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Application of functional framework materials in C1 biotransformation
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Abstract: The bioconversion of one-carbon (C1) compounds (CO,, methane, methanol, etc.) is a critical pathway for
green biomanufacturing, yet its efficiency is constrained by challenges such as the difficulty in capturing gaseous
substrates, insufficient stability of biocatalysts under harsh environmental conditions, high cost and operational
complexity of cofactor regeneration, and inherent inefficiencies of natural microbial systems. Functional framework

materials, including metal-organic frameworks (MOFSs), covalent organic frameworks (COFs), and hydrogen-bonded
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organic frameworks (HOFs), offer novel solutions to these challenges due to their exceptional structural versatility,
high surface area, and tunable physicochemical properties. These materials enable precise control over enzyme-microbe
interactions, substrate enrichment, and catalytic microenvironment optimization. This review systematically
summarizes recent advancements in the application of functional framework materials for C1 bioconversion:
(1) serving as enzyme immobilization carriers to enhance catalytic robustness and operational stability, (2) constructing
multi-enzyme cascade systems for sequential substrate conversion, (3) developing framework-based artificial enzymes
mimicking natural catalytic mechanisms, and (4) synergizing microbial catalysis through material-mediated nutrient
supply and metabolic regulation. By integrating material science with biocatalysis, these approaches address critical
limitations in substrate accessibility, reaction kinetics, and system scalability. However, functional framework materials
in Cl bioconversion face challenges, including limited diversity in immobilized enzyme types, mass transfer
constraints due to pore structure mismatches, low compatibility of natural microbial strains with industrial processes,
and high costs associated with material synthesis and scale-up. Furthermore, the long-term stability of frameworks
under industrial operating conditions (e.g., humidity, acidic environments) remains a significant hurdle, alongside the
technical complexity of co-immobilizing enzymes and microbial cells for hybrid catalytic systems. Future efforts
should prioritize: (1) designing hierarchical porous frameworks to minimize mass transfer barriers, (2) leveraging
synthetic biology to engineer microbial chassis with enhanced C1 assimilation pathways, (3) developing cost-effective,
scalable synthesis methods for framework materials, (4) expanding the functional scope of frameworks to include non-
metallic catalytic centers and stimuli-responsive properties, and (5) validating industrial compatibility through material
densification and lifecycle sustainability assessments. The deep integration of functional framework materials with

biocatalysis will provide transformative technological support for the high-value utilization of C1 resources.
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Fig.1 Schematic diagram of common structures of framework materials structure
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Tab.1 Common enzymes for C1 conversion
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R, B R ARG EE SR O (Bl 4a)
Tt 1) FH X S 2E FE TR K COL I JiR S B, AR i e B
A HBR o 24 /NEE A [ 5E 1o Bl 7= A2 1Y) R R IS 2]
144 mM, It 4h, Rh-NU-1006 fig 9% 7€ 2 h J5 # 1k
28% [ 46 NAD', X K #7& MOF 1 HL ¥ 47 Jii 1
VIR AW 315 . SunZe N U JE o A0 [ e AL o
¥ 2 AN AE MOF PUAS B HES . R & 7 2
WL A RN T HA RS, HTHE 7K
W e EERE A CO Rtk (B 4b) . B fLiEm
Zr-MOF 3 JL g[8 2 b . el (F6 %% 2 510 nm)
S e IIRE . JGUK B A MOF HE 32 4% 36 2
BRIk 55 I NADP+IG 5§ (FNR), SCZ3L NADH
() 15 B (85% Ak 2D, Bl J5 AH AR [ & 1)
CbFDH F| | NADH ¥ CO8 JFUA R . 1 12 /8 1,
HR = /014 55 mM, AL IH %14 4580 pmol-g ' h™'s 43
A [ 5 A HE WS B T ¥ COFDH AT ENR 73 51l 35 3 T A8
FALE S, ik 7B a0 A, e G g 5 4 1
GG, JRIGER TR/ R T AR .

HAH FF n-n HE B () — 4k COF J2 AR &5 ¥ ml UL
B TR, FHAGRIFEEREE. Chen %
N R 9 COF [ e g AN T & 1EH &
g5, FI A FLIE 2% FE COF #1 B NKCOF-113 3t [
€ FDH AL B 1A 0, RRAS 47 31 2 0% 1 vl IO
HAT m O B e, BT A Cp*Rh (bpy)
H,0 i it Fe 7 B S 1 7F COF 28 1, (e ek
ML T i #5 F T ' F5 4 NADH, [A] i FDH ik A £
COF @B, AT JE Jil— > 56 B 1 o - Bl AR B A &%

(Bl 40>, ZH-Eg P [ 67k 2 NADH F 2R 1R W
B REIL9.17+0.44%, SEHLT CO, M H BRI &
R EEREEEAL

SR, COFs A Sy e A 771 Rl 28 7 1 X0 2 A4
tny, HAEMWEAFET G, X0 H A H R4
H T BEER . Luo%E A\ " B 5T T COFs H i fl L A4 7F
R A FL A Ak T 1 A0 g £ 2K 8 0 07 T B[R] T G
(B 4d) . @3S B ih & B Fl COFs, AL 45 1 Fh i
(R 205 FPEMECAR CREEFBER 1P Fh
A, JRE I EA T SR s 7RIS A (¥ U
FEHEAL T A B R AR IEAS R AL o B AL 4G
B2 W] B 1 4H & 7E 420 nm &b, G AL B R T
AR E 7R EIE13.95%, BB RN
53mmol g h'', MEM AN THEAREA =8
CO, & SR PERE, A2 B R LU M 511 1.46 mmol
g W' HEA RIFHI T EEF M.

2.2 (ESRIR-EBUREXELN

B — WAk & P A0 Th g B AE 22 44 kL a) DL S
A ) J T S AR R, AT S L7 A0 R 1) v K
5 24k, Wk (CHY £ —Ffb bk — & th B
(CO,) HRRIMIRE S ™, SR, HhE RS+
(R ARG (Z9°92.0 ppm), H—BHERE K
A, HIREHEE— PR, XL T H
BAESHACHER . b A B DA ILBRR 1 AR B AL
i, BE S K b A S ME — B B UE 5 AR U AT A
FI 7 RIS R e S A T R, e e R e
Al (MMO) FTHIEE BB (MDHD 7 Fh i i/
AN EE (HCHO), BfiJF, HREHE B [F 1L
WAARATHE— B AR . SR H AT b A A B
5t 8 IR I8 42 I RO IE UK 7, HL 32 B4 S AN
H e 72 K AL B IR ) . AHEL 2R, Tl B
(e M B AL R W E R SR &
B B SR AR, AR R R Tl H e ) R
ST 6F IS N % B 85 4 o) B HR e R FE AR T G
BEOR, WBAE BT S B PR R B e 1)
L AR

Strano %5 N\ "7 KRB i 1) ZSM-5  (Fe-ZSM-5)
A AR 2 B A ALEE (AOX) B, A& T
— /NI HRELE ) BRI B S A RS, AT AE Fe-
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(a) FDH@Rh-NU-1006 J:{f {tENADH i 22
(a) Photocatalytic regeneration of NADH over FDIH@Rh-NU-1006

(c) FDH@Rh-NKCOF-1133¢:{# {ENADH 42

(¢) Photocatalytic regeneration of NADH over FDH@Rh-NKCOF-113

CBM y——
& ,  electron!
transfer }f
N3
AA
\
aHA o VEM

(b) FDIVFNR@Z-MOF J¢ {# {tENADH /2
(b) Photocatalytic regeneration of NADH over FDI/FNR@Zr-MOF

Enlarging pore

(d) FDH@COFs i fbNADH 4=
(d) Photocatalytic regeneration of NADH over FDH@COFs

B4 OStrRMELEAERE T REE

Fig.4 Schematic diagram of photoelectrocatalysis cofactor regeneration

ZSM-5 b RBIAE R EE, R I B T AL T 1R AL
F WAL EA A AL EBE S 5 Fe-ZSM-5 J
RigE— SRR bt EFIETET, B f g
(1) 3% 6 1 T DU IS 90%,  HL A B I H i AT DLOd s
Z 53R KGR G R, MR G ROE B
d50mge, b, H5HZHLEEFRMEMAEDRE
KIEEAH Y.

2.3 tERMHEANTLES

R SR L A B B P A7 s R AT A AOA
B, fEADEA TR s rERE. R, H
A T v P R T R R R AR AR, X PR T
AN G . Xk, N B X B A S
iGN TR N E T A 7 ™, 5 RAREEA L,
NTHGHERRE . B H AR R MR AR Rl A R
BATE, NLTEER 7 B N TR, @A
THg. BJEFANTE. HERMEEANTHES. H
, AIESRANHEL (MOF). L4 A HLHELE
(COF) M fgA HIMESE (HOF) TE N IHEZEH
HA W mI R R H R AR AL 2,
AT LUK B H E AT DhRe AL, AN AT DU IR &5 & 4
PEEE TG AL AT, IR VR R AR I P
B, X AT AR BT A AU, R R I A A AL R RN 25

A AR & U

ET, HEZERRIIE N T Ol Bl 7 K AR
AAIE B 5K ThRe, JFEAMLRE. 3B
B B BN W 56T S A R B T Y
TR deah, AT HAE — i & Wi 75
MR (K5 BIFTIRZE . i, Stanley 55
N B B AT L6 R W ) e A AL G4 R MOF
NU-1000 17 Re f1 Co FL A7 48 A, T T H CO, ik 5
A= H, DR, ML T RIREE B i) AR R 3,
ST A RCSAE A LV )5 7K R 80 AR
(B 52). @4k NU-1000 5 #4075 5 Le g, 44
RN T AR 515 36%, H7EH A A
L B AR BT LG BRI 5% 1, CO/H, ol vl 42 .
FREZ A ERE K, Gao %5 N ™ ¥ J5 1 43 1l
(kAL R BT i BTG 1 = 5 COF  (Fe-COF)
JER) R Z R, fil& T — MR (BISb. 1%
B A I WL 22 AR TG S ) R A A ) 1 1
LN R I B ) CO, G TR RE,  FRLAL BT & 4 /)
IF CO P ik 3972 pg, CO ¥k FM I 100%, I
HEH e n. & & =B85 uH COF &
PR AT 2 T BB O, BRI TR TR
Yo ()45 i o

HEAk, Sui 5N B K bRk 771 48 3 Ui0-66 1,
SR G I8 I A B B 1 I 5 32 1) Zr-oxo R E 51N
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(a) Re/Co-NU-1000F] FCO 4 i 5 S,
(a) Re/Co-NU-1000 for CO,-to-syngas

Hydrophobic

Fe*@Ui0-66-C, Pocket

() Fe* @Ui0-66-CnFil| A F b A= 1l H E
(c) Fe**@Ui0-66-Cn for methane-to-methanol

CH, monooxygenase

Metalloenzyme in biological system

Leafl. . ot g I__/—Cl‘ﬁmlaﬁ
oy v
[T | e ey
s - 2
o \.'\-’-..'\_;u‘_.‘_.-
T‘:&!ﬂ“"-ﬁ. S Metallenzyme
= ’

W Gt
4 \Elodlonﬂalm

syslem

. Rational Design .

! ! " Electron/Mass
13“590'1 system
z.-" T3 Photoactive

center
COF membrane ’ B —_—

C
W metallognzyme

i
Fe active site in COF membrane
(b) Fe-COFH| HCO, 4 eCcO
(b) Fe-COF for CO,-to-CO

PMMO-inspired
bis(y-oxo) dicopper

(d) MOF-8O8FI F ! f5 A= g I
(d) MOF-808 for methane-to-methanol

MOF catalyst

B5 AT B IHESE R R R A T

Fig. 5 Framework materials based artificial enzymes for C1 conversion

AR EE R, % T Fe” @UiO-66-Cn & A # K}
RATAL AT FBE N4 (sMMO) TE A7 11 K%
HE B AR s (B 5o . B KB b R IR EE
K 3G 0, Ak ) 5 H b 2 T (% AR B AR FH 38 5
AT CH, IR B 3 58, 9 H Fe Az 55 8 1) «OH
(U B BEA%, MM ES T CH,OH M A B, 31 2
1 TR B I R AR S N R R IR R . 2R A
Hy, E IS 255 U BT I AR (pMMO) R 45
¥, BaekZE A % LI MOF-808 JyH 24, itk
ML 5 SRS AR GME S, BRI
£ 150°C (15530 2% 11 I 6f F e S840 o Y BE R I HE /&
M (E5d).

Tk (C2) FEEAHX Tk (CD A
HAHE MR % EMEWANE. R, & T8t
ZA M C-CHEBLI R, 1RDA MR RE2 1% £ 1
H A AL CO, 77 A C2 779 . Du %8 N Pl i i
MIL-53 (Cw) A TR ECAAR o1, ] 53
Ak Cu-Cu i &, MM CO, & & 7 1) C-C BBk H2
AEHE AR VT ML A . COOH &AM ) MIL-53 (Cu) C2

PR (LTS OIS BIVERL SBRURIE 55.5%, 0
T HEUE Cu M (35.7%) FHAth Cu FEfEALF .

2.4 (ERME-REDDEREW

— B AL ) A A T IE TT E ORI A R
AW B BT, B RAMMH RS
WA T EAWE. eE MR LR E .
AT . HEOREEREAE . BIEA G AETT R R I AT
PR RGBSR A T e AR, LS — Bk
WEWR A AL, (B H AT EE e LS
WA @AM Z 1 (R DL X s
Tl A2 W E A — B A 00 I T M 2 P %
18 X — Bl S PRI IR N A . AL RCRAR . 77
P F 1t 72 4 1) L

TR AR A A A, T NABERE 0,
& R R R AR 1065 . BRI, e
Y CO, [ 52 WU BA ) R BT 5. fse REAE I
Y CO, IR LA N AR, B BRI . 28
M, AR BE K CO, £ 7K Hf 1R 452 B I 8] e, 9 iR E
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i, M DU A K s g oL, 3 B0 R IR
1l 9 i) 2 B0 L I DG B TR 35 . AR e )
I G K AR 32 TE ALk AL 2 B A 2 — Mo K
1) SR B

Huang %6 A\ ™7 & BL7E 5 2 502 0 18 k) Fe v
(MFC) AR R Bids (PBR) LRI
CO, [E & IR B R Ge T i & 1 AT DL 2
1] MFC B B O, SR, ¥4 fife S8 1 B R 2 P
R AR, TV A DT B A R T s COo,
i 58 2 e . AT TaE Jd e B AT 4R SR A (Cod
E=n&m-aGHE% (tri-MOFs) [ fij B i 1k #4
AL ER, A& T — P AU L SR R B (ORR)
A (El6a). 1ZMELTIEA 5 PYC AH X4 ORR
AL S T A, MOF =4k %2 L 45 K9 1 T 1k
AR T HTFAE®. ERELFIMERT, MEY
PRBF M B K T R (850 mW-m™) & T
59.5%. [AIIF, MOF fEALFITHFE 744 2 b s s,
PERE T GE A K, i PBR-MFC 4 il R 4L 15 K
CO, [fil 72 U ZE W] 1K 20.7%

H & 1EH  (Photosynthesis) s& [ 28 5t o M 44
WK BREERCOE . & EY skt
Y. BESRA— el B 0] DK KA I COA A
ML CUnEI &R o RZERAE-1, 5- BRI AR AL R/ in 41
i (Rubisco) L) CO, ¥ & Xt 42 & e & R A A
VEMRELERE D, R, WS
AT TR 45 AT i 21 Rubisco B kAT ¥R 4k [ B —
AMEKEIPEEL . BT MOFs # R B mtbmm . wf
W ILBR S S &R s, R
RO B CO,, ¥ I A 9 B 5 ol A s W AC R
MR T 8 7 0 CO, T3 MR FE A TE HLRR I FE BL
AR TR RDCEER, Wi s T 5 80U
A ) S IR [ E %5 T . Hung 55 A PV HFR
1 — &5 Zn/Fe-MOF ¥ KL T MR RGE L 77 A1 CO,
[ E R AR R MK G FEEMALEH.
2 T AR 5 1 Zn-MOF F1 A5 A 7L 45 #4) o] 45 31F 1
B - A7 W 1% B () Fe-MOF #& & 7 [A] — Flt MOF #1 %}
. Zn/Fe-MOF B A 55K 1%, ] LL35 &) th 43 B AE
W . CO, 54546 B Zn/Fe-MOF 43 J& {7
M, I Y R B R A AR FLIE R, AT K
W CO, k4. BlJGTES. obliquus FTH CA B 1) 175
FF, CO,M\MOF FLH# e 374k A HCO, - fif

B HCO, B 4 E3h s 240 M s, 4 i 9 19
HCO, #§ CA it — b % b 5 &1 K B 1) CO, fit 45
RuBisCO B ) A, M1 42 3t ik 8 19 0% & 1F H
(E6b). SLIGEEREIR, 2.5mg-L™" (Zn/Fe FE/R L
JN10 1 1) [f) MOFs-3 il {2 it THLIR ek, A 282
AV EA I GRS E, REERECO,H
SE R =L 21.6%. XuZE N &l T — R¥IA
AR A B A ke SR HE SR A BL (ZIFS), FF R
FE 5 FR4K 2 50 0.01 mmol-L ) ZIF-8 443 K 474 K}
B, CO & RE RIS, TR B A AR ) =
FRE R R 12.9% F125.6%

AW TR S E BRI MOF 76 W1 24 1 T
CO,Hli 3k e J13h o, X153 25 T2 FE X CO, 1 i 3 Fl
7190 ARl B FBA P ¥ 8 JE A HLE B2 NH-
MIL-101-Fe i i § B B 4 3E £ /N ER % (Chlorella
pyrenoidosa) 3 THAE A ML A — S A0 Bk 1)k 48 2%
C. pyrenoidosa 4y W 2| ffd 71 1¥] CA B Bt /£ MOF 3%
[ K+ MOF & 4£ 1) CO, 1 2 #% . 2h HCO, , B J5
HCO, i 40 g J& o % iz dE i e iy (8 60) « 1%
FEHE N T R ) CO, fE R, HiIl T Rubisco (11
Rk (REEEFS2%), NERECE EhEFE N AE
Y e A R AL R 5.1% $2 5 51 9.8%. AT LA K
Kb A1 M EBAER . Fik, M8 MOF 4
BEFI A 7E CO, ¥ 4 AL #] CCM  (Carbon Concentrating
Mechanism) ¥ [EIEH, {13 C. pyrenocidosa 41
Jaxt CO, B A B = IS A0 7 HL3E 0 T Rubisco & &,
T IIE CO, [ 5 o thah, oAt 2 FLAESE AL k) a0
MIL-101-Fe. MIL-101-Cr A1 5 i 4k i 4 13X %6}
BRI [ R I R AR . X gh A
R, ¥ MOF 5k A 2H %5 75 35 25 41 i 3% T 6 % 5K
L CO, s L Fia iy, b i e 2F 35 28 1 o & [ i
EH .

Ah, TR — e RR S B 4L CO, I IR S 4
B A 2 R ) SR T S BRI 1), Yang 25
A F Fl MOFs £, 2 IS £2 7R IG5 Sk B2 A 4 i fR 37
DAHE BT S84k S 00T 41 i 3 e 42 4 %0 i T s R
SR, MOF 3G 4 (ROS) 43 fift fiE )18 ™ % IR
AL 21% O, f-1E FIIAE TR EK T 55, IF
15 201 1A 7E A RIS e %l I [ 8 CO, FFEEA ik

@%@ﬁﬁ ]
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-MelM
e &} L@ (i) Coprecipitation
4

+

IniCoFe-MOFs

S-Zn/Co/Fe-precursor

{ii} Sulfuration
—

€ _AN—E ST
o . ; (‘*}wpw\_ F
Anode Cathode_|[€ I,ymf-éa: T ) E
H0 [0, o, ] OB E’“\,’:}))r sulfide I g
,FU’I e L’LTL\ 4-;"‘_—13&« ,r'! §
Fo N b N A
~, - Air Tt
MR H—s F R
EHLCOOR Hy Cathode catalyst

Air-breathing cathode microbial fuel cell

Anodic Reaction: CHyCO0- +2H,0 —200,+TH +8¢

Cathodic Reaction: Oy+4e+4H® — IH,0

CN/CNTs/Zn,CoyFe -5-T

(a) Zn/Co/Fe-MOF ¥} [5] # 5 i 5 [ 52 CO,
(a) Zn/Co/Fe-MOF synergistic enhancement of CO, fixation by microalgae

Transmit H.0

co, |
fa \

€0, =——* H,C03 +—* HCOy

H*

é,"l.“,"

Enrich
Co,

MOFs adsorb CO,

A

T
\ﬁx S.obliguus

|||||

Chl-a : 32.57 mg-L"
DIC : 6692 pmol-L-!
P.:0.240 g-L-"-d"
Econ:216%

(b) Zn/Fe-MOF Fp 7] 3 3 535 [ 5 CO,
(b) Zn/Fe-MOF synergistic enhancement of CO, fixation by microalgae

Atmospheric CO, (418 ppm)

Atmospheric CO, (418 ppm)

= MOFs

.\‘g‘ .. = Carbonic anhydrase
e

0 = Microalgae

APCE = Apparent photo-
conversion efficiency

Ko<k
(€O, <[COL

CO, (ag) CO, (ag)
H.0 [H,D VS ’ A i
¥ Sl -
| % co, ¥ co,
g H‘i HCOy ¢ ‘H HCO,
APCE=5.1% APCE = 9.8 %
Scenaria 1 Scenario 2 (this work)
€O, + O —=CAIMOF Heo; 16, oo, SCA, on- co, BbISCo, o sy
interface

(out) {in} |

(c) NH,-MIL-101-Fe {37l 5 58 §3 5 [H 2 CO,
(c) NH,-MIL-101-Fe synergistic enhancement of CO, fixation by microalgae

Ble HEARPEHI I3 9 5 [ 52 CO, R

Fig. 6 Schematic diagram of microalgal CO, fixation with framework materials

3 & EE

HI AL A K — B AL & 0 e AL v i A B IR
BUR 2 o2 AR R A AT S . H ATRHEZE R R A —
AL & A FA R B AR R HIE TR A TR P B B
ARRFBAELAN UL LR R 5B AL

3.1 EMEATIREEL SRS

i L AE S 01 R 1] 5 1 I e o — i DL (1

32 v A X R E 1k AT A R R D AP D SRS
BB HE SRR BT AR A B B S BT, 1R AL E
I2RRK BB K X3, (e dt RV S 45 &, 12
Wi PR HE AL S 1 o (B H A8 S R 2R R E 1)
T WA B B I AR SR AR IR B/ o DR B 2208 I
K HEZERT KL 5 [ 5 10 Bl 5w Y 5 T 3K R 4R T, AR
HaEWH, 183 Pk RE R E 1L — BB AL A W AL 77
eIl FARRTBLNBLR LA I 1D JFR
BAEmEREAR, EariEm e, EMEE
VESEUT, DL AE 25 Fh A BT p BAT S48 57 10 A 1k



%£6% www.synbioj.com 013

B RAME A R IR RARRA . 5 T &
HE SRR F R N ] 2R s 2) KRBT
(] R A B A, B R T RE A, K B A A
R B AR SRR 2R, IR AR BRI, dR
BEris ks 3) W BB RI T, T A AE 2
FREE A 2 TR A B R AR GR E, 4R T AE 4L
MR BET AT B

EAFE R, AN T A 0 240 i 0 A [ 5 ke
S Tl RIS 1) 5 3B A ) A L R R A AN T
(7 It 2 A B PR A R o A SR ARIE TR COF's 3L [
S Tl M AR 2 0 0 L A S Il - 2 N 0 Bk 2R ) i AL )
HEA®M. e TR s, mTE e
HEfAWREENICEEWRT G, H-iERMAE
J T2 Al BLsi B v 4 I - 4 L AR W AR R I
% 0

3.2 IEEMECHINFTR

HAR AR T — 28 1 FR AR YRR 8 DL — 1k
G (N Co,. Bkes) NME—mRIEHT AR, A
ST H AR FE A 248 H AR PR R IR, 7R L
v E B R ATS SR A AE — 8 R 1l o Bl & A T A%
5&MAEYFRRERE, @iz, sug 50k
R — B A& R i A2 BN N it B ig 1z,
A LAJT &t B 22 R % R — i Ak & 0 18T B AR )
AT (B ARSI ANAD - 11 40 fdl B ] 250 g AR
g ME— LN B BERE NLIE R N 2 () B, I Re 8 4L
CO,IE i o FERLLLHTF TR R. capsulatus W 573 F i 250
Pt - 35 20 i 0 2k ] U - 6F C O, AT N A7 78 58 G M08
JRAEH o HAK [ 2B XS CO, 138 Ji 2504 LT A2 H [
B =A%, 0N, 1038 8t Jz iz A% T 4 [ 00
D] st 2k [ 260 1 A Sk mT DA I % R 2 (1) CO, 38 I
M. [FIE, R. capsulatus {ER—F 3240, FRik
TR A U S T LA GBS CO, B E KA,
T COFA N AEDIRR AL i Cn b . H R
B P Milo 58 AN R H I8 R H R & A
(rGlyP) ¥ WA A=W K AF o TR, (A =
S B B HCOO 1F O i I8 1 2R 2 5T G i
(PHB) A9kl KK, FFiE—DIiuEsE 2 KM
() HE B34 R} 5 Ak A 4 248 B i 1) 0 0 Bk A Ak — B 4L
GWEACTHI LRI TT . [FIN, 7 AT 40 VPl AE 2264

RO EVE . A d A R . 5 R A
FH LA FIATLA LA KR A 58 R 520 o

3.3 fERMHERIINEERRE

T 2 PRAE ZERF R ) NV F, T AE 2R 6
I Z IDhRe, X T HES)— Bl & 1 e 380 A A
AEER . HTHERMEEA & bR A AT
WM ALE, ML TR, % 25 &
TR . L 6] AE 2 A R 1) 45 6 RN 4 R AT
Wit A RASEIN B AR S S 1 ke
B 78 52 24 1) ST & W b A RE A A Al 4B B B
Bk, BRAR T B Ak I P AN BERE . B, —Fl
W4 B A WIAE S AR MIL-160 (AD JHAG SRR
LB, TS CH,» Fred M BEER,
CO, 4> F M A HE 7, BRI B A A 5% 19 C,H,/CO,
Iy EEBENE . B W& (AL COFs R I H )
I R AR, RTAE 9 e A B A R, A
100 bar 1298 K 26 F T, AR A bt 0 b =05 2|
264 cm’(STP)/em’, Bk [ H A7 B Ok FIHESE
MOREEY A, HEZE R RE AT DL U B R o T
BEAT AL, BT ) Cu-MOF # B B A 1 & AL Az
SRR LB 25, 3 AT A AR AR RS AL
CO,, [FAIEFIH Cu-MOF 1 ALK CO, 5 2 Jk
PR I B I — 3k RO, B SR B T 244 v T A
1, 3-M R -2 {y ) % 10

IeAh, HEZLRRL AT DR N e fE TE, fE
F 8 A BT R A4 rh (2 a3 B ] A 1 AL U 2
DA S o — i T H 3R B WA 1 1 4 J A LA
245 551K TiFe-BTC £ 6.0 MPaltf, ik CO 2E 1%
Al A 7.178 mmol/g/h, i £ T 99% MY,
o, BAH R n-n S 12 R G 4k COFs 7]
DA 1 H 7 55 4 7 e ke 1, A URT BLA
TREAEME T, en LLUE S 7E COFs #ifk F 5l A
JeiE AR R IEE, TR T COFs H 8 1 6 IR AT #
AR, B K FH B8 DK B0 1 ' TR SR s DL R
o I R AL P R D

A, R HERR MR C 4 i) 2% N L B
MR, H T HEZE M RE N TR 7E — B A7
M e, HFELE 7L MOF . 5 COF #
HOF # Lk, MOF B EA 240 & & 5 AU 75 4 )8 iy
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AR, A B A2 W, xF ik, EE AR &R S
T AT IS 480, COF 5% HOF 2t \ TR/
RKATRe I 2R N g ). Fs I,
HARFR P WAER K0 B GIESE LSO
(1 RSN, A8 B A B ] g 72 B 20 AL A 1
A& /711 COF B HOF iUl b 2K RARFGIK AR A E K
#, AL, St COF MTHOF IS & T AT
BE— DR ZO AR S Nt . F AN
B AN AAERAM RN TR . fJa, AL
oMK TR RRHEAR, B2 RABFMA L
Bl B RE) Ok R AGdE — P AT, X R T
HE 2844 ) 1) N TG FE — B Ak 5 4 e A0 v B 42 i
TSRS .

R, % 2 Th RRAE 3R RE Cn [) B . & 1L
W R E SR AEYHEESR) 54
MRS G, Bt — PR A MR
HIF RN A . e TR RS R &
FI| (1)) o I A R B IAL 7 A AE SRR AT AR A 4L
F 2 )k B P AT RS U, DL i s S 1 A
DA B 52 S B R A

gr b, ) HE SRR AE & A W 8 Ak B AL — Tk
b &I SR 7E IE Ab T PO R R B, IR R
HE R 7. AR HESLA R N AR W i 4 7 32 it
Ty BERY Oy TIE R @ -k, D
N T W 7 A v B A A 2% i AR R 2 it
TR R AR S

H AT, HE LM R ERF 58 S8 IR 9128 7
Ty, 1 Svante 2> &) % [ MOF & W% it 751 ]
TSR CO M4, R RGN R
3% 100 kg CO,, 4 ik 95%, Finf 32 it 45 5k
PEER DT fHE,  HEZEAPRHE AP A0 1) Tolk Ak
L FH AT 75 S A FUARAR 2R 7= L BRI . T 20E L
PG A IS PR AR D — SHEZR AR A TR B
SRR B B A, HE DR A & 7=, {H L COF
MO E],  BEDE R AR R A 5 R A
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