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DD3R 43 F i i () CO, /CH, 43 B RE AL 5. (0 /&
CO./H, ﬁ’%ﬁ?ﬁ@ﬁ“ﬁ’ﬁl@sﬁ%yﬂ CO, #1 H,
()50 F8h 112 AR R /N T DD3R 20 1 I A FL A%
WA 1043 B8 6 AR 1 T 3 W B 1 22 5% L i CO,
FEATE 53 07 R P9 P W B R A, 5 L R R i 22
SN OARYE W R BOHL ] SR ALY CO, /H,
W B T DA AU R B o B e R . T
B 2R S A S W CO, B8 (B) J5 1] LASE k43
Fif CO, WEBt#:. Othman 2520 43 Bl 4 T 4
%k silicalite—1,Na—ZSM -5 FIll#5 2% ZSM-5(B-
ZSM-5) 4y Fifi T CO, /CH, 788 . 453 2 8L B
~ZSM -5 4 F B CO, /CH, 43 B ¥ £ 1 ft v
(8.17), Sebastian 2% 45 B#1 4 T Na-ZSM-5
1 B-ZSM-5 43 F i i F CO, /N, 4385, 45 51 &
B B-ZSM -5 43 [ 43 B HE PR R (13)

AHIFST LA DU A 2 41 (Na, B, O ) 4 R B . 5% FH
TURAERK R UG AL O, Has £ 2 3% 0k 3% 1
# THi#2¢ DDR(B-DDR) 4r i, REGEHZET
IS FR DU B R Sk X6 B-DDR 431+ I TE $
5K I CO. /H, 5 B YRR BZ M 345 T e
BREAE. TR [ 2 R T R S G
B R JT HERE O MK IR IR X B-DDR 43 F i
HE 53 B HERB I 52

1 s

1.1 BKPE Sigma-1 3 FiFHIH &

KA A K 2 #8 Sigma—1 43 f A, 78
2 DU AR I AR 7 i [ SM = 30, 30 6 (i i 43
#0 , Sigma— Aldrich JF1 25 B F /K 4R A SR 5
AR F 4 Nzl ADA, 97 % (B 43350 » Sigma—
Aldrich J# 75 403 10 min {f H 550 . FEAK IR
IS AL (NaOH, 204728, [ 245 45 A1) AR 45 R
4 NaAlO, , 98 % (i £ 43 #50) » Sigma— Aldrich ], %
WP 25 41 0 W i & L n CADA) 2 0 (SIO, ) ¢
n(ALO;) :n(NaOH) :n(H,0)=10:60:1:3:2 400,
FSURTE 333 KoKk &fb 1 h GBI AR &,
BT 453 KA AL 24 h, Sbgs G240k
WE P 7E 333 K M5 3845 50 70 A, B 1 5
R rE 973 K 4Bbe 8 h DUBERRA AR I , T Fo il ik
N 2 K/min, XMEERENR 5 1 Sigma—1 4351
HEATEREE LD P , 15 1 KBS Ry 350 r/min, 35K Fif
[k 4 b BEER S e () B A e A 45

1.2 B 5% DDR(B-DDR) % F 0 BE B 5l 8
12,1 @hFRIR A ECH S db AR
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i I ) T B 3B 0. 5 %01 Sigma—1 IR, R
FHIRBHERLETE VU E o - AL O, H2s 27 4E 45 441
FUR AT BRI A IR BT Ol 15 s, SR T
333 KHLRRHE T, 256 i I %) o 2 41 4 S0 PRk 52
W= S, AMEA 3. 7 mm, NAEA 0.9 mm, fLFEH
2 44% N, BEME R 2. 5X10° mol/(m? « s «
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1.2.2 B-DDR 4 T E ) i 4

FRER 4 Wl oe e & 1 R U 3 S S R P, 3
nA & — B [EN, 99% (Ji & 43 %), Sigma -
Aldrich ], P4 b B AT 4 W o8 e o0 s i . 9K
JE A B F/KAE R A FE 20 min, ZEHEPERES
T I A 7 (Si0, , Ludox SM - 30, Sigma -
Aldrich) i A V8 i % 44 [ Na, B, O7 » 99 %0 (i & 43
0  Maclin], £ 333 K FHiFEpRIL 1 h, W H 45
AW R B R 7 (ADA) 2 2 (SIO,) t n (EN) ¢
7(H,0) :n(Na,B,0;)=3:100:50:4 000:x (=0,
0.05, 0.1, 0.2, 0.4) ARHEAS[R] P 00 A v 32 il &
()43 F i % 4 ) A% ic & DDR, B,, - DDR, B, , -
DDR. B, s~ DDR f1 B, s~ DDR,

PR B S Y T 28 £ Y 2R T EOCE T RN &
o GBI AR B B RN A AERE  AE 413 K
TR Ak 44 ho K5 B 43T 0 B 25 B oK
P TR SR IS A SRS BRI B AR )
JBEIREE Ry 473 K BRIl 72 h,
1.3 RAE

53 ¥R OB AR 2 32 & it A i v
%% (FE-SEM, Hitachi, S-4800) Wi%%., 4+ T &%
53 7 B AR 45 0 SR T X 3 2 At B A (XRD,
MiniFlex 600, Rigaku) 43 #7, & H 4 # 7= 4= Ko Ht
L AT 5°~50° i ALK 0. 02°/s, 73 F- i
(1R ek L I A2 8 21 A0 35 151 R FH 21 80 56 15 A (FTIR,
Nicolet 8700, Nicolet) Jll i, 43F i 9 N, F1 CO,
W S 45 T 2k SR FH 4 B BFF X (JW = BK300C, JWGB
Instruments) 3 . % ] Brunauer - Emmet — Teller
(BED) LA LR T R - plot ¥R AL
LA KRB A Langmuir W B3R X405 735
i CO, MR AEIR R, =X (D B
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3 IR 1 2R L SR FH S i AR KRS
JFRVIRA - 76 CO,/Hy /H O iR & KIS &
H LSRR . BB SRS A R A
i (GC2014, HARSHO /MM . B2 B Mg 4
KRB EMELP,. s mol/(m® « s« Pa) J[ 15
(2) 154y Bk (S ) LI (D JFRR

Pm.l:Fi/Ap (2)
T R IR BSO8R R Sy, =Poi/Po,; (3)
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Fig. 1 Schematic diagram of gas separation apparatus for zeolite membrane
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—
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DDR
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20 /(°)

B-DDR 7311 i3 5 e 55 DDR Jp 10 5 il 08 437
TRAF—EC AR IHABZR .t 2(b) JR ok
T LAFE H L B DB B A S5 L A S, B
DDR 7310t f5 S e i) 25 £ BE A% - R W B T A
DDR 731§ 5 25 5 | L 505 i 1 S i 4

)

—_
=

*- DDR

DA ETIAN
A N\ e S\
NN\ o N\ A

B,-DDR/,
*
*
N\ ””“A

A__Standard DDR__ A
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26 /(°)

FHRT 58

K 2 RIF] B4k DDR 40 XRD & . 20 {5k 5°~50°(a); 20 JEF A 14°~18.5°(b)
Fig. 2 XRD patterns of different B-DDR zeolites: 20 range 5°~50° (a); 20 range 14°~18.5° (b)
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o Si—O—Si Zfirshig, 53R RIER DDR 23
T — 2 2 B AR A SR LR 0. 2 A
0. 4(Bf B, s~ DDR #1 B, s~ DDR) B}, 7£ 961 cm™ ' 4b
WML TR B—O—Si i 4q ik s, £ B i1
BIRIEAT DDR 7308 52 . >4 VYA 9 9 40y Jo
R EL/NT 0. 2 B, B—O—Si i 44 sl al e A 5
5 HE B8 T AR R K B

B,,~DDR
S| B,-DDR 961
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Y Jem
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Fig. 3 FTIR spectra of different B-DDR zeolites
# 1 AR B-DDR 73 B9 BET F & mm
AL AL A SR . R 45 1 AT LUF L Bl Y
BITRR B o 1 5 LU Y 389 1, B— DDR 431 1) [ 3R
AR 345. 9 m®/g FEAIRE] 253. 8 m*/g. (AL AL
750 0. 136 em’ /g AR H] 0. 109 em®/g, X ZH A
B JEF#843 BUR T DDR 43 i B 22 iy Si g,
(DUER3 81 WA NP 72.52 B NSRS 2 O 3 e ) < O 2 e T
AL L FLA N
%1 7F B-DDR % ff#5 BET stk d42
Ao LB ILA
Table 1 BET surface area and specific pore volume

of different B-DDR zeolites

e BET Ztljééiﬁiiq %Zﬂgt[ﬁﬂ?/
(m? »g ') (em® e g 1)
DDR 345.9 0.136
By .—~DDR 333.0 0.129
By.,—~DDR 317.5 0. 120
By s~ DDR 256. 8 0.115
Bi.s—~DDR 253.8 0. 109

H T BIEIE 2% DDR 731 CO, W Fff g
AR . 5 298 K I T AR B~ DDR 43 i )
CO, WeMAERE . ik 4 Fis. B ARm Bitn T
DDR 737 i) CO, W fff it X m] fEJ2 K BOD
AU DDR 2308 A i oy SiCIV) Z 54400 1 5 1

B CO. BYBE 4> )8 251 (Na )W FfH7 25 . B-DDR 4
T ) CO, W2 B St Bl 5 W45 2 12 19 84 00 177 8 7 34
fin,100 kPa '~ By s— DDR 43 () CO, W fff &4
1. 40 mmol/g, & T A 2% B 1 DDR 4T CO,
M [t (1. 18 mmol/g) . 2K H XU 5 Langmuir W
B AR L2 (D T3 AN A 4 CO, W B 45 T 2k
A SEER AR W5 B R LS E R B RP >0, 999) .
Hi3% 2 AT, Bl 25 DU IR S ) o ) £ LU A 3G i, B -
DDR 43 () CO, 11 F1W% B £ Fll Langmuir & %X
HRAR 3 0, R BN AE 22 & 7+ T DDR 43 ¥ i 19
CO, Wt

1.5

B,,~DDR
Bos—DDR
By,~DDR
B,,-DDR

DDR

XUV Langmuir
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77 /kPa

" e » 4 o

ANl B-DDR 43 FiififE 298 K&
i) COy W 45 IR 4L
Fig. 4 CO, adsorption isotherms of different
B-DDR zeolites at 298 K
% 2 /%% Langmuir B 58 X AR F
B-DDR 2-F §f CO, B 4 I8 & P13 69 3

Table 2 Parameters obtained by fitting dual-site

& 4

Langmuir equation on CO; adsorption isotherms

of different B-DDR zeolites

e @/ . K, /(X107 g/ ) K,/(X10?
(mmoleg™") kPa ') (mmoleg™') kPa ')
DDR 1.51 8. 67 0.98 9. 30
B..,-DDR 1.55 8.70 0. 99 9. 50
B,.~DDR 1.67 8. 81 1. 00 10.18
B,s-DDR  1.68 9.45 1.05 10. 50
B.s-DDR 1.69 9.95 1. 06 11. 00

2.2 M#ERSA R E Xt B-DDR & Fif BE L 57 45 44
sk

K 5 AR B-DDR 731 ifi A9 SEM [,

BRI AT LA L B R824 T DDR 431

HRSR RT3 233U i P 262 1Ty <P 28 1) = IR e A

DRI BOAR SR . R R 4R 2 PR A5 1 S O L o0 1 I
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AT - 424 DDR 2r T IR il & 5 CO./H. 7> B PERE + 57

AHARK KRG W 1 7] LA 1 B T8 2%
X 2 T JEE A A R 7 R 5 22 T2 B8 S A R

?’(] 5 [J.mo

K5 AR B-DDR 737l SEM 5]
Fig. 5 SEM images of different B-DDR zeolite membranes
K 6 A [ B-DDR 31 i [l 9 XRD % 5] o
M Rl EAF B B-DDR 23 5 fifi i 059 477 5 i
%3 AF B-DDR 4F §f B£#4 CO,/CH, % & M4t
Table 3 CO,/CH, separation performance of different B-DDR zeolite membranes

REARE DDR 310 B 435 55 0 LT PR 45 — 20 R
S BUFCAZR 9 A 18 2R W45 19 B~ DDR 43~ i
AR AR Y

*-DDR

A-ALO,
B,,~DDR
Bos-DDR | A / f

=
o 4 q
= B,,~DDR
jaing
= 1 &
B,,~-DDR
A A
PDR * A A
10 20 30 40 50
20/(°)

6 A B-DDR 4 F il XRD i &l
Fig. 6 XRD patterns of different B-DDR

zeolite membranes
2.3 MAREESHIR XS B- DDR & F 0 iR 53 55 1 A
=2

2.3.1 CO,/CH, 4E§

i T DDR #5pF i 1 fL A2 T CO, 1 CH,
Iy FEh s AR R SR By i CO,/CHY R
ROy B ST IR B . K 3 A AN[E B-DDR
Iy TR CO,/CHy Jr S 45 2R, 7y By il R 298
K, B 18 0. 2 MPa, BB~ % . R
LU 1, B 484% DDR J3 i 155 I A 52 i I A4 2
w1, CO, /CH, 7 BRI T 400, BEAE & A
VR VO R £ 400 B 1Y A LE Y 3G . B DDR 43 i 5
1) CO, il CH, Bif M5 W AR X 2 KBS B
B AN, B-DDR 3 i L AR 2 /N <
TR HIGHE A WA R 2 CH, B 1 T RS
W, 20 B BB . 4 DU AR S 4 o
(i HE A 0. 05 B8 ZE 0. 2 i, B~ DDR 43 i i)
OB FENE A 409 T2 I HE i 2 g i B (467) L
CO, BiEM RH3.50X10 * mol/(m? « s « Pa) .M

I OB G BEE co. /e,
(X107 % molem ?+s 'ePa ') (X107 molem ?+s 'ePa ') B
DDR 4, 3640. 15 10. 70£0. 30 408411
By.,~DDR 4, 03%0. 25 9.90=£0. 36 409+39
By.,~DDR 3.6340. 21 8.73=£0. 31 415+9
By s~ DDR 3.50£0. 12 7.5640. 21 467+19
B..s—DDR 3.12+0. 26 6. 8340. 25 454429
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DU EREA Y T Y FL 4k N 0. 2 AN A 0. 4 1,
Iy B e N/ NMEFRAR 2 454, 3% FEE N ML
YkLlgisN, CO, BB NIEECNE.
2.3.2 CO,/H, 45

7 4 AR B-DDR 43 §ifi B 9 55 4 o3 A o
CO./H, 4y B5 45 5, i B2 o 298 K, dERHM 77 4
0.3 MPa, B &M A K., NEFHATLUEH, X T
DDR 43F i f§, CO, B iE A 4. 60 X 10 ° mol/
(m? « s« Pa), LA} CO, /H, 23 BB N 5. 91,
245 SV D B R A 4 1 S EE DA O. 05 3 i &£ 0. 2

i, CO, M H, BB %8 T X FZEH T B
BAFEUY TR W N, 55— 7, CO,/He
I3 B PEPEB E G I 25 O DY B R A ) T )
2R 0. 2 B B s~ DDR 20 F-iifi i CO, /H, 3R
P 15. 60, IEF CO, BiBM:A 3. 60X10° mol/
(m* » s+ Pa), XFEZEHNBBIMEMAL T DDR
Gy AR CO, T W B B2 T 17 FEE Yy WA o e 3647k
45 R DU B R AR ) R L Ak 3 in & 0. 4 B,
CO, 1 H, %1$@J§&&‘ﬁé%§|§%f&’ T CO, {7235&&"%1'_
FEARECA BT . CO, /H, SIS A T RE(13. 80D,

%4 FRF B-DDR »F#mas CO,/H, 5 & st

Table 4 CO,/H, separation performance of different B-DDR zeolite membranes

AT CO, BBt/ (X10 * molem ?es '+Pa ') H, BiEM/(X10 Y molem 2es '«Pa ') CO,/H, 4rE ikl
DDR 4, 60=£0. 10 7.76340. 15 5.91+0. 19
B, .~ DDR 4, 30£0. 22 5.47+0. 06 7.86+0. 30
By.,—DDR 3.77£0. 15 3.73%£0.06 10. 09+£0. 41
By s—DDR 3.60£0. 15 2.30+£0. 15 15. 60£0. 21
Bi.s—DDR 3.03£0. 21 2.202£0. 10 13.80+1.52
2.4 REX B, s-DDR 3 FHHE CO,/H, &R WM =5, IS 2 K R m iy CO, W J

A

it —25%F By s~ DDR 43§ I ¢ CO, /H, 43
BTE. B 7 AARFEIREE T By s~ DDR 43 I Y
CO,/H, 4y B RE #E8H K J1 R 0. 3 MPa, M E[H
AL 2SR M 298 K B JF2 373 K i, CO,
BB IETEM 3. 60X 10 % mol/(m? ¢+ s « Pa) KIlF &
G2 3. 0X107° mol/(m? » s » Pa), H, &5 1%
R F%, CO, /H, BEEEME M 15. 60 FEAILZE 1. 60, X
FEIEH Ny CO, 1 By s~ DDR 73 F- i [l N 15 1552

~ 10— 35
= e 130
= 10 T 25
L i
g il . 120 ®
O\‘o (2 o ﬁg
g/ 1L \. ‘IS\E\N
by " (&}
2 01 ~7

323 348
MR /K
B 7 AFERET Bis—DDR 43K
CO, /H, sy B
Fig. 7 CO./H, separation performance of B, s~ DDR

298 373

zeolite membrane at different temperature

i, Ktk CO, BB tE R4 51 H, ZERE N 1Y

W2 17 5553 o PR] L 52 ek 5 i 2 B /N

2.5 ##EAHZ B, s-DDR o FiFR CO,/H, 78
T4 BE B 2 i)

Kl 8 ANFIHEEE T T B s~ DDR 431 i ()
CO./H, srgstEie, /- 2B 298 K, MBI rha]
VA R 1 A 0. 10 H5n 3 0. 35 MPa i,
CO, BBETEM 4. 30X107% mol/(m? « s « Pa) /MiE
FEARZE 3. 45X10°° mol/(m?® « s « Pa), H, B

30
— 100}
1 Lo, 125
T‘m A— A _ﬁ
o R R
i )
2 —" R
510w, L 15 &%
= Tl " )
- 10 <
= e o
# o\.\. 15 o
)
8

1 1 1 1 1 L 1 0
0.10 0.15 020 025 030 035
HERHES] /MPa

E 8 AFEEIEST Bis—DDR 4> F i i HY
CO./H, srEste
Fig. 8 CO./H, separation performance of B, s~ DDR

zeolite membrane at different feed pressure
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AT - 424 DDR 2r T IR il & 5 CO./H. 7> B PERE © 59 -

T 6. 60 X107 mol/(m* « s « Pa) I HELE
2.09X107" mol/(m” = s » Pa), Al CO,/H, 43 &5
PEREPEr 6. 51 9= 16. 51, XEPH N CO, FE47
TR A W B S R ) AR K OC R,
CO, T PN I B8 1) 398 KR B /N T T T B 35
I CO, BB MR He 77 A 3 T A s [ A el T
JEEN CO, W B 12 A 354 in, H, 78 JEFL N I 155z 31
e, PR He B9 KIREFEAR.
2.6 FERIZERT By s-DDR 5> F i BE CO./H, 575
e EA

&9 A FEIFEBHAE LT By s~ DDR 4359 I 7Y
CO,/H, 7B ERE, 7> BRI 298 K, HERHE 1 0
0.3 MPa, MEITRAILIE L B CO, #ERHEEE
102 (RF A0 LU R D #2885 2 9026, CO, fF 47
PR R RGNS EPERREE AR, H, B BN e S
ETF S B COy/H, BEFEME S NS TR, kR
CO, ¥ A 50 % 1, CO, /H, Bk H b, R
15,60, 3 2P R CO, HERH B HARMS, 52 5
CO, J3 23R CO, W B &, AT H, f)
Bk, 2 H, BEMEBEIER, 24 CO, JhBhk R
F 5000 R4 Hy B WAL, (R Ay R T
REAS BN ik 2% DR UG 300 H @ g s .

35
E 100} co,

& = . . . REY

- 125 H
“"E 10F H, ﬁ
% O\.\./o/‘ 120 ’,l'_,g!
= e
LI " 115 |
x e \. 110 E
5 0.1 lg =

0 2I0 4I0 6IO 8I0 108
CO, KRB/ %
K9 AIREGERHHCT By s~ DDR 431 5 i1
CO./H, 7y ESTERE
Fig. 9 CO,/H, separation performance of B, s~ DDR
zeolite membrane at different feed composition
2.7 Bys~DDR 4 F i BRI KK IR E 1
FIER] CO/H, RA T H & A DR AIK
TR R /K PR s M 2 G T i B 2246 bR . 18] 10
By s~ DDR 43 F i AL T3 CO,/H, IRE Y
O3B A E R RN E D 298 K. #ERL R 1 0
0.2 MPa, nEIf7R, BMKITHT, CO, Ml H, &%

PEAY SR 4. 0410 5 F1 3. 62X 10 ? mol/(m? « s »
Pa), A Bk B R 11 16, 40 A KB40 R
L 5% K E G, CO, fil He 3B &M B E
1.42X1078H1 1. 32X107° mol/(m? + s » Pa) , /3 &
VEREMEZ R 10. 76, 9 HgFaE 48 h, [KBE
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mixed hydrogel [octopus ink @ polyvinyl alcohol (PVA) hydrogel ] solar evaporation membrane was
prepared for efficient solar-driven interfacial evaporation. The physical properties such as the microscopic
morphology, structural characteristics, wetting performance and photothermal performance of the
evaporation membrane were systematically studied, and a comprehensive assessment of its application
prospects in the field of seawater desalination was conducted. The research results showed that the
superhydrophilicity and the porous water delivery channels formed by freeze-thaw cycling acted
synergistically to ensure the excellent water supply capacity of the evaporation membrane. Under the
standard solar radiation intensity, the evaporation rate could reach 2.49 kg/(m’+h), and the
corresponding photothermal conversion efficiency was approximately 86. 58%. Furthermore, the prepared
evaporation membrane demonstrated high salt tolerance. The evaporation rate could still reach 1. 33 kg/
(m’ + h) in 15% brine concentration, and it had excellent self-cleaning ability. Moreover, it showed good
desalination performance in outdoor seawater desalination experiments. The ion concentrations of Na',
K*, Mg’ and Ca’" in the collected condensate all met the drinking water standards of the World Health
Organization, indicating that it has broad application prospects in the field of seawater desalination.

Key words: biomass; solar interfacial evaporation; hydrogel; seawater desalination
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Preparation and CO,/H, separation performance of
boron-doped DDR zeolite membranes

ZHOU Shihang , L1 Jingbo, ZHANG Yuting

(State Key Laboratory of Materials-Oriented Chemical Engineering, College of
Chemical Engineering, Nanjing Tech University, Nanjing 211816, China)

Abstract: DDR zeolite membrane has been attractive in CO, separation because of its suitable pore size and
good thermochemical stability. However, it has limited selectivity in CO,/H, separation. To address this
issue, boron-doped DDR (B-DDR) zeolite membranes were synthesized on four-channel o-Al,O; hollow
fibers by secondary growth using sodium tetraborate as the boron source. The successful doping of B
atoms in DDR zeolite framework was confirmed by XRD, BET surface area and FTIR results. The CO,
adsorption results demonstrated that the doping of B atoms improved the CO, adsorption amount of DDR
zeolite. When the molar ratio of sodium tetraborate in precursor was 0. 2, the CO, permeance of the
resultant membrane (B, s-DDR membrane) in the separation of equimolar CO,/H; mixed gas at 298 K was
3.60X107% mol/(m® + s » Pa). The CO,/H,; selectivity of the membrane was 15. 60, which was more than
twice of that of the DDR zeolite membrane (5. 91). Lowering temperature or increasing feed pressure was
beneficial for improving separation selectivity of the B-DDR membrane. The maximum CO,/H, selectivity
was achieved when the CO, feed concentration was 50% (volume fraction). In addition, the membrane
maintained stable separation performance under humid environment, indicating the good tolerance of the
membrane to water vapor.

Key words: DDR zeolite membrane; CO,/H, separation; boron doping; sodium tetraborate; hollow fiber



