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Abstract Mixed matrix membranes (MMMs) are extensively utilized to enhance adsorption and separation perfor-
mance by integrating the advantageous properties of polymers with organic and inorganic fillers. Conjugated micropo-
rous polymers (CMPs) , characterized by their hierarchical porous structure and abundant heteroatom adsorption
sites, demonstrate efficient and stable gas adsorption and separation capabilities in complex environments. Herein,
we constructed a CMPs membrane supported by a carbon nanotubes (CNTs) network, utilizing three-dimensional
network structured CNTs as a flexible substrate and CMPs with hierarchical porous structures and abundant
heteroatom adsorption sites as the adsorptive active layer, aiming to address the challenge of self-membrane
formation in porous polymers during the preparation process. The fabricated CMP-CNTs membrane retains the three-
dimensional reticulated structure of CNTs and the hierarchical porous structure of CMPs, ensuring efficient adsorp-
tion and separation of particulate matter (PM) and carbon dioxide/nitrogen (CO,/N,) while significantly reducing
permeation resistance. In acidic and alkaline environments, the interception efficiency of CMP-CNTs for PM,,
exceeds 99.9%. The pore property characterization indicate that CMP-CNTs have dimensional characteristics
similar to the molecular dynamic diameter of gases and a polar-induced environment caused by nitrogen and oxygen
heteroatoms, giving them excellent CO,/N, separation capacity. The selectivity of CMP-CNTs for the CO,/N, mixture
reaches an impressive value of 119 at 273 K and 1.0 bar(1 bar = 0.1 MPa). This study proposes an MMM formed by
coaxially covalently grafting CMPs onto the surface of CNTs to create a core-shell structure, thus demonstrating a
processing approach that leverages the complementary advantages of porous polymers and flexible substrates,
showcasing design flexibility and process universality.

Keywords Mixed matrix membrane; Coaxial covalent grafting; Core-shell structure; Acid/alkali tolerance;

Particulate matter/CO, synchronous capture
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Scheme 1 Schematic diagram of fabrication process of CMP-CNTs membrane
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Schematic diagram of PM test flow
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Scheme 2 Homemade test device for evaluating the air filtration performance
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2.1 CMP-CNTsEHIRIESHT

2.1.1 CMP-CNTs B8 # A& A0l 4 o B e A s B i S BB R Br-CN'Ts 1 CMP-CNTs
B ROUIESR .t 1(A) FT(B) AT L, 4l CNTs Sy RE R DG AR, 8 L BEHLHES Fgm 8 U8 il —
A W28 254 3 Br-CNTs BT S BLA (A28 | 76 EDS B[ # 1(C)~(E) I g s Kt A FRoc %, &
AH 25 Jik-5-VRLH R FE B 4 K A5 2 TR DA

200 nm

500 nm ke 500 nm ; ‘ ' 300:nm
X ! ———

Fig.1 SEM images of pure CNTs(A) and Br-CNTs(B) and EDS spectra of Br-CNTs(C—E)
(C) C; (D) N; (E) Br.

€12 2 CMP-CNTs 51 TEM B8R oI LA i, CMP-CNTs LR B T4 CNTs (1 )54k =2 25 T2 40
—YEARAE B HERUE T AR RS B FLERE . 7RI 2 R S 203 25 1) CMPs, SRBTIE R T~ CMPs 1
BEYRG 1 )22 48 &) G v 23 CNTs IR 48 . CMPs 52 )2 I BFL 5 4G 20 Al 32, A3 CMIPs )22 )28
3~5 nm. A OAPRAE A RSP, BEIES) | SREDEH AR . X FIEEHLAHES | iV ST T
— AN ST i A ) AE M4, T CMP-CNTs J12# M BRI IR & (40> T-RE 0 4t s . TRl =
Y PR S5 AE) R AFAE I T LU S5 I PN Fg S22 TR () B, DT A o3 T Iz S REL D 4 s X S R A
g R TR .

100 nm

Fig.2 SEM image(A) and TEM images(B, C) of CMP-CNTs membrane with different magnifications
2.1.2 CMP-CNTs £ B9 25 My 40 % An 3L R MR 3l FTIR YGIEFI XRD 3573 5% CMP-CNTSs [IE it D AESE 4]
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SRR FE 3082 F1804 em ™ Ab H BRI JE TR N C—H S8 Al hr A0 25 i 48 3o s 75 1660 em™ A Y%
Wik C=0 Byf550% . I 3(B)AILAFE H, CNTs 7E 28° 1437 4b H B 2 AT 56, 43 WX T CNTs Y
(002) F1(100) AR TE""'. CMP-CNTs i () XRD 3% H H BT DL 157 R B SE 0%, B CMP-CNTs AT
ToE B A5 B 3(B) fhid BT CNTs (002) s [ATXT 7 9 55 A7 5 06 . FTIR S35 A1 XRD 35 ] 0
I B R BT £ B RE S S BRI B AR =9 — 2. @1 A /T (TCGA) 5T T CMP-CNTs JE7E N,
SAGUTRPERENE, DL AR =R N I FE . CMP-CNTs JREAE 300 “CZAT Y BTt fit R i)y,
F] 500 “CHF #y JiT & 51 2k 44 18%. ££ 700 “CHY & i T, CMP-CNTs I (1) £z 28 Jii 5 PR 358 R 70%
[E3(C)J. CMP-CNTs AT 5 (0 #A8  H w] R R J FL N RV ]

(A) ©
100
& 300 °C, 97%
. Z 0
C—H aromatic S
° L
Lg 80
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60
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Fig.3 FTIR spectrum(A), XRD pattern(B) and TGA curve(C) of CMP-CNTs membrane

777, 3 K Fad i N, W B - B0 B2 36 %5k CMP-CN'T's JI5% i He 26 g AR FL Bk RE R4 T 6 AE . AR [ B
i 55 0 A 226 G 2 (TUPAC) 4025, CMP-CNT's IR 19 18 T - 56 T 252 1 26 % B g TV 75 462 9L 28 R A1E
[E4(A) ). ZEBARAIFIXS E ST (plpy<0. 01)F , CMP-CNTs X N, 4 (4 W A B S 1400, FEBH 25 A E SR Iy
FEAE 5 BIREL™ . A EE AR 7 (0. 1<p/p,<0. 9)F , T4 32 i BRI 5 20, A LS H 1)
FETERRME TG JIRIESE . 7E0. 9<p/p,<1. O YR RN, N, AW B o 0 38, RBIAETE R LA
WERHFLAR M M 26 [ 18 4(B) JE— B TESE T CMP-CNTs JEHR AR 43 2 2 A L5 . AL ROTE il I R T
CMPs ZALIGHZ BTk, 1 FLFARSL F 2B T a9 KA 15 5 CMPs BUZ g A ab > R T
W2 [ = 4 22 5 Brunauer-Emmett-Teller(BET)#8Y , il 72 CMP-CNTs 9 BET LU 3R THIFR (Syy) 4 292 m/g,
AL e R AL 5 HE R 54%. SR H Barrett-Joyner-Hallender (BJH ) 75 #:15 2] CMP-CNTs ) 5 L 25 FIHLFL &5
EE 43901 4 0. 39 em/g F128%. CMP-CNTs B A 1) 4398 22 FL 45 14 Tl 2L L HE AR o 1 B 67 AR BV
) EBORIAZ A, RIS B AL T ] Fr 2 20 2 ] R A A5

350 0.010
A 300 )
& 70.008
L2350 F ' o
g ;90 200 L Desorption E)/ 0.006
s g 2
52 150 £ 0.004
o3 <
8 100 - £
8 © 0.002
Z 50 S
S .
Adsorption
s I 1 I 1 P 1 I 0 .
0 02 04 06 038 1.0 1 10 100

Relative pressure, p/p, Pore width/nm

Fig. 4 N, adsorption-desorption isotherms(A) and aperture distribution curve(B) of CMP-CNTs membrane

2.2 CMP-CNTs &Ry TEAE
2.2.1 CMP-CNTs fE iyt 8 £ 8 BT CMP-CNTs i A AR R TE S . R 2L a5 M E S B
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RARIEA, HE—HHRTT T WAL o 52 e Pk W B A5 L BRI TR 32 1 A0 13 124 B G S5 5% [ AL
A 2 S T 3k B i 2 o W R JSE A e 1 PML o i RE AN AR B L 7 A B . i B 5 (A)
AL, FEXRARIE R 0. 2 L/min B, 145 CMP-CNTs 323 80 114 16 Pa; X400 in5) 1. 0 L/min
B, AARBER ) BN 2 147 Pa. FEFEMIE IS TR P B I T PM 76 &2 22 il
N REE , SRS S IIE. [EIB, CMP-CNTs JEXF PM, | 4 4 4 500 % H (98. 4320. 14)% T [543
(95.09+0. 11)%. ¥ FHAFRL , FrilSe PM, F1PM,, (I B SR L 99. 87%. FifiZ MR 1 () 185
T, /NSRS R PR R 8 A A 1 3 B S B ISRk /L, AT S B PMO R BB et . QF 2P £
FLIR B A B LR T RB B R I LR G35 55 24!, QF 0. 67 Pa~' ] CMP-CNTs i (0. 2 L/min,
PM3. 0) e A HERE L A — i [ 5(B) ], 28 g iy KRS P RE 2 PE A W B S A4 ek 1 B ) 2
SR B 5(C) R T CMP-CNTs XA [R1RE 42 PM 7E 72 h O SER0R AR (ki 2% . AT, CMP-CNTs
FEEXT PM, I SRR AR AE (95. 43+0. 11)% VA L, X PM, Al PM,, RIS IRACR BT 99. 69%. FEdfizfid
BT E U B Eepds | B AL R R 2N A A R R AE AT, CMP-CNTs R B
Fhak HEaE 1) PM A BRRCR >,

102 A PM;3 -o- Pressure drop 1 (B) PMos ©
@ PM;,o 4160 100 Fes - 22
100 s PMwo o s £ 08 4
8 . /T E § o6l 57T PMos
= 98 - P p S S ’ = ogl PM;,
5] = A o & B —— PMyo
= 96 |- o (= 80 é %‘ 04 =
9 | (o4 L °
S o4l | B 02 &’96—1,111111 I1 %r1==="
0 1 1 1 ! s 95 1 1 | | 1 | |
02 04 06 08 1.0 02 04 006 0.8 1.0 0 10 20 30 40 50 60 70
Flow rate/(L-min~") Flow rate/(L-min™") Time/h
4300
1004 | (D) gm(m Pressure drop 102 102k (F) EMO.B
? 3.0 ? /‘c\ 3.0
S1000p oMo 1. < 100 < 100 = Mo
= 99.6F 2 8 9 5 o8}
& . 1502 g g L.
S 992} dJl0g T % g %
g - 2
& 988+ 150 g o & M
0 92
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
Time/h Time/h Time/h

Fig.5 PM removal performance for CMP-CNTs membrane at different flow rates(A), time(C) and under

high humidity(D), acidic(E) and alkaline(F) conditions and quality factors at different flow rates(B)

SEER T B BT i RUORE S R 3R PV R A Rk £ 65+ Ak RE B H AR R . B S(D) R T CMP-
CNTs JE AR K i 385 P () PM P2 ARCR B s ) AR fh a3 . wT AR, KT R IR e AR R T, R
E—505 , A KAl (WCA) A 149°. W BRHR AR 1% B AR ST /K 4 L ) A R P 5 H v 0T
FUE AR PM [ Jed 5544 . CMP-CNTs JEEXT PM, , A4 A0 M IE 808 BE 2504 T 11 (95. 63+0. 08) %32 7
F1](98. 12+0. 05)% , XF PM; , Fl PM, , 55 5 K UKL 1) 38 B3 503 PT 35 31 (99. 98+0. 01)%. BV 7838 ¥ PR 45
H, CMP-CNTs JIE 5 K BRI IB 3B L 1A 214 Pa, B0 H LS B9AL % . CMP-CNTs fls A . A8 241
() Y48 oA | A B 3 1 43 2 22 FLAS R R 5 B B 3 - IR 2 A LA R 25 A E AR & T PMLY
PAHRCR , [ SRf# T 45T HR AR ) 2,

TV B S B A A 2 A Bl T R A PMR BRI, T S B Y T KRR s R Ak
AT LM I R O T A AR A B 5 v 2 T W A SB0RE ) B4 RE AR B2 . CMP-CN'Ts JBETE VR
6 mol/L 1)k iR 5k S A AL BRI VR P IR 100 h, U [A] 528 1 R SR BB I s iR 4 . AR 28750,

Chem. J. Chinese Universities, 2025, 46(4), 20240506 20240506(7/10)



Jd 53 5K s R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

CMP-CNTs X PM, , B3 35 30K 3 (97. 01£0. 9) % 5 FE B Z& 75 4, CMP-CNTs X} PM, , A9 4 3K
AR T (96. 81+0. 13)%. CMP-CNTs fi 7E R 1 5l i 1 24 5% b X P, Fi1 PM,, 9 47 35 2 56 34 3k
(99. 87+0.01) %[ & 5(E)FI(F) |. FERRYESMET, CMPs B T Au i, i S i fapiR A & A2 78
b, WA I T B 67 R A A PT  PML. ZEBRPEFREE h, CMPs 230 518k 9 i L i 7, HLfpIR
AR AT | A A TR BT I L Aar ) P
222 CMP-CNTs B S AR EGE  CMP-CNTs HA MRS TE5 1 | R LA LI ICR . A AR
TSRS, A N TR B RN 23 g Sl . A SCR LA Y T R S 25 4 1) 2 SE D) R A
L, AT AR B S 6 ARSI SY T CMP-CNTs IEE7E TR A 2H 43052 3k 5 v 18 3 AR 8 RS 435k

K 6(A)F1(B) 7 i T CMP-CNTs JEE7E 273 #1298 K. 0~1 bar(1 bar=0. 1 MPa) J& JJ 551 %f B2
43 CO, FIN, B W FHRE 1 . B2 5256 5 1 A9 K, CO, AR B Al g TG 388 K, 3 2 ik 21 37 i il o ALk
. 0. 15 bar B (1) CO, W B 68 3 X 52 b g HoA B 2858 50, B i S5 1 A 823 12 (N, 75%,
CO,: 15%, H,0: 5%, 0,: 3%~4%, SO,/NO,: 1%) CO, 15 K", 7£298/273 KF10. 15 bar &4 F ,
CMP-CNTs I CO, W ffH4 0. 42/0. 66 mmol/g. 1E273 KF1 1. 0 bar 2544 F , CMP-CNTs IEX} CO, () Hck
W 4 3. 01 mmol/g.  H1F CO,ME BRI, CMP-CNTSs 5% CO, W FRHRE 7 Fifi 25 1665 508 1) 12 i s
H M. AE298 K 1. 0 bar FIFRHAESAE R , CMP-CNTs X CO, AW fiHiE 4 2. 38 mmol/g. (B A37E E 1
J&, CMP-CNTs XS N, I e 1A%, RIS ZERIN, BRI .

35 0.12 20
(A) 273 K (B) 273 K ©
. 3.01 mmol/g
o 3.0F 298 K 2010 ¢ 208 K 0.11 mmol/g
= o0 15 F
g 25F 238 mmol/g | = 0.08 | :I: o 0-0-0-9"°
g 20F S 0.06 mmol/g 2 e
S < 0.06F Z10f o
< 15F 2 ) o
b= = - = @
£ 10t 5 004 | S s Ld
S o5k Z 002
O 1 1 1 1 1 1 O i 1 1 1 1 1 0 1 1 1 1
0 02 04 06 08 1.0 0 02 04 06 038 1.0 0 0.5 1.0 1.5 2.0 2.5
ploar plbar CO; uptake/(mmol-g1)

Fig. 6 Adsorption capacity of CO,(A), N,(B) and isosteric heat(C) of CMP-CNTs membrane

CO, 1 Q JEPFEHT CO, 505 W B 550 AH B A FH 3 3 () EE 2248 b . 1 6 (C) "h AR Q (E 22 B CMP-
CNTs Ji5 3= 5230 5o AR} 1T P FE AL T % CO, A T4 B (. BifiE CO, MR S 3, CO, 1Y Q38 T
BTV, R CO, M FHI3E 1A FI S50 . CMP-CNTs BEAEIR AN S50 N FRA i nl 450k SR AEAE ) i it
AR AR CO, 5 MR B AR UE R . 22 LW B R0 A4 Rk 1 CO, W B B 32 B B e LR L IR | L3R
THFR AR A2 B 5 . CMP-CNTs BERYGLFL R/ INS CO, 38 12 HARARRR , AR Tl it e fiEse
F144 CO A FRRHIZEALIASE H . R LR AT LA CO, o PR G SR 9 fFLER BT, TN CO, 3l
IR ST FRAR A7t s ]

223 CMP-CNTs B 2 8 Bt dE NEI6(A)FI(B) AT LA H, CMP-CNTs X} CO, Fl N, AW fi E
FSERUEAE B 225 . I, SRITTASTELIEAl CMP-CNTs 7E CO/N IR A0 (Voo 1 Vi =15:85) )
SrEPERE. 76273 KN 0 bar Z5F T, CMP-CNTs [ CO/N, ZEFENE R 119, ZEMFEE ST, WETHE 2
298 KA, CMP-CNTs 1) CO,/N, i MEREZE 101 [ 7(A) ] A EERER) CMP-CNTs HA7 S8 800 K 5515
F LT =E B A R B T 00 T 0 - A BLAE S Sl 7 19 SRS 7 (A0 CO,) R A .l 1 m]
UL, e AR A R T AR 254, b 7 R R G R B T Y iR R TS A fLIE
BT R, T T B S0 Fpe /N FLIE . CMP-CIN'Ts B 15 [ 26 780 Z2 £ L Bt A1 RHE COL/N, TR B 443 0 15
PEBRE T R — 2

CMP-CNTs VE b —F G AL ICHLZ LM R, H TR S0 21 G- 45 [ B 90 K4S N AR HL A i ok e
) CMPs #h5E 2 . 7EZlifbid B rf, CMP-CNTs 23 FHAY PM I CO, Wiz %, 8 fifs | 32 #0R1 26 B S5 8t
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Fig.7 IAST selectivity(A), surface electrostatic potential distribution(B) and HOMO and LUMO energy
level orbital map(C) of CMP-CNTs

Table 1 Comparison of the selectivity of different porous materials for CO,/N, separation under 273 K/1.0 bar

Capture material IAST Selectivity Ref.
AC-CMPs 15 [20]
0-CMPs 40 [19]
N-CMPs 79 (18]
Ta-CMP-CNTs 87 [21]
CMP-CNTs 119 This work

X PM AT CO, AR . X ORI/ P, A7 BHAZ 8l 5 | B 0RE 9 ASFR 32 sh B e AT I 25 B 1 <o
B, EA 1 AR A R B R BURL (A PM, ) 1 R R 5 | il b R R S | T 32 8
WA SLbR R X &R £ . PM(C—O0, C—N, —NO, #1—S0,H) F1 CO,(C=0) 4 K & & m it
REMT=Y. HE7(B)FI(C) ] UL, CMP-CNTs HA S AR , I 1535 B0 5 B P 2 B o o A A0 - 8 A0 A 75
SABAHEAER, IS R0 PR AR i 5| ) A4 R0 ] Fe e g ) i A 20 R L
ARG, IR LR T CMP-CNTs B 23 Sk | TR B e o i Pkfe . tbAh, CMPs5E R HL R TR
153y 2 Z LG5I R CO, o0 T-HEAE T B K 90 25 [l AR DE L () FLAR , R CO, AR A A- i T8
BLTTHR . 7E PM I CO, 4T R/NE A, ASFIZKE ) CMP-CNTs AFLBR AR AT 204 2800, i i
PM 1 CO, B A FIZ A

3 &

T DR CMPs [R5 AN E2RL 2] CNTs 1A, SEI R Feas M aT A, diles T —Fr BUIR &
FEFRERRL . ZE MR B SR A =M 1 CNTs N, B RS AE A.
B AL CMPs WAL . X RIS 6 2 LIRS )2 R M S 350 52 G I S 25 155 T % PM
FIEEAR, 1R HE T COUNIR-E 309508 . 1935 T CMP-CNTs BB /K R0 | 2B 7E i 1 BR B X PM,
BRI SRR SR B 98, 12% , WK IRL IR 2457 99. 98% (IR B 12 /K F- . CMP-CNTs JIE 38 1o i 2 247y
SHEAE 119 1 B B S0 2L A0 R T Z2 LR e T RN R R A v R 45 R 3 i 1 = SRl AR A50%
T E BRI A A 8T, CMP-CNTs fJE7E 273 Kl 1. 0 bar 251F T A9 CO, B4 3. 01 mmol/g, TAST 54—
HAESE T HA R EALEEHI TR . A7 5 CMP-CNTs JERT COL/N,IRA I AR IR B B . A SC
HSR ) 7 ] il A BT CMPs (TR G L TR 5 %
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