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Research progress of hydrogen permeation palladium composite membranes

ZHU Xiaoxin' , ZHANG Zhengiang®, CAO Mei', TIAN Yiran®, HAN Fei' , ZHANG Bin'
(1. Faculty of Science, Kunming University of Science and Technology, Kunming 650500, China; 2. Yunnan Precious
Metals Lab CO., LTD., Kunming 650106, China)

Abstract: Palladium composite membranes have highly selective permeability to hydrogen due to their special
dissolution/diffusion mechanism of hydrogen permeation, and are an ideal material for hydrogen separation in
membrane reactors. In order to promote the research and application of palladium composite membranes with
high hydrogen permeability and stability, the preparation method of the membranes via electroless plating and its
combined with other methods, and different types of the membranes are reviewed in this paper. Electroless plating
is the most common preparation method of palladium composite membranes, and the quality of the membranes
can be improved by combining with vacuum and continuous flow. Using group VB metals, porous ceramics and
stainless steel as the matrix of electroless Pd membranes, the membrane thickness can be reduced, mechanical
strength and hydrogen permeability can be improved; The thickness of Pd membranes can be further reduced by
adding refractory oxide, zeolite, natural mineral and polymer between Pd membrane and porous matrix, and the
thermal and chemical stability can be improved. Compared with pure Pd membrane, Pd-Ag, Pd-Cu, Pd-Au binary
alloy membranes and Pd-Au-Ag ternary alloy membrane have no hydrogen embrittlement phenomenon at low tem-
perature, and can improve the hydrogen permeability and sulfur resistance of Pd membranes to a certain degrees.
Finally, the future research direction of palladium composite membranes is prospected.
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Fig.1 Schematic of palladium composite membranes prepared by various electroless plating techniques: (a) Electroless plating; (b) Assisted suction

electroless plating; (c) Vacuum electroless plating; (d) Vacuum-assisted continuous flow electroless plating; (e) Electroless pore-plating
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Uy 2% TR 52 2 4K 75 RS R0 G ke 1) S
IR 22 FLAN B A0 A e v 174 3R TR REL A B2 ] 3 i
AR E 710, (B AR HLRS B N 2 LI
FAR T E AT T RE I ML L TR /N BUR
LR, BB E

HeAk, fERK A R E R TAER, ZFLA S
LB R A DU R B, T 2 BRI R A R
e, I m K RS

EZALEAR M B, Mg R LA, A A
TUUR S Z , (BRI ENE . b2 ia e
R G A MR e AT,
ANGEW Iy fR e Ly . AFERR TR, (SR T
fhffae e R AR, Ak HBH Y 2 B 2 FL B &
FIUAS 45 40 7 fif ol SRS M sl Ak A AR e kIl R, (H
AR TR Kb 22 fL Wi s %% 4 2 i A
3.2.3 HAABMZ 2Lk E & 5

A 2 T 104 A0 IS5 R X e L R T B0
MHEAEEEH . SHMEMEAMHEL, 280k
T LA AL T S py R R R, RO
TR RS . B LA B EE , B I R AT R 7 i ik
FEUEP, Ah, ZAILBE M2 AN SRR AR E
G AR e PR sk A AR e R R R, Oy T 3RS
PAR AR, fE 2 LR R 5 AMEMZ .

B AR A 2 b A MG Ak . WA
KRT P AMBEY

(1) MR SH AW

BAEXH R A IR A 2, 1]
VEAE 2 I MER AL L H5 . Si0,. ALO;. CeO,,
7r0,. TiO,. Fe,05. Cr,0;. %A b4 5 & A AL
(Yttria stabilized zirconia, YSZ) %, —MHA&UT
Rl () REFMABREERM R et:; )1
SERRERHE; G) L b Fi etk (4) Al
HyEE, DA/ AL BB 15 (5) SE 78 AL B Y UR:
K/ANEFEF; (6) SHEMEZ LA TNk £ fL &
(ALO,) A ik R B30 o 1 TH X 4% o s A0k
WG 2 20 B A0 52 6 BT T TR A, HE
FRALE F PR 1 R

B 24 HOoR IR W] 0 2 R Z LA
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Table1 Comparison of the properties of palladium composite membranes composed of typical refractory oxide interlayers

Preparation Thickness/

H, permeability/  H, flux/

Memb Temperature/'C  AP/kP. H, selectivi Ref.
embrane method pm P /kpa (mol-(m*s-Pa’*)") _(mol(m*s)™") > v °
Pd/F6203, -4 -4 2
Cr.0/PSS ELP-PP 18 623-723 0-300  2.83x107-4.04x10" - @,/N, > 2 000 [55]
23
Pd/YSZ/PSS ELP 3 773 20 - 9.86x107 @y )N, =595 [56]
Pd/Ce0,/PSS ELP-PP 15 623-723 100-200 4.74x107-6.35x10™" - am,/N, > 10000 [7]
Pd/OMC/PSS ELP-PP 10 673 - 1.03x10°7 - apyN, 224000 [57]
Pd/YSZ/ALO
hol/low f/ibe2r ’ VCFELP 4 773 100 - 0.075 @Hy /N, = @ (6]
) ; 0.355 mol
Pd/TiO,/PSS  ELP 5.0 723 500 1.58x10° () mol/ e 21700 [43]
Pd/Al,0;4/PSS ELP 4.4 773 800 2.94x107° - amy e = 1124 [58]
. 2.7x107° mol/
Pd/Si0,/PSS ELP 2-6 773 50 (ms.Pa) - aHy/N, =300-450 [60]
Pd/alumina sol/
y-ALOy/a-ALO; ¥ 45 723 100 - 0.16 am,N, =2072 [63]
Pd/Pd-Ce0,/PSS ELP-PP 9 350-450 100-200 4.46x107-6.39x107 - amy/N, > 10000 [12]
Pd/Pd-TiO,/PSS ELP-PP 9.7 623-723 50-250 2.80x107-4.17x10™ @Hy /N, = [32]

Notes: PSS—Porous stainless steel; @, /N, ,aH,/He —Ideal separation factor; YSZ—Yttria stabilized zirconia; OMC—Ordered mesoporous
ceria; VCFELP—Vacuume-assisted continuous flow electroless plating; A P—Differential pressure, or P,-P,, is the difference in pressure

between the high and low pressure sides.

B 7 R TR A kA R A B I SR A (1)
1 CeO,. TiO,. ALO;. YSZZ§) AL, &
T R 2 8] 7= A fL, HALR R H T 2413
P, BN T B AR O Y AL AR RN ThRLRS PO, Ak
M, BZENBASSUEZARGNNEATBE

ARG BN S AR AL A L

B B AL IR BN, X 2 LA B B ek
AR, BREFERILOIE/D, mE2hxR. H
556 2 LA E S A L, B R R AT

KT AL R mILE, BESRRGLEZ, #7
B S M, Martinez-Diaz £ W57 £ 8, 5 pd/
ZALAEMW (PSS) SR L, Pd/Ce0,/PSS H &
B SN T A, R — P UIMERE Y
BASRHWEE S BEAETEHBRE,
Martinez-Diaz &¢ PV 2 DL A 7 A fL & Ak 4
(OMC) fE& i )2, T fL45 8 Hh CeO, kL ]
FAEFLEE . 5 & 80 CeO, TR B 2 14 2 &
A, BwERES T 25,

F2 RUSHSILAER (PSS) SMAREMER AL YEREEIHH PSS HIESELILER

Table2 Comparison of hydrogen flux of PSS oxidized in situ or modified with different refractory oxide interlayers

Sample Temperature/K AP/kPa H, flux/ (mol'm=2-s~! ) N, flux/ (mol - m2.g! ) Ref.
PSS 298 1 - ~1.12 (32]
TiO,/PSS (or Pd-TiO,/PSS) - ~0.60
PSS 298 9 ~0.26 ~0.12 [56]
YSZ/PSS ~0.11 ~0.03
PSS 673 1 3.61 1.48 [55]
Fe,03, Cr,04(600°C)/PSS 2.36 0.82

MEIE FAL VR R BbE e, A] DLk Gt i S
ANEW E AL, BikmE TR Y, RS
Ak, YSZ 5 IZIK R BRI, AR m A/t
25 L Y W % A ) SR e R 2R A R AR 1 oI
# 1 Pd/TiO,/PSS & & JEAE 723 K T W35 & F Al i
1.58x107° mol/(m*s-Pa”®), & A L R H 1700,
A ALO,(0.65x10° K ™) 5 41 (1.18x107° K ™) F1 &
AT (1.73x10° K" MK RE2E R K,

H -t 2B 1k G BB A %05 B . Chi 4E58 4
P2 ALO; BCIE 1 22 AL 45 4R A 1 A 40 S ik 3 7
773K~ , HiB & = E 1 0.23~0.20 mol/(m*s) i
Fil N I 4¢ 2% 500 h.

Si0, B T AT LIME i ZfLEk R K, A Bk H
H—E W3S MmN, Wi, Sio, &
i J2 X A B 1 3 R R Rk R M A B B
Su %51 7E 28 Si0, B I Z LRGN LA, X
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A BEAE 773K, AP=50kPa T I & & & 2.7x
10° mol/(m?*s-Pa), H,/N, 1% £ 47 300~450 Z [i] .

Broglia 251 & Bl , AL,O 1 % R 5 % Bl 1 2%
PR B AR e MR 25, A% G0 T Ak V%5 W0 B8 WK
#2121 AL,O. [HItL, Bottino %519 $ i 14 Ji - 5k
Wik, BISEH ALO; BE RS BIBH T2, PB4
PAC, 19 2 1 A7 3 e U0 B T 19 45 2% 40 A% 1) B m
ALO; 2, A TREN ALO, E4 K, ok, %
TG AL TR I8 BT DLW e AR, R R y-ALO,
WURL I B R O AT, R R AR )R S
A 2 2 1 B 5, B AR TR B RS E
(AR R, SR T i — 2B R ALOS ¥R 2 5 LT
TR AR5 0 (AISI 316L) 2k {4 [1] 45 & /1, Zhang %Y
fE316L AN R A B RAA, TER T35
i) Al,O5 fH A0 .

M H A AL 5 24 A0 T 48 B TG AL RN 51 &
JE ST . 7E ELP-PP 1, (i FHIY A1 440 1%
1140 A5 S840 0 30 T AR 0 A U5 A5 D590 22 ] 1) S g
FEALN R A, /IS 2 B R 4 o 4 A 5 T 1 3
AP,

() WA

WA, WA nBkiR SN (SAPO-34)* | NaY®! |
NaX (Linde X #1431 13X, J& KRl f1 Faujasite
2 L) o R A (SI-D)® . A LA R
AL E (SBA-15)" 4%, W FRREMLE S, fh
SRy AFR M L bR R T R ) 2R R e A
RS, SXEE S ECR A, WA
P FLBR ] i — 200N A Y B T . ek, WA
YER B Z TR E S #R e R B 8, B
T35 59 B LA R AT 3] 1) A 27 1 I A ) il A
LA

Kiadehi % 2 W14 18 5 NaY ¥ 41 2 2 8] 1 58
N 235 1 ] A SO0 O IR IARRE R . RS I
&3 PA/SAPO-34/PSS & & IAE 723 K = il 5 14F T,
H i A R A Hy/N, 2 £ M vl 4 3l 35 3] 7.1x
10" mol/(m?s-Pa®®) F1 8662,

NaX 4K b A 1E &2, a2 40 B 1y 3
WEREMEBLRG , B2 Hy/N, #E#E1% . Mobarake 45"
FHRE I 7K 0k i 4 1Y NaX 7 &4 2, Pd/NaX/
PSS & A I AE 723 K T 1Y Hy/N, & #5141 i5 685.8.
A, Mobarake 45 1 55 H NaX 44 K 3B 4 15 1
ZALAEW, Z 538 -G A T B 4
TiO, H 48 X, TiO,/Pd/NaX/PSS % ) i K i & it

iA 5] 0.245 mol/(m*s), H,/N, k£ K 1 025,

WA B A )2 AT DUAB S 40 R Vs Bk R i,
LA 8 S5 48 i 9T AR . Guo 25 ) i i pd/Sil-1 2 Fif
T, FERAL a-ALO, Ak A K Sil-1 (1 [F I 5] A
R, wESR T RSB NG AL, WE 5 FR . i
FLWh A S AR (R BR A ST R B, T RR O A AL B
PLHE S My 1% Sanz-Villanueva 25 /£ SBA-15 W
A Z PB4, W LARRIRAL R | 5
BEFE, BB FRE AR E . It
Ah, TR S A KRR AR LA R R
[i] A i 82 T 4 i ARUE M, Pd/Pd-SBA-15/PSS
TE 5 35 L R AL

Pd membrane Sil-1 zeolite

@%@a@é@
\

Pd"/Sil-1 seed a-A1,0, support

&5 FEfEhAT (Sil-1) 4% Pd BB 0-ALO, ZALEUA [ b2k
Fig.5 Palladium electroless plating on the silicalite-1 (Sil-1) doped Pd

core modified a-Al,O3 porous carrier

(3) R&kw 9

KSR H 4 Nontronite-15A ) J2 IR 25 ¥4 Fl 88 K
1 )2 (] R AT B AR & HORH Ty, R RAE B2
FiAH #4 8} . Huang 257 1 YK Nontronite-15A i
1EZ 4L ALO; R IH B Z , FEAT T 2K 3% 1H
RERE, K15 TR (723 K) FRBAS AN

(COR =27

HHABTHUEMZM L, RS (2, 6-—H
-1, 4- ARSI L) (PPO)™ . 5 2 % (PEG)™
R 2 (PVA)™ 45) A& 4 J2 ] 38 o Ak B 25 Bk
TEALIE 5 Z AL B8R Z B /b 23 B, FH DA/
JZ R B Z 1] BT DD T, 4R e A Y R Tk
RGP 2 B i T R G 8 1 JE R SRE
A B = AR AMB S Ry, AR A R
AHAHE S WEREB BN . Tong %l Jamshidi
FONIE R AWM 2 W T B A e, H
A E A AR 873 K R 773 K R ¥R B T M Xt
T AW TR kB
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TE 22 AL ST e AL . Wb . KRR
Y. REWie, ali/hMLE L BERIEIRE,
I ikl G HL IR 5 AR A 0 R LY RO Bl T A K
ARG R R IA T1 . AR, BHE 2 AN R
PR AR BB, 52 AR . X
R MEE, [0 TFERNE, BEMT
R Wb MR IR Yy UKL R fE 7R R B, = 1
BRI, BEEIRZ; BRaWwaniahi,
IS, nlsE A ERE R BT A BB E R

4 EEEE

ARG AT R 22 FLA AR L AT U/ N U
BB A TR & F o, AR T I A
(293°C) F & 71 (2 MPa) B, 48 & WY &= A4 o 4
5 A, PIAHER R T a4 foc 4540, H B A
A A% SHOR T o M7 FEEARAY H/PA JE T LA
T, ot (FE%AR) BN 540, 7E55 % H/Pd
JEF AR T, BAH (& &G w) ATt
o MIIEAE . o diS BAHILAERT, &= KRR
BN Ty, SRR R, A A, A,
TE il St AR v e 2% ) i H,'S 2% S5 4 W A 7 A
FAE, o5 P AT S B A T, &
A WL BRE R A R R R RN, B AR .
H,S it ] 5 41 5z 8 1 Pd,S, Hiif & R ALK 2
ANBCE D, FEXTHHE R A R AT 4 1 4l Pd
H1Pd,S WY A B B 22 ST 5 R )1, S AP
SR B WA, S T Pd AR I B AR
(T 2UNE E 1 DL T A Pd BB R R0 HLS W, @ F
B S Ag. Cu. Au B4 fbIEp Pd-Ag. Pd-Cu.
Pd-Au — U E 4B Pd-Au-Ag = ICH 4K,
4.1 Pd-AgEEfE

£ Pd-Ag &4, SRR R Ag & G R
WA, WY BR b Ag & B8 i FEqk . 7%
i B T HOR R B R AR AL, S8 623K, Ag
[ Ay R 23wt% I, i SRS Pd 1Y 2.7 fi5PY,

Pd 5 Ag 1Y & 4 A4 B AHTE B A o5 o i B
RBEIZIRLLF . 7K T, Pd-Ag &4 A fec 4514
AR WA o M BIRA M, 25 T Pd
IR B H S M BE J7 . 7F 170~200°C 2 i), 4 Ag & &
M 5wt 3 F 23wt% B, S 4 IR o KA A% S
BB WK, 5 pAHZ A A S S 822 R AR,
P T AR A AR B A A R 455

SR, PAd-Ag & fF HS W) 2 KT
5 Bk P, S F1 AgsPd,Ss LA™, X &

Ak & W i 32 PR
4.2 Pd-Cué&hé

Pd-Cu & 4 AT LB 1 PR A AN (W) 1 44 235 4
bee il fee, HAR SRRV T 6 4 800 Fl =
FRE A 6 Frs o

1173

900

1073 1 800

fee phase
low permeability

973 + 1 700

53wt%Pd-47wt%Cu=|
60wt%Pd-40wt%Cu—|
80wt%Pd-20wt%Cu=|

873 + - bee-fee 1 600

/." \‘\ mixed phase
773 | / - ik {500

/:bpha' \

673 igh pcmm;zbih]l." \ 1 400
BA
573 : L 300

30 40 50 60 70 80 90
Palladium/wt%
6 Pd-Cu &4
Fig. 6 Phase diagram of Pd-Cu alloy

Temperature/K
Temperature/C

[16]

XF T Pd-Cu ik £, & S M4 5 F 2R T
iR ZE . X PAd-Cu & 48 fec &5 AT, HES
RS Cu 'K, SN, BEFMZ
W 24 Pd-Cu &4 4 bee G5 I, A4 45 44 XoF
BAFRWEWE LR, 5 fcc G4, bec &4
AELA SR, HoA PdgyCuyy (BT & A 43
) Wi S R K00 (HE pd-Ag & 4 AL,
R ffi & Pd-Cu & 4 i i35 S0 % B i3 1 PdgoCuyg &
S om0 i A PR

Pd-Cu & & 7EMCIR T, H UIEEERIE X 58
TE4 @ Mg B, A2 DL &R A =L
HEFFE A b M e B P, IR B —
P AN AE 517, Lee &9 IESI7E 175°C &, Pd-
Cu & &M LI th iz s d <, HHEARTE
B[R] 9 E 22 8 0.6 m*/(m*h),

H54i pd Mk, Pd-Cu & &¥H &M=
EME, R — BB E (R 3 A&
PRI H,S MR B L 440 A K MR 4E Yun
PO A, Pdy;Cuss A 4 TTIE K (-3 nm) 1Y
Pd-Cu-SJZ, BRAZIZAMRMERBELA, HE
LGP EAR 2 ik, JF HoAT DL S # L B
AN, Pd-Cu & & fec MHMPLER LW ThEERE ST =
F bee 4. Morreale 2519 fyffF o8 0, 24 H,S ¥
B p(H,S)=1 000x107° i}, fcc 2544 i) Pd-Cu & 4> i%
SR T R IE /N T 10%, 1 bee 45 #4 1) PA-Cu &
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Table 3 Comparison of H,S poisoning and recovery of hydrogen flux for various Pd-based membranes

Membrane Fabrication technique ~ Thickness/um  Temperature/'C  H,S concentration/ 10°  Recoveryin H,/%  Ref.
Pdy, 5Ag,-Aus g ELP 3.13 17 85

PdgysAg A,y ELP 2.31 550 17 83 [9]
Pdyg, 9A8s5. ELP - 17 -

Pdg,Cuyq ELP 5.0 500 7-35 90-95 [74]
Pdg,Aug ELP 10 500 54.8 97 [18]

EBERTEREE— MRS . 7E o(H,S)=1 000x
10° F, 5 fcc # 1 Pd;oCug i AH b, bee #H #Y
Pd;5Cuy; ME G v 8 8 =
4.3 Pd-Aud &g

Au I AT B8 A 0 A M . Au B AT
T 20wt% I}, H7EPAd-AuS & FHSERE, 44
I B 35 S % T AR D geAh, Au B AEFE AL
WD TR R SR AR AR S R A ME AL, TR B
THUBRE (35 3", (1) Pd F1 Au #B B A fec 45 H
Au 7E Pd Ha] DL LV, AR T Pd ZEARIR
N o-B AH AR AT R AT, (2) 2 4% Mundschau
AU I 2B, #E 350°C R, Pd fE Hy/H,S
TR AW A i PA,S B MR B B (R o(H,S)=1x10"°,
Pd,S 1Y £ B35 A 3 A B RE (AG") & -71.6 KJ/mol,
Au T B2 5 H,S 1 ff B BB P, f# 43 Pd-Au 7€ PdJE
B Pd,S 1) H,S e FE H0 28 T = A v B R SR I
B P B RE . AE 350~500°C AY IR BE Y N, Pdg,-
Aug (I M Au 7 29 0 13wt%) 5 3% 7 o(H,S)=
54.8x10° H,S/H, iR G W, Ay &AW i i 45 4
AL . WL B FE PA-Au A 4 bR HLS A5 200 B 47
JIBHLZE, W B R S T Pd-Au A 4 O A =T
A, H,S 288 5 WM R 2R, B AR A,
AT 22 30 HE 5 A 1 B 1
4.4 ZTREE

ST G A AR B A M N PUAR M T A
KT

5 Pd-Au 5 Pd-Ag #H [, Pd-Au-Ag X} & 1 i
BB BT E . B Zhou %W () DFT 4., Pd-
Au-Ag PEY B L Pd-Au /N, H, BA S
i Pd-Au-Ag fiE, [Nt Pd-Au-Ag & 4% H, B9 i%
BB AV E &, 76 300 K I Pd-Au-Ag I 1) 3% A %
4 2.09x10 mol/(m?-s-Pa®d), & T Pd-Au JIi;
Melendez %5 /5 i3 ELP i £ 1Y Pdg; ,Ag, gAu, 5 IE
1E 600°C i i 7% HY 4.71x107° mol/(m? - s - Pa®>) (1) i
i

Pd-Ag-Au i T Au 9 IM A SN T H,S il i &

S, IR T Y Hy/H,S BEFEPEN; 7E Pd-
Ag FHNA Au, Hythitk B EREY. H,S %A,
5 Pd-Ag A L, Pd-Ag-Au 5 B A T 4 (4 Hy/N,
HARGEPEME . N 3® TR, FE 550°C &MF R, FE
H, PN p(H,S)=17x107 J5 , Pd-Ag-Au KK & T
85% 3% & 8 , 1M Pdg,oAgs, 15 A, & T ik £ Il R
[
B A Ag. Cu, AuJcZ, 4ME7EAR
ML aEtERiES. B TAETENAR,
WL T IT A A R R B i S M Pt . Pd-
Ag A e m ALY, AL kK EmTE; Pd-Cu
HEEBEANEE, Yimtkl; Pd-Aud 4 AT RHR
WA S B S E BT, AR L i AR A
# ¥ Ag il Au [R5 405 44k, W ERAS AR Y 3F
AMERBUBRAE, A RA

5 BERNFHESSTE

SIS N A3 £ I = L O s e S T D e i
AR E R, Al R T AR TSR
AR L it 251 A BT ot 25 VX B (SMR). #B 43
Ak (POX), HIAEHBSFHWHH AT ZH, SMR
TERCRE R, BARSREA, 2 RCE R
Jrakl SR, SMR il il B b A B U
A ARBUUR, 8 T ARG AR, BN AR
S T e ARl HET, AR aiE ARy
WAL R HE (PSA)™ I 2 1R B
i 43 1o 20 e PSA RN T 2 18 B8R T LAY Ak
SR, HAERCRIRERCEZ A%, W E T80
FZ RN, M2 T, BB B B AR SRR
[NAHCRERENR . SRR SRR B
AR A AL, R AR i R
RA I ITE

FIAT, bl Rk RGP
GIREYNEZHEPH TR, b, &84
A DRI S A T2 P g T Al A T AT B A
OF R R AR ST T o e R A A A IR IR T
HA D9 Btk RE, & S4B 3k 99.9999% %,
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S A B ) — Fh ERAR B

e, KR AR EEMNT RS,
il R H o 28 75 L B N RN &) B A TR A Ok
52 17 #45 Ji B P Gn & 7 s, 4R Ni B Ru f
BRE S I 2 A XS s . vk, R AR
TR R AN AR, B AT
HL A Bl A ER IR SR 2y, O H 4 B A AL REAR
B EAT B — ™, 1A, ARE LA
FEE A A4 B 1 T i 22 43 8, 38 3k 1) 7 ) A A
AR it oA i, AT s IR IR 22 R, K CH, sk
LA R H,®Y, [T SE MR AR R 0 i AU R
R ARG S VL T o SMIR B KSR AR (7% Y o (£ 720).
HE . BESE) 7814 (NG SR) I N 428484
B P AL RN K 4 s . B — 5, iR
W 2 0L % B 5T T A8 4 BB KR H Tt (PEMIFC)
L RTE AR 2 0 A 4R 2 S0, 0 AT sk R AT

Sweep gas Permeate
o , ,
Retentate |
Feed ———| |
Pd/support membrane Thermocouple

Catalyst
B 7 T Y I S A 4 Ak 7 T I

Fig.7 Schematic diagram of membrane reactor structure

based on palladium

JREL AR AL IR, RS EN R ASHEE
PEMFC,

(R I I [ 7=l B o o (N 2 -
Tulianelli % ® 7£ 450°C H1 300 kPa X [f] & A &2 i
#% (FBR) 11 Pd-Ag I 5 1 4 ) SMR [ W 247 17 %
b, FBE S g Y R e e Ak 3235 3] 50%, FBR
B H ot 5 Ak AN K 6% Sarié% ™ 2R | Pd/ALO,
WS R 2%, SRIFRACH L, B G LR g &
T 2%, R 54l Pd N # B AT e, Pd-
Ag I 5 B 2550 3k K Pd-Ag AT 5 1 7 A PE 2
B B B AR, R BRI % A3 5 iRk
A o, AR R N A i A2 BIRE | RS
(GHSV). S/C 4 X &K ) 5% i ), 4% i 2 A 41 i iz
TN g ) R e A B ) LA T B R [ R R SR
BIEEAT M

W Pd 5 Au A fb, T DASCGE A
fie SARIE A W0 h R E M Ak 2A R 2 PE . Abu
El Hawa %" #£ SMR 2514, *I Pd-Au & £ JIi i
17 500 h AN, Hi% S &= (0.24 mol/(m?s)) Fl4k
B (>99.2%) 4EH71H E

A A IR RE A A TR A R (NG+H) H 43 8
A e, Rl 2 Pd-Ag BRI Pd-Au RN 45 7E K
RAHBE P RIAE TS0 A 08 .
Nayebossadri 25" X} [t T Pd. PdCus,(Pd 47.5at%+
0.4at%, Cu 52.5at%=+0.4at%) Fl PdAg,,(Pd 73.9at%z+
0.5at%, Ag 26.1at%=0.5at%) 5 75 A ] i i &M

Hp

F4 BIRHREE (SMR) XAS (BE2RKR (EX). 2k, Fik%) ZREE (NGSR) R THEESER Rt RILE
Table 4 Comparison of methane conversion for palladium composite membranes under steam methane reforming (SMR) and
natural gas (includes methane (mostly), ethane, propane, etc.) steam reforming (NG SR) reaction

Reaction

Sweep Active

Membrane Thickness/ ?ee;ctor ?“Cemperature/ pressure/ ]S atalyst | &as rate/ Xen, / S/C area/ E_II{SV/ Ref.
pm eed gas KPa ase meta (mLmin) % om?
Pd-Ag 50 CH, 450 300 Ni/Al,O4 98(N,) 50 2/1(H,0/ - 3710 [85]
tubular CH,)
CH,+ .
Pd/PSS 13 6vol%CO, 400 300 Ni 100 84 3.5/1 44 2600 [84]
Pd/PSS 4-5 CH, 550 1013 Ru - 82 3/1 175 2000 [87]
Pd/PSS 7 CH, 500 500 Ru/ALO; - 79.5 3/1 100 1700 [88]
Pd/AlL,O4 3.8 CH, 550 2500 Ni - 91 - 155.0 950 [86]
52;221;25/ 5.0 CH, 534 2 800 Ru - 88  3/1 16.1 342 [90]
CH, 450 300 Ni 100 48 3.5/1 11.3 2600 [92]
86.63wt%CH, 450 300 Ni 100 37 3.5/1 11.3 2600
Pdgs Auy 4/ 12 +5.86Wt%C,Hg
Zr0,/PSS +3.50wWt%C,Hg,
450 300 Ni 100 >40 3.5/1 11.3 2600 [93]

+1.51wWt%C,H,
+2.50Wt%CO,

Notes: Xcn, —Methane conversion; S/C—Steam-to-carbon ratio; GHSV—Gas hourly space velocity.
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RIRAR AW B AW BE S, Pd AT PdCugs X
MR AW b o B &S S AR VR B o 25%, T
PdAg,, IR HEA R B W FEL &2 15% A . IL4h,
KR L e N Se e ™= £ &<, Anzelmo
G PdS Auf ek, 5 SMRAMIEL, KSR
VR E 1 e R AR BT, R S G
WAL RS . %t (93%). N A (92%). T %%
(83%), H AW HE . A GHSV J2 5% I ik
SAEYHEAL R EERNZE, Anzelmo ™ B 57
S P BE 25 R T B T R GHSV Y AR, T S I 2%
Hy R A AG W LA T & . 1E 450°C . GHSV=
130007, ZKE. NEEM T ke /b 2288 11 80%,
G 1 7 A e i 5 40% .

6 REESRE

F Thomas Graham & 340 1) 3% & M LK, 48
A ESE AN RC A 150 2R, £
Bifi 25 X R 2l R SR AN R SR, v AR R S R
BBBEMERCN T REN . MWES . WEES
BT SRR ERE B VIA G, LRSI TR G
FEEAFAE 1Y) — 6 ] B

(D) fb2e 88 5 s | ELLISS & Al e s A
HmMEESBE, (X RENERE . Mtz
T, AL B A W AR, A A A )
wEAE R &S, HamE—ENaBiEl
T30 P I 30 IR 5 E B E B ) 1 OC R
i LA PR Al SOR Y G A

(2) ¥ 17 2 AE VB IR & B . 2 LR EUR
B0 % 1 T S BRI R R, SR AU
AP Z A8 i 22 L 80 A 2 TH0 T ol 6 400 FEE 1 AR
FEPERE RS E R, (B IJCHE ff T 2 AL B % 9% Bk
ZWE, XA SR . WA . RART W Z
SXANAL RS bl e AR F B S, R G WA & A
b B, T BR P E B R AR I BB T,
EA 8 5 AR A0 45 5 0 B S BTG, An el T B L5
M 2 A 58 N D0 AR SR 5 Ll T i T, Ak,
JEEJBE B U /I 2 ok o A Bk AR Y 1), AUt
oo A i JEE T Ok /D N S B R TR )

(3) ¥4 5 Ag. Cu. Au G 4 Tb AT 0 Hi 42 11 A
%5 Pd-Ag. Pd-Au & aMEHA T E & E; Pd-
Cu. Pd-Au & & BRI BN T WPUHIE. MHILZ
T, Pd-Ag-Au —JCH 4 1E 5 58 Sk A s vk 7
WK SR, BEMIsSi =G 88246
JEE L IF 35 FH B & H,S 55 2% Bt i RAR S i 5%,

R B H,S %545 AT rp I il ad B T3 45 5
6 FH 25 45 R TR TR HL R AR BIL AR AR AR R K IE
e,

S E 3 Hk:

[1] ZHOU Q, LUO SF, ZHANG M, et al. Selective and efficient
hydrogen separation of Pd-Au-Agternary alloy mem-
brane[J]. International Journal of Hydrogen Energy, 2022,
47(26): 13054-13061.

(2] BRKH, tRfh. F T SRl fh il 0 200 40 1 8 5 1 e

5% [J]. figdifk T, 2019, 40(5): 31-36.
ZHAO Chenyang, XU Wei. Research on preparation and
properties of supported palladium membrane for hydro-
gen purification[J]. Energy Chemical Industry, 2019, 40(5):
31-36(in Chinese).

[3] KIADEHID A, TAGHIZADEH M. Fabrication, characteriza-
tion, and application of palladium composite membrane
on porous stainless steel substrate with NaY zeolite as an
intermediate layer for hydrogen purification[J]. Interna-
tional Journal of Hydrogen Energy, 2019, 44(5): 2889-2904.

[4] SANZ-VILLANUEVA D, ALIQUE D, VIZCAINO J A, et al.
Pre-activation of SBA-15 intermediate barriers with Pd
nuclei to increase thermal and mechanical resistances of
pore-plated Pd-membranes[J]. International Journal of
Hydrogen Energy, 2021, 46(38): 20198-20212.

[5] #Eds, fEHE, 258, % ZWERAEUEE A IR Em A

SPLLim R (7] AL S 4F, 2018, 36(2): 41-47.
LIN Dingbiao, TANG Chunhua, LI Hui, et al. The applica-
tion of highly efficient multi-channel Pd composite mem-
branes in ultra-pure hydrogen purification[J]. Low Tem-
perature and Specialty Gases, 2018, 36(2): 41-47(in
Chinese).

[6] JIY, SUN H F, WANG X B, et al. Vacuum-assisted conti-
nuous flow electroless plating approach for high perfor-
mance Pd membrane deposition on ceramic hollow fiber
lumen(J]. Journal of Membrane Science, 2022, 645:
120207.

[7] MARTINEZ-DIAZ D, SANZ R, CALLES A J, et al. H, per-
meation increase of electroless pore-plated Pd/PSS mem-
branes with CeO, intermediate barriers[J]. Separation and
Purification Technology, 2019, 216: 16-24.

(8] LR, 28 A SR AR 1], RS (C1
1k 5146 T), 2020, 45(5): 115-120.

MA Yuyu, LI Hui. Recent research progress in preparation
of palladium-silver alloy films[J]. Natural Gas Chemical
Industry, 2020, 45(5): 115-120(in Chinese).

[9] MELENDEZ J, NOOIJER D N, COENEN K, et al. Effect of Au

addition on hydrogen permeation and the resistance to

H,S on Pd-Ag alloy membranes[]J]. Journal of Membrane


https://doi.org/10.1016/j.ijhydene.2022.02.044
https://doi.org/10.3969/j.issn.1006-7906.2019.05.008
https://doi.org/10.3969/j.issn.1006-7906.2019.05.008
https://doi.org/10.1016/j.ijhydene.2018.12.058
https://doi.org/10.1016/j.ijhydene.2018.12.058
https://doi.org/10.1016/j.ijhydene.2020.07.028
https://doi.org/10.1016/j.ijhydene.2020.07.028
https://doi.org/10.3969/j.issn.1007-7804.2018.02.010
https://doi.org/10.3969/j.issn.1007-7804.2018.02.010
https://doi.org/10.3969/j.issn.1007-7804.2018.02.010
https://doi.org/10.3969/j.issn.1007-7804.2018.02.010
https://doi.org/10.1016/j.memsci.2021.120207
https://doi.org/10.1016/j.seppur.2019.01.076
https://doi.org/10.1016/j.seppur.2019.01.076
https://doi.org/10.1016/j.memsci.2017.08.029

KGR 45

AL B A BRI T

-+ 5253 -

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

Science, 2017, 542: 329-341.

ZHANG X L, XIONG G X, YANG W S. A modified electro-
less plating technique for thin dense palladium composite
membranes with enhanced stability[J]. Journal of Mem-
brane Science, 2008, 314(1-2): 226-237.

CALLES A J, SANZ R, ALIQUE D, et al. Influence of the
selective layer morphology on the permeation properties
for Pd-PSS composite membranes prepared by electroless
pore-plating: Experimental and modeling study[]J]. Sepa-
ration and Purification Technology, 2018, 194: 10-18.
MARTINEZ-DIAZ D, ALIQUE D, CALLES A J, et al. Pd-
thickness reduction in electroless pore-plated membranes
by using doped-ceria as interlayer[J]. International Jour-
nal of Hydrogen Energy, 2020, 45(12): 7278-7289.
MARTINEZ-DIAZ D, LEO P, SANZR, et al. Life cycle assess-
ment of H,-selective Pd membranes fabricated by electro-
less pore-plating[J]. Journal of Cleaner Production, 2021,
316: 128229.

ALIQUE D, SANZ R, CALLES A J. 2-Pd membranes by elec-
troless pore-plating: Synthesis and permeation beha-
vior[M]//Current Trends and Future Developments on
(Bio-) Membranes. Amsterdam: Elsevier, 2020: 31-62.
LEEHY, JANG Y, HAN H D, et al. Palladium-copper mem-
brane prepared by electroless plating for hydrogen separa-
tion at low temperature[J]. Journal of Environmental
Chemical Engineering, 2021, 9(6): 106509.

MORREALE D B, CIOCCO V M, HOWARD H B, et al. Effect
of hydrogen-sulfide on the hydrogen permeance of palladi-
um-copper alloys at elevated temperatures[J]. Journal of
Membrane Science, 2004, 241(2): 219-224.

HAN Z Z, XU K, LIAO N B, et al. Theoretical investigations
of permeability and selectivity of Pd-Cu and Pd-Ni mem-
branes for hydrogen separation [J]. International Journal
of Hydrogen Energy, 2021, 46(46): 23715-23722.

CHEN C H, MA Y H. The effect of H,S on the performance
of Pd and Pd/Au composite membrane[J]. Journal of
Membrane Science, 2010, 362(1-2): 535-544.

THOMAS G. Adsorption and separation of gases by colloid
septalJ]. Philosophical Transactions of the Royal Society
of London, 1866, 156: 415-426.

KIM H D, KONG Y S, LEE G H, et al. Effect of PBI-HFA sur-
face treatments on Pd/PBI-HFA composite gas separation
membranes[J]. International Journal of Hydrogen Energy,
2017, 42(36): 22915-22924.

MELENDEZ J, FERNANDEZ E, GALLUCCIF, et al. Prepara-
tion and characterization of ceramic supported ultra-thin
(~1 pm) Pd-Ag membranes[J]. Journal of Membrane
Science, 2017, 528: 12-23.

HABIB A M, HARALE A, PAGLIERI S, et al. Palladium-alloy

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

[33]

[34]

membrane reactors for fuel reforming and hydrogen pro-
duction: A review[]]. Energy Fuels, 2021, 35(7): 5558-5593.
LAURA BOSKO M, FONTANA D A, TARDITI A, et al. Ad-
vances in hydrogen selective membranes based on palladi-
um ternary alloys[J]. International Journal of Hydrogen
Energy, 2021, 46(29): 15572-15594.

OKAZAKI J, IKEDA T, PACHECO TANAKA A D, et al. An
investigation of thermal stability of thin palladium-silver
alloy membranes for high temperature hydrogen separa-
tion[J]. Journal of Membrane Science, 2011, 366(1-2): 212-
219.

CHANDRASEKHAR N, SHOLL S D. Computational study of
hydrogen induced lattice rearrangement and its influence
on hydrogen permeance in Pd-Au alloys[J]. Journal of
Alloys and Compounds, 2014, 609: 244-252.

YUN S, TED OYAMA S. Correlations in palladium mem-
branes for hydrogen separation: A review[J]. Journal of
Membrane Science, 2011, 375(1-2): 28-45.

DOLAN D M. Non-Pd BCC alloy membranes for industrial
hydrogen separation[J]. Journal of Membrane Science,
2010, 362(1-2): 12-28.

DOLAN D M, VIANO M D, LANGLEY ] M, et al. Tubular va-
nadium membranes for hydrogen purification[J]. Journal
of Membrane Science, 2018, 549: 306-311.

ORAKWE I, SHEHU H, GOBINA E. Preparation and charac-
terization of palladium ceramic alumina membrane for hy-
drogen permeation[J]. International Journal of Hydrogen
Energy, 2019, 44(20): 9914-9921.

FERNANDEZ E, MEDRANO A ], MELENDEZ ], et al. Pre-
paration and characterization of metallic supported thin
Pd-Ag membranes for hydrogen separation[J]. Chemical
Engineering Journal, 2016, 305: 182-190.

WEIL, YU J, HU X J, et al. Fabrication of H,-permeable pal-
ladium membranes based on pencil-coated porous stain-
less steel substrate[J]. International Journal of Hydrogen
Energy, 2012, 37(17): 13007-13012.

SANZ-VILLANUEVA D, ALIQUE D, VIZCAINOJ A, et al. On
the long-term stability of Pd-membranes with TiO, inter-
mediate layers for H, purification[J]. International Jour-
nal of Hydrogen Energy, 2022, 47(21): 11402-11416.

F B, VUM, she, A5 YUENE- il i S S L E SR
J& 1) #if & JE Rt 5 T2, 2021, 50(3): 1107-1112.

MENG Ye, JIANG Peng, SHI Xiaobin, et al. Research pro-
gress on hydrogen separation vanadium alloy membranes
with high flux and hydrogen embrittlement resistance[J].
Rare Metal Materials and Engineering, 2021, 50(3): 1107-
1112(in Chinese).

FEtEv, W, SRR, . BEAMREE SR U], )R,
2022, 49(18): 28-30.


https://doi.org/10.1016/j.memsci.2017.08.029
https://doi.org/10.1016/j.memsci.2008.01.051
https://doi.org/10.1016/j.memsci.2008.01.051
https://doi.org/10.1016/j.memsci.2008.01.051
https://doi.org/10.1016/j.seppur.2017.11.014
https://doi.org/10.1016/j.seppur.2017.11.014
https://doi.org/10.1016/j.seppur.2017.11.014
https://doi.org/10.1016/j.ijhydene.2019.10.140
https://doi.org/10.1016/j.ijhydene.2019.10.140
https://doi.org/10.1016/j.ijhydene.2019.10.140
https://doi.org/10.1016/j.jclepro.2021.128229
https://doi.org/10.1016/j.jece.2021.106509
https://doi.org/10.1016/j.jece.2021.106509
https://doi.org/10.1016/j.memsci.2004.04.033
https://doi.org/10.1016/j.memsci.2004.04.033
https://doi.org/10.1016/j.memsci.2010.07.002
https://doi.org/10.1016/j.memsci.2010.07.002
https://doi.org/10.1016/j.ijhydene.2017.07.140
https://doi.org/10.1016/j.memsci.2017.01.011
https://doi.org/10.1016/j.memsci.2017.01.011
https://doi.org/10.1021/acs.energyfuels.0c04352
https://doi.org/10.1016/j.ijhydene.2021.02.082
https://doi.org/10.1016/j.ijhydene.2021.02.082
https://doi.org/10.1016/j.memsci.2010.10.011
https://doi.org/10.1016/j.jallcom.2014.04.156
https://doi.org/10.1016/j.jallcom.2014.04.156
https://doi.org/10.1016/j.memsci.2011.03.057
https://doi.org/10.1016/j.memsci.2011.03.057
https://doi.org/10.1016/j.memsci.2010.06.068
https://doi.org/10.1016/j.memsci.2017.12.031
https://doi.org/10.1016/j.memsci.2017.12.031
https://doi.org/10.1016/j.ijhydene.2019.01.033
https://doi.org/10.1016/j.ijhydene.2019.01.033
https://doi.org/10.1016/j.cej.2015.09.119
https://doi.org/10.1016/j.cej.2015.09.119
https://doi.org/10.1016/j.ijhydene.2012.05.064
https://doi.org/10.1016/j.ijhydene.2012.05.064
https://doi.org/10.1016/j.ijhydene.2021.12.005
https://doi.org/10.1016/j.ijhydene.2021.12.005
https://doi.org/10.1016/j.ijhydene.2021.12.005
https://doi.org/10.3969/j.issn.1007-1865.2022.18.010

- 5254 -

EEMRER

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

KANG Haitao, YAO Chunyan, WU Zhanhua, et al. Niobium-
based palladium alloy membranes for hydrogen purifica-
tion[J]. Guangdong Chemical Industry, 2022, 49(18): 28-
30(in Chinese).

LI A W, GRACE R J, JIM LIM C. Preparation of thin Pd-
based composite membrane on planar metallic substrate:
Part I: Pre-treatment of porous stainless steel substrate[]].
Journal of Membrane Science, 2007, 298(1-2): 175-181.
i, 220505, BRI 2, 45, SR A X A MERERT S ). M1
BHFR, 2016, 30(19): 63-69.

ZHONG Boyang, LI Fangfang, CHEN Chang'an, et al. Fab-
rication and hydrogen permeability of palladium mem-
branes[J]. 2016, 30(19): 63-69(in
Chinese).

JO S Y, LEE H C, KONG Y S, et al. Characterization of a

Materials Reports,

Pd/Ta composite membrane and its application to a large
scale high-purity hydrogen separation from mixed gas[J].
Separation and Purification Technology, 2018, 200: 221-
229.

JO SY, CHA J, LEE H C, et al. A viable membrane reactor
option for sustainable hydrogen production from ammo-
nia[J]. Journal of Power Sources, 2018, 400: 518-526.

KIM K, JUNG I. The permeability characteristics of non-
porous membrane by C;HsF;/SiH, plasma polymeric
membrane[]]. Korean Journal of Chemical Engineering,
2000, 17(2): 149-155.

ROA F, DOUGLAS WAY J, MCCORMICK LR, et al. Prepara-
tion and characterization of Pd-Cu composite membranes
for hydrogen separation[J]. Chemical Engineering Jour-
nal, 2003, 93(1): 11-22.

NORDIO M, SORESI S, MANZOLINI G, et al. Effect of
sweep gas on hydrogen permeation of supported Pd mem-
branes: Experimental and modeling[J]. International
Journal of Hydrogen Energy, 2019, 44(8): 4228-4239.
KIADEHI D A, TAGHIZADEH M, RAMI D M. Preparation of
Pd/SAPO-34/PSS composite membranes for hydrogen
separation: Effect of crystallization time on the zeolite
growth on PSS support[J]. Journal of Industrial and Engi-
neering Chemistry, 2020, 81: 206-218.

TR, AR, B3R, 45, 2L 316L ANEE A 2 1 A R o A
LeMEREFRAE (], Wifi 42, 2022, 46(4): 471-479.

LI Mengzhu, LI Shuai, LYU Qinli, et al. Preparation and
characterization of Pd membranes on porous 316L stain-
less steel[J]. Chinese Journal of Rare Metals, 2022, 46(4):
471-479(in Chinese).

GIL G A, REISM H M, CHADWICK D, et al. A highly per-
meable hollow fibre substrate for Pd/Al,0; composite
membranes in hydrogen permeation[]J]. International

Journal of Hydrogen Energy, 2015, 40: 3249-3258.

[45]

[46]

[47]

(48]

[49]

(50]

[51]

[52]

(53]

(54]

[55]

[56]

PO, KTz, B, AF. F TR i A B AL AT A Y
Tl g SPEREVEHT [7]. RiF{E T, 2020, 49(S2): 53-56.

LU Chengzhuang, ZHANG Ruiyun, CHENG Jian, et al. Pre-
paration and performance evaluation of palladium com-
posite membrane used for fuel cell gas separation[J]. Ap-
plied Chemical Industry, 2020, 49(S2): 53-56(in Chinese).
WANG P W, THOMAS S, ZHANG L X, et al. H,/N, gaseous
mixture separation in dense Pd/a-Al,O; hollow fiber mem-
branes: Experimental and simulation studies[J]. Separa-
tion and Purification Technology, 2006, 52(1): 177-185.
LIM S, MAGNONE E, SHIN C M, et al. Simple scalable ap-
proach to advanced membrane module design and hydro-
gen separation performance using twelve replaceable pal-
ladium-coated Al,O5 hollow fibre membranes[J]. Journal
of Industrial and Engineering Chemistry, 2022, 114: 391-
401.

HU X J, HUANG Y, SHU S L, et al. Toward effective mem-
branes for hydrogen separation: Multichannel composite
palladium membranes[J]. Journal of Power Sources, 2008,
181(1): 135-139.

KGR, BRI, 2, . HASREW RSB & 5
W5E (7] RIRAUET (C1 k% 54k 1), 2019, 44(4): 1-5.

LIU Jinxia, TANG Chunhua, LI Hui, et al. Fabrication and
testing of Pd composite membranes with a novel gap struc-
ture[J]. Natural Gas Chemical Industry, 2019, 44(4): 1-5(in
Chinese).

MOBARAKE D M, SAMIEE L. Preparation of palladium/
NaX/PSS membrane for hydrogen separation[J]. Interna-
tional Journal of Hydrogen Energy, 2016, 41(1): 79-86.
UEMIYA S, KUDE Y, SUGINO K, et al. A palladium/porous
glass composite membrane for hydrogen separation[J].
Chemistry Letters, 1988, 17(10): 1687-1690.
MARDILOVICH P I, ENGWALL E, MA H Y. Dependence of
hydrogen flux on the pore size and plating surface topo-
logy of asymmetric Pd-porous stainless steel mem-
branes[J]. Desalination, 2002, 144(1-3): 85-89.

PEREIRA I A, PEREZ P, RODRIGUES C §, et al. Deposition
of Pd-Ag thin film membranes on ceramic supports for
hydrogen purification/separation[J]. Materials Research
Bulletin, 2015, 61: 528-533.

MA'Y H, AKIS B C, AYTURK M E, et al. Characterization of
intermetallic diffusion barrier and alloy formation for
Pd/Cu and Pd/Ag porous stainless steel composite mem-
branes[J]. Industrial & Engineering Chemistry Research,
2004, 43(12): 2936-2945.

FURONES L, ALIQUE D. Interlayer properties of in-situ
oxidized porous stainless steel for preparation of compo-
site Pd membranes[J]. ChemEngineering, 2018, 2(1): 1.
HAN J Y, KIM C H, LIM H, et al. Diffusion barrier coating


https://doi.org/10.3969/j.issn.1007-1865.2022.18.010
https://doi.org/10.1016/j.memsci.2007.04.016
https://doi.org/10.1016/j.seppur.2017.12.019
https://doi.org/10.1016/j.jpowsour.2018.08.010
https://doi.org/10.1007/BF02707136
https://doi.org/10.1016/S1385-8947(02)00106-7
https://doi.org/10.1016/S1385-8947(02)00106-7
https://doi.org/10.1016/S1385-8947(02)00106-7
https://doi.org/10.1016/j.ijhydene.2018.12.137
https://doi.org/10.1016/j.ijhydene.2018.12.137
https://doi.org/10.1016/j.jiec.2019.09.010
https://doi.org/10.1016/j.jiec.2019.09.010
https://doi.org/10.1016/j.jiec.2019.09.010
https://doi.org/10.13373/j.cnki.cjrm.xy19030007
https://doi.org/10.13373/j.cnki.cjrm.xy19030007
https://doi.org/10.1016/j.ijhydene.2015.01.021
https://doi.org/10.1016/j.ijhydene.2015.01.021
https://doi.org/10.3969/j.issn.1671-3206.2020.z2.010
https://doi.org/10.3969/j.issn.1671-3206.2020.z2.010
https://doi.org/10.3969/j.issn.1671-3206.2020.z2.010
https://doi.org/10.1016/j.seppur.2006.04.007
https://doi.org/10.1016/j.seppur.2006.04.007
https://doi.org/10.1016/j.jiec.2022.07.028
https://doi.org/10.1016/j.jiec.2022.07.028
https://doi.org/10.1016/j.jpowsour.2008.02.091
https://doi.org/10.3969/j.issn.1001-9219.2019.04.001
https://doi.org/10.3969/j.issn.1001-9219.2019.04.001
https://doi.org/10.3969/j.issn.1001-9219.2019.04.001
https://doi.org/10.3969/j.issn.1001-9219.2019.04.001
https://doi.org/10.3969/j.issn.1001-9219.2019.04.001
https://doi.org/10.3969/j.issn.1001-9219.2019.04.001
https://doi.org/10.3969/j.issn.1001-9219.2019.04.001
https://doi.org/10.1016/j.ijhydene.2015.10.009
https://doi.org/10.1016/j.ijhydene.2015.10.009
https://doi.org/10.1016/S0011-9164(02)00293-X
https://doi.org/10.1016/j.materresbull.2014.10.055
https://doi.org/10.1016/j.materresbull.2014.10.055
https://doi.org/10.1021/ie034002e
https://doi.org/10.1021/ie034002e
https://doi.org/10.1021/ie034002e
https://doi.org/10.1021/ie034002e
https://doi.org/10.1021/ie034002e
https://doi.org/10.3390/chemengineering2010001

KGR 45

AL B A BRI T

- 5255 -

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

using a newly developed blowing coating method for a
thermally stable Pd membrane deposited on porous stain-
less-steel support[J]. International Journal of Hydrogen
Energy, 2017, 42(17): 12310-12319.

MARTINEZ-DIAZ D, MARTINEZ DEL MONTE D, GARCIA-
ROJAS E, et al. Comprehensive permeation analysis and
mechanical resistance of electroless pore-plated Pd-mem-
branes with ordered mesoporous ceria as intermediate
layer[J]. Separation and Purification Technology, 2021,
258:118066.

CHIY H, YEN P S, JENG M S, et al. Preparation of thin Pd
membrane on porous stainless steel tubes modified by a
two-step method[J]. International Journal of Hydrogen
Energy, 2010, 35(12): 6303-6310.

GESTEL V T, HAULER F, BRAM M, et al. Synthesis and
characterization of hydrogen-selective sol-gel SiO, mem-
branes supported on ceramic and stainless steel
supports[J]. Separation and Purification Technology,
2014, 121: 20-29.

SU C, JIN T, KURAOKA K, et al. Thin palladium film sup-
ported on SiO,-modified porous stainless steel for a high-
hydrogen-flux membrane[J]. Industrial & Engineering
Chemistry Research, 2005, 44(9): 3053-3058.

BROGLIA M, PINACCI P, RADAELLI M, et al. Synthesis and
characterization of Pd membranes on alumina-modified
porous stainless steel supports[J]. Desalination, 2009,
245(1-3): 508-515.

BOTTINO A, BROGLIA M, CAPANNELLI G, et al. Sol-gel
synthesis of thin alumina layers on porous stainless steel
supports for high temperature palladium membranes[J].
International Journal of Hydrogen Energy, 2014, 39(9):
4717-4724.

ZHENG L, LI H, XU H Y. "Defect-free" interlayer with a
smooth surface and controlled pore-mouth size for thin
and thermally stable Pd composite membranes[]]. Inter-
national Journal of Hydrogen Energy, 2016, 41(2): 1002-
1009.

ZHANG L, REN Y L, LUO Q, et al. A novel method to from
well-adhered y-Al,O; coating in 316L stainless steel
microchannels[]]. Energy Procedia, 2015, 75: 2044-2048.
MOBARAKE D M, JAFARI P, IRANI M. Preparation of Pd-
based membranes on Pd/TiO, modified NaX/PSS sub-
strate for hydrogen separation: Design and optimiza-
tion[J]. Microporous and Mesoporous Materials, 2016,
226: 369-377.

GUO Y, ZHANG X F, DENG H, et al. A novel approach for
the preparation of highly stable Pd membrane on macro-
porous a-Al,O5 tube[J]. Journal of Membrane Science,

2010, 362(1-2): 241-248.

(67]

(68]

[69]

[70]

[71]

[72]

(73]

[74]

(75]

(76]

[77]

HUANGYY, LIU Q, JIN X X, et al. Coating the porous Al,04
substrate with a natural mineral of Nontronite-15A for fab-
rication of hydrogen-permeable palladium membranes[]J].
International Journal of Hydrogen Energy, 2020, 45(12):
7412-7422.

TONG J H, SU L L, HARAYAK, et al. Thin Pd membrane on
a-Al,O3 hollow fiber substrate without any interlayer by
electroless plating combined with embedding Pd catalyst
in polymer template(J]. Journal of Membrane Science,
2008, 310(1-2): 93-101.

JAMSHIDI S, BABALUO A A. Preparation and evaluation of
Pd membrane on supports activated by PEG embedded Pd
nanoparticles for ATR membrane reactor[J]. Chemical
Engineering and Processing—Process Intensification,
2020, 147: 107736.

BT, RLMG, JSLES, %5 R OIREHEM 2 LA AL R A B
FRIE AL ) A B SAR I (7). A8 51, 2017, 36(4): 194-
197.

GUO Yu, WU Hongmei, ZHOU Lidai, et al. Modification of
porous alumina substrate by polyvinyl alcohol and pre-
paration of palladium membrane on its surface by electro-
less plating[J]. Elertropating & Finishing, 2017, 36(4): 194-
197(in Chinese).

OKAZAKI J, PACHECO TANAKA D A, ALOSA TANCO M A,
et al. Hydrogen permeability study of the thin Pd-Ag alloy
membranes in the temperature range across the a-p phase
transition[J]. Journal of Membrane Science, 2006, 282(1-
2):370-374.

TULIANELLI A, MANISCO M, BION N, et al. Sustainable H,
generation via steam reforming of biogas in membrane
reactors: H,S effects on membrane performance and cata-
lytic activity[J]. International Journal of Hydrogen Energy,
2021, 46(57): 29183-29197.

KULPRATHIPANJA A, ALPTEKIN O G, FALCONER L J, et
al. Pd and Pd-Cu membranes: Inhibition of H, permeation
by H,S[J]. Journal of Membrane Science, 2005, 254(1-2):
49-62.

ZHAO L F, GOLDBACH A, BAO C, et al. Sulfur inhibition of
PdCu membranes in the presence of external mass flow
resistance[J].Journal of Membrane Science, 2015, 496: 301-
309.

KAMAKOTI P, MORREALE B D, CIOCCO MV, et al. Predic-
tion of hydrogen flux through sulfur-tolerant binary alloy
membranes[]J]. Science, 2005, 307(5709): 569-573.
DEEPTI, KUMAR H, TRIPATHI A, et al. Improved hydro-
gen sensing behaviour in ion-irradiated Pd-Au alloy thin
films[J]. Sensors and Actuators B: Chemical, 2019, 301:
127006.

MUNDSCHAU M V, XIE X, EVENSON C R, et al. Dense


https://doi.org/10.1016/j.ijhydene.2017.03.053
https://doi.org/10.1016/j.ijhydene.2017.03.053
https://doi.org/10.1016/j.ijhydene.2010.03.066
https://doi.org/10.1016/j.ijhydene.2010.03.066
https://doi.org/10.1016/j.seppur.2013.10.035
https://doi.org/10.1021/ie049349b
https://doi.org/10.1021/ie049349b
https://doi.org/10.1021/ie049349b
https://doi.org/10.1021/ie049349b
https://doi.org/10.1021/ie049349b
https://doi.org/10.1021/ie049349b
https://doi.org/10.1016/j.ijhydene.2013.11.096
https://doi.org/10.1016/j.ijhydene.2015.09.024
https://doi.org/10.1016/j.ijhydene.2015.09.024
https://doi.org/10.1016/j.egypro.2015.07.278
https://doi.org/10.1016/j.micromeso.2016.02.022
https://doi.org/10.1016/j.memsci.2010.06.050
https://doi.org/10.1016/j.ijhydene.2019.04.102
https://doi.org/10.1016/j.memsci.2007.10.053
https://doi.org/10.1016/j.cep.2019.107736
https://doi.org/10.1016/j.cep.2019.107736
https://doi.org/10.1016/j.cep.2019.107736
https://doi.org/10.1016/j.cep.2019.107736
https://doi.org/10.19289/j.1004-227x.2017.04.003
https://doi.org/10.19289/j.1004-227x.2017.04.003
https://doi.org/10.19289/j.1004-227x.2017.04.003
https://doi.org/10.19289/j.1004-227x.2017.04.003
https://doi.org/10.19289/j.1004-227x.2017.04.003
https://doi.org/10.19289/j.1004-227x.2017.04.003
https://doi.org/10.1016/j.memsci.2006.05.042
https://doi.org/10.1016/j.ijhydene.2020.10.038
https://doi.org/10.1016/j.memsci.2004.11.031
https://doi.org/10.1016/j.memsci.2015.08.046
https://doi.org/10.1126/science.1107041
https://doi.org/10.1016/j.snb.2019.127006

- 5256 -

EEMRER

(78]

[79]

[80]

[81]

[82]

[83]

(84]

[85]

inorganic membranes for production of hydrogen from
methane and coal with carbon dioxide sequestration[]].
Catalysis Today, 2006, 118(1-2): 12-23.

JAZANI O, BENNETT J, LIGUORI S. Carbon-low, renew-
able hydrogen production from methanol steam reforming
in membrane reactors—A review[J]. Chemical Engineer-
ing and Processing—Process Intensification, 2023, 189:
109382.

WU WL, CHEN S A, NIU ZY, et al. A high-productivity PSA
process configuration for H, purification[J]. Fuel, 2024,
356: 129566.

NAQUASH A, QYYUM A M, CHANIAGO DY, et al. Separa-
tion and purification of syngas-derived hydrogen: A com-
parative evaluation of membrane- and cryogenic-assisted
approaches[J]. Chemosphere, 2023, 313: 137420.

SARI R, DEWI R, PARDI, et al. Morphology of one-time
coated palladium-alumina composite membrane pre-
pared by sol-gel process and electroless plating techni-
que[J]. IOP Conference Series: Materials Science and
Engineering, 2018, 334: 012084.

HABIB A M, HAQUE A M, HARALE A, et al. Palladium-
alloy membrane reactors for fuel reforming and hydrogen
production: Hydrogen production modeling[J]. Case
Studies in Thermal Engineering, 2023, 49: 103359.
ARRATIBEL A, TANAKA P A, LASO ], et al. Development of
Pd-based double-skinned membranes for hydrogen pro-
duction in fluidized bed membrane reactors[J]. Journal of
Membrane Science, 2018, 550: 536-544.

ANZELMO B, WILCOX J, LIGUORI S. Natural gas steam
reforming reaction at low temperature and pressure con-
ditions for hydrogen production via Pd/PSS membrane
reactor[J]. Journal of Membrane Science, 2017, 522: 343-
350.

IULIANELLI A, MANZOLINI G, DE FALCO M, et al. H,
production by low pressure methane steam reforming in a
Pd-Ag membrane reactor over a Ni-based catalyst: Experi-
mental and modeling[J]. International Journal of Hydro-

gen Energy, 2010, 35(20): 11514-11524.

(86]

(87]

[88]

[89]

[90]

[91]

[92]

(93]

SARIC M, VAN DELFT C Y, SUMBHARAJU R, et al. Steam
reforming of methane in a bench-scale membrane reactor
at realistic working conditions[J]. Catalysis Today, 2012,
193(1): 74-80.

KIM C H, HAN J Y, KIM S, et al. Hydrogen production by
steam methane reforming in a membrane reactor
equipped with a Pd composite membrane deposited on a
porous stainless steel[J]. International Journal of Hydro-
gen Energy, 2018, 43(15): 7684-7692.

KIM C H, HANJ Y, LIM H, et al. Methane steam reforming
using a membrane reactor equipped with a Pd-based com-
posite membrane for effective hydrogen production[J].
International Journal of Hydrogen Energy, 2018, 43(11):
5863-5872.

UPADHYAY M, LEE H, KIM A, et al. CFD simulation of
methane steam reforming in a membrane reactor: Per-
formance characteristics over range of operating window
[J]. International Journal of Hydrogen Energy, 2021,
46(59): 30402-30411.

ABU EIl HAWA W H, LUNDIN B ST, PATKI S N, et al. Steam
methane reforming in a PdAu membrane reactor: Long-
term assessment(J]. International Journal of Hydrogen
Energy, 2016, 41(24): 10193-10201.

NAYEBOSSADRI S, SPEIGHT D ], BOOK D. Hydrogen
separation from blended natural gas and hydrogen by Pd-
based membranes[J]. International Journal of Hydrogen
Energy, 2019, 44(55): 29092-29099.

ANZELMO B, WILCOX J, LIGUORI S. Hydrogen produc-
tion via natural gas steam reforming in a Pd-Au membrane
reactor. Comparison between methane and natural gas
steam reforming reactions[J]. Journal of Membrane Sci-
ence, 2018, 568: 113-120.

ANZELMO B, WILCOX J, LIGUORI S. Hydrogen produc-
tion via natural gas steam reforming in a Pd-Au membrane
reactor. Investigation of reaction temperature and GHSV
effects and long-term stability[J]. Journal of Membrane

Science, 2018, 565: 25-32.


https://doi.org/10.1016/j.cattod.2006.01.042
https://doi.org/10.1016/j.cep.2023.109382
https://doi.org/10.1016/j.cep.2023.109382
https://doi.org/10.1016/j.cep.2023.109382
https://doi.org/10.1016/j.cep.2023.109382
https://doi.org/10.1016/j.cep.2023.109382
https://doi.org/10.1016/j.chemosphere.2022.137420
https://doi.org/10.1016/j.csite.2023.103359
https://doi.org/10.1016/j.csite.2023.103359
https://doi.org/10.1016/j.memsci.2017.10.064
https://doi.org/10.1016/j.memsci.2017.10.064
https://doi.org/10.1016/j.memsci.2016.09.029
https://doi.org/10.1016/j.ijhydene.2010.06.049
https://doi.org/10.1016/j.ijhydene.2010.06.049
https://doi.org/10.1016/j.ijhydene.2010.06.049
https://doi.org/10.1016/j.cattod.2012.04.009
https://doi.org/10.1016/j.ijhydene.2017.11.176
https://doi.org/10.1016/j.ijhydene.2017.11.176
https://doi.org/10.1016/j.ijhydene.2017.11.176
https://doi.org/10.1016/j.ijhydene.2017.10.054
https://doi.org/10.1016/j.ijhydene.2021.06.178
https://doi.org/10.1016/j.ijhydene.2016.04.244
https://doi.org/10.1016/j.ijhydene.2016.04.244
https://doi.org/10.1016/j.ijhydene.2019.03.044
https://doi.org/10.1016/j.ijhydene.2019.03.044
https://doi.org/10.1016/j.memsci.2018.09.054
https://doi.org/10.1016/j.memsci.2018.09.054
https://doi.org/10.1016/j.memsci.2018.09.054
https://doi.org/10.1016/j.memsci.2018.07.069
https://doi.org/10.1016/j.memsci.2018.07.069

	1 钯膜的透氢性
	1.1 透氢机制
	1.2 影响透氢率的因素

	2 钯复合膜的制备方法
	2.1 化学镀
	2.2 化学镀与真空、连续流结合
	2.3 化学孔镀

	3 钯复合膜的类型
	3.1 VB族金属载体钯复合膜
	3.2 多孔载体钯复合膜
	3.2.1 多孔陶瓷载体钯复合膜
	3.2.2 多孔不锈钢载体钯复合膜
	3.2.3 具有修饰层的多孔载体钯复合膜


	4 钯合金膜
	4.1 Pd-Ag合金膜
	4.2 Pd-Cu合金膜
	4.3 Pd-Au合金膜
	4.4 三元合金膜

	5 膜反应器中的氢气分离
	6 总结与展望
	参考文献

