, 56T NaA 43
T B R A B AR AN Na™ X 7K 41 H AT B 58 19 7
TIAEIK /ARG v F 3 A B A BEL AR K R
A 200 °C 2.0 MPa ., fE08 M H, = Mo, *
My, * Mo * Me,on=65.7%20.7+%2/3.6:5,0:
5.0 1B & Wy i & 30 10 8 & 1y K/ a0 B 3k R M
(H,O/MeOH > 940, H,O/H, > 10 000 1 H,O/
CO,>10 000) , [ B E A = 1K B iE 3 % [ 4. 8 X
10 " mol/(m® « s « Pa) |. #T 8, 1% A BAN SR 781K
BB A B B s R 2549 1) LTA (Linde
Type A) 53l 456 LTA 43+ i AR S £ 7K
A% I 3 T RN AL A PG HIGE 3 R WR AR T T R K
B E AR, ZAE 200 °C 2. 0 MPa T, /K5 5
RFFF T 8. 6X 1077 mol/(m® + s » Pa), H,O/
H,.H,0/CO, fl H,O/MeOH 3 # 1% 4 5 & ik
10 820,19 838 F1 264.

UTAFER , — S R S PR R i K IR R I 2
BT COy in & il FH B IS 52 107 25 1) S B A B 1 328
$£. 2018 4, Hirota 1 il £ T Rk o He A0 2 1M 1A
(D AFA A ALEER  Z A 200 “CR KB B HAR
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R AESE H,O/CO./H, B =J0iRA Y, IL )2 1]
¥ H. O F1 CO. ) Hy 4355 K, 1 MOF 20 w]
YERE—44r B H,O/CO, By#EMER. 78 200 °C,
2MPa F,/KBBEZRN 7. 7X10 % mol/(m? » s
Pa), H,O/H, Fl H,O/CO, & £ 43 5] & ik 472
F1 280, B T 0L S5 A N FH Y .

ZEIRFTIR I 1) = R R RN SRR T A R
H MK BE T 1 43 B AT BERAS T 2Bt T
YR, JUHIZTCHL 3T 0 RS A A 7 55 I A /8 e 4%
PR LB T BAR ) S O B K PR L B
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Fig. 2

(a) Schematic illustration of the separation mechanism of an defect-free NaA zeolite membrane, (b) semi-hollow

LTA zeolite membrane prepared by steam-assisted method-""!, (¢) silylated ionic liquid-derived organosilica

membrane !
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and (d) schematic illustration of the separation mechanism of an IL treated MOF membrane-*?]
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Fig. 3 Plot of CO, conversion VS temperature in
a conventional fixed bed reactor, organophilic membrane

reactor and a hydrophilic membrane reactor*
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TIBAT X REA R AR M T R 2 K.

TCHLREEAA AR PR G [ A ) RS P L LR R 1
Ak 2o M o (o AR R s 0 25 v ) N FH 32 21 8 2

Mk iR W R
i KT v
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z=0 - -~

z=1

[R5GTE. 2004 4F, Chen 557K HEAR IR/ Wi 82 42 A ot
AL G 21 B8 S nz g b N T CO. i & i) Y B
M. #E 200 °C .1 MPa T, 5 B #5149 CO, %4k
ARG 85 RV a$E 5 T 22%. 2012 4F, Farsi
FEUSUR A A RS K R B AR — AR
AT CO, nahil H i i v o 72 A fksh
— A A B R O 5 TS B s AR A 1Y R 7 R LA
G N T AR A 0 F B = R R T 7 06, 1% AT BA )
AP b0 T —7F pl OSURREAS) o %) 3 280 s vy i Cn &1 4
JiR) it Ph—-Ag B4 BRGEPEVER &SR 2N
DX IR AR — AR P 3 52 6 TS D A5 O 5% S
JOE X 77 A A 7K 8 S (8 PP = 3R i e T 24 10261490,
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PP Bt 55 2 b s 2 ] 1

Fig. 4 (a) Schematic diagram of silicone rubber/ceramic composite membrane reactor

U7 and (b) schematic

diagram of a dual-membrane fixed-bed reactor for hydrogenation of CO, to methanol based on H,-permselecitve

and H, O-permselective membranes
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SE PR BN A 5 00 4 ve B8 2 vy 4 19 11 6 %0, H B
BEPEIE M I 52 PR S VL 2 1 48 U0 & v B JI5E 12 17 #48% 1)
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BRAE CO, AU SR 5 7 T WS T 28 i ek e
BGUE T 430 B S 0 2 4E CO, Tt &L il H et A v
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Fig. 5 (a) Comparison of CO, conversion between NaA zeolite membrane reactor and conventional fixed-bed reactor as

021 and (b) comparison of CO; conversion between Si-rich NaA zeolite

[54]

a function of reaction temperature

membrane reactor and conventional fixed-bed reactor as a function of reaction pressure

CO, +3H,==CH,OH + H,0
(a) ) 2 3 2 (b) 120 coLFE LR
100 _“ %@ﬁ‘:%‘ﬁ 100
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RS e A 2
CO, +3H,==CH,0H + H,0 d
© @ e awmanapmy @120 = COFE LR
°\° 100 F 94.7 93.4 -90[23 @ﬂ%‘&
~ 85.2
¥ 80t
K.
& 60F
< 40
©
20
® 200 220 240 260 280 300
@ C(0:+3Hh==CHOH+HOQm $ cion 2R IELEE /°C

Bl 6 (a).(b) NaA@Cu-ZnO- Al Os—ZrO, AR MAEETH1(e) L (D) Cu-ZnO@NaA fEALIE R g5 R CO, fng
FH Pt AR s T B HC A Ak S niy 1 e
Fig. 6 (a),(b) Schematic diagram of CO, hydrogenation to methanol by NaA@Cu-ZnO- Al, O;-ZrO, catalytic membrane

reactor™ and (c),(d) Cu-ZnO@NaA catalytic membrane reactor™™ and their catalytic reaction performance



55330

VFH BHAE B RONAS T — SRR I U A IR () BT 52 1k i < 149 -

T AR N G M 32 30T 24 880 o 2 B 1 B 0 S 4
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WML B HT AL Cu/Zn - BTC 05, 38 120 35 711
P IAE NaA 500 B3 1A G T — 2 AL 7703
J2, BRI T HA B A4y — R A Cu-ZnO
@NaA MRS 25U 6 (o) fitzm 1. 125K W45 %
BEAR T R P~ 2K AN B A% IR 5 L CO, ik
P B T 49. 100, U EERE SRR K 90, 20
ChnE 6(d s .

LR A T B s E K I RE Y
NaA 431 FE R 32 A Ak 570 A9 Sz 17 24 » 1) P o

BB T I B AE CO. il & S Iy Ao 8 v 1) Ji o7 PR B8
B BN R 7= 0 K s s g A g 2 S i g B ) 4 2
CO, HARRF AV SRR T ) 27 P e AR Y sk
FEPEAEIT 10006, B 0E T 2 107 4% i 2 A9 5 B 3ok
AL E . 65 CO. INEHIFBE T &9, Y EA
AT 8 70/ kg, Al AR T 100 J6/t B, H
B WA P2 AR 2 2 154 J6/1(2023 4F 11 A EE A
¥4y 2 500 J6/0 , T. L EALTEENY. W& JCH
JAUHE A5 AT AR R IR AR (1 H 25 UE B Fnag &0 H OB K
B BRENAS P T B A CO, in &l H B 1
PR B B AL . 40 ik A R SRR A
A AR ARG A 5 (RIS, 3508 4 5 L ) S0FN A AR I

k2 TRBRAHE 5B A ST

Table 2 Comparison of separation performance of different membrane materials

,OBER
Wb mpe O RO oM Dmﬁ%;é?ﬁqu 51t
FAU Ji& 180 54 2.1 3.4X1077 [34]
MOR fi# 250 49 73 1.8X10°¢ [35]
Na-ZSM-5 i 200 — — 3X10°7 [36]
SOD fi 200 1.6 223 6.6X1078 [37]
NaA i 210 70 — — [38]
MOR 210 0.6 — — [38]
T B 210 6 — — [38]
NaA fi# 200 =10 000 =940 4.8X1077 [39]
Semi- hollow NaA Jii 200 10 820 264 8.6X1077 [40]
TR S IR A AT A A AR 200 29 - 3X1077 [41]
A IL D& % MOF fii 200 472 — 7.7X107¢ [42]
Li—Nafion fi& 200 32 — 1.59X10 M [45]
6FDA- TMPDA 200 10 — [46]
NaA fi 250 190 80 1. 49X1077 [52]
B hE NaA fig 200 — 2 000 1.5X107° [53]

A3 AREBREE AT CO, Ao E ) F B BT 49 B M4 RE

Table 3 Reaction performance of different membrane reactors in CO, hydrogenation to methanol

R AL HREE/C

K3/ CO. hhBEEY/ CO, #ef Wmgse  WEE 51

MPa (mL+min ') /% /% FEER/ % SCER

RERR B 2 52 A AL (R Cu/ZnO/AlL Oy 200 1 - 6.4 - - [47]
A - —H R A EERD Cu-ZnO-ALO; 260 8 80 855 Igggﬁ? iﬁﬂég; }7/;0 [48]
RGN # Cu/Zn0O/ AL, O, 210 2~2.4 200 5 48 2.4 [51]

NaA i Cu/ZnO/ALO; 206  2~2.4 200 11.6 75 8.7  [51]

NaA i Cu/ZnO/ALO; 220 .5 5 55 70 38.9  [52]

B RE NaA i Cu/ZnO 200 4 142 62.5 — — [54]

NaA JiE Cu-ZnO- AL, O;-ZrO, 260 3 5 36.1 100 — [55]
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Development status, innovation process and hotspot of ceramic membrane
technology innovation from the perspective of patent

FENG Jun'*, CHEN Xianfu®, QIU Minghui®*, ZHANG Jun'

(1. National Intellectual Property Information Service Center of Nanjing Tech University, Nanjing Tech
University, Nanjing 211816, China; 2. Zhangjiagang Institute of Nanjing Tech University,
Suzhou 215699, China; 3. National Engineering Research Center for Special Separation Membrane,
Nanjing Tech University, Nanjing 211816, China)

Abstract: Ceramic membranes are known for their excellent thermal and chemical stability and have been
considered as an ideal separation membrane for the process industry. The patents in the field of ceramic
membrane were researched by the methods of patentometrics and main path analysis to reveal the
development status and innovation process. The research shows that the current ceramic membrane
technology is in a period of rapid development. China, Japan and the United States are currently the most
active countries in the global ceramic membrane technology innovation. The main path analysis of the
patent citation network shows that before 1990 the innovation in the field of ceramic membrane mainly
focused on the basic technological of membrane preparation. With the development of preparation
technology, the separation and application of ceramic membrane became the focus of innovation from 1991
to 2005. After 2007, researchers began to innovate high-performance ceramic membrane for applications.
At present, the hotspots of technological innovation in the field of ceramic membrane mainly focus on the
application of ceramic membrane target low-carbon, preparation of ceramic membrane based on new two-

dimensional materials and the application of ceramic membrane materials with high separation accuracy.

Key words: ceramic membrane; patent analysis; patentometrics; main path analysis
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Research progress on membrane reactor for CO. hydrogenation to fuels

XU Yueyang', XUE Zhigang®, LIU Bo*, ZHOU Rong fei*

(1. State Key Laboratory for Clean and Efficient Coal-fired Power Generation and Pollution Control,
CHN Energy Science and Technology Research Institute Co. Ltd, Nanjing 210031 China; 2. National
Engineering Research Center for Special Separation Membrane, Nanjing Tech University, Nanjing 210009, China)
Abstract: High-value CO, utilization technologies, such as CO, hydrogenation to methanol, can not only achieve
CO, recycling, but also generate significant social and economic value, which is an important way to achieve carbon
neutrality. Research on catalysts for CO, hydrogenation to methanol has matured, but the CO, conversion
efficiency is still lower than expected due to the limitations of thermodynamic equilibrium and catalyst deactivation
induced by by-product water. Membrane reactor has been applied to overcome the thermodynamic limitation of
CO, hydrogenation reaction, which has played an important role in process intensification and greatly improved the
efficiency of CO, utilization. Against this background, the role of various membrane separation performances in
improving the reaction properties in membrane reactors was systematically reviewed. The future opportunities and

challenges of membrane reactors in CO, hydrogenation to methanol are also presented.
Key words: membrane reactor; CO, hydrogenation; methanol; fuel; process intensification; water-selec-

tive membrane



