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1.1 XE5RXH

SO G- U R B/ S KM BT AR I 2 (GC X GC-QMS/FID). ASAP 2460 % 58 % Jf Jbt bt
. JSM-7900F #I39 4% By 7 B 1085 (SEMD . INVENIO-R i B it 25 482 417 A8 5634 (FT-IR).

ik e AR FEEMY (BT, 98 %) . & H 48 (CH,Cl, , HPLC) | 1F SR BE (Cs Hy, » 99 %) .25 (Cy Hy s ARD Il [ £
MR 2-F I IR 6 JBEWY (2-MBT, 98 %) .2, 8- — H 3k — # 3FMEW (2, 8-DMDBT, 97 %) I [ % &, ; 3-H JL 2%
JFBEWY (3-MBT,98%) .3, 5- — H KA I WEW) (3,5-DMBT, 97 %) W | Alfa Aesar;4-H 3 = 28 I HE My (4-MD-
BT.98%) I A AR 4,6-— F 5 K IFBEW) (4,6-DMDBT, 98 %) g | MREDA ; %1k 7.4/ (CuCl, AR) |
TR AR (AgNO; , AR) (EALAE (PACL, , AR) J X 2 F 2 (Cy Hy » HPLO) I [ K% 5 78 (Cpy Hy 2 98%0) & (Cyy Hyg
99.5%) 1 A Aladdin; i§ 2 (HNO, , AR) \Fi 2 (H,SO, , AR) L2 (HCL, AR) B2 (H, PO, , AR I FH 7R
1.2 ELWHE
1.2.1 BEAPLIEE AR vl i T )

W 8 FhEmy 2459 (BT.2-MBT, 3-MBT.3,5-DMBT ,DBT.4-MDBT .4, 6-DMDBT, 2,8-DMDBT) £
10 mg J 4 M7 EG W (CsHyo .CloHy .Co Hiyo «Cu Hi) %% 20 mg, P& H Be i 7l 45 2 100 mL, fE
Ry R DL £ Vi
1.2.2 R e el i i

PR AR A - PRBR 2 g RE M, 43 S T 30 20 (Bt 43 B0 Y 12 mL HNO, \H, SO, \HCI.H, PO, 1,20 C
THERE 12 h SR, LB oK vk b S AR B TR AR 80 CCHE 12 h, BV A IR Ok R BE L X 1 i S N-Si
S-Si,H-Si,P-Si.

& JE VPR RE IS FREX 2 g RERE LI T 30 mL Jo/K S WL AE 30 °C R+, 30 min J5. A 0.3 g CuCl(5
PdCl, 8{ AgNO,) . 7E 60 C FHEFE 12 h 5 38 06+ RO il 15 4 8 ee Mk fE i . 0 A Cu-Si(E Pd-Si 5% Ag-Si).

“HNO,-CuCl” & A St Rk FREX 2 g BEBE A 14 mL 50 % (R 250 1 HNO; &, T 20 C i
P12 h 5. 08, BB oK vE R b TS HNO, St RERS L 2 ¢ HNO, BPERERS, N A 30 mL JE/K &
FiE 7E 30 “C FHEFE 30 min J5, A 0.2 g CuCl, £ 60 °C FHEFE 12 h J5 i 38, 41 15 “HNO,-CuCl” Z Ak
PEREJC.
1.2.3  BEM RS W0 53 B L 0w

BEAELH 400 mg WY PERERS . B A ARN 6 mL AN 12.9 mm 5l 67.6 mm A EE N 8.8 mm
LV S 2B A O AR 1% 1 A 2 A AT v A8 N S8 A R EORE L In A S5 — AN T A O R S 1 45 AR 2 BORE

Sy ES S A 5 mL TG H e R AL A A IBONMT L SR JE B 1 mL BIRUEE AR R R R o8 43l i [ A
AWMESE LA 3 mL IE RS A B R A IR R S 7+ DAE VR, T J5 A B2 O e
SERNUR RN e EAE 5 mLL 2 mL PG 0.45 pm JEAR L JE AT GC X GC-QMS/FID
E AT

I3 B VERE B DEAN ko ik I 1 3 B PR e DAXE 4> B ) BT/Cy Hg .3, 5-DMBT/Cy, Hy, . 4-MDBT/C,, H,  Z
Puro/Prc Posomsr/Pre Pumorre/Pro
— Ao — Ay —

Ouri/ 0 a Ps5.5-ompTi/ O 5 £ vt/ O ni

pinvonmoe N E5TE G BT, 3,5-DMBT (4-MDBT B it 2 ¥ &, mg/Ls paooro oo N B G Cio He .Cio Hyo
Co Hyo BRI EE mg/ L. owri 05,5 omsri ~0vonrs AL AR AL A2 5 BT, 3,5-DMBT  4-MDBT # it & ¥

B HI BT a)a,s s REE o,

» rh s OBT0 ~©03.5-DMBTO ~
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E »mg/L;pm ~OE \pwlﬂﬂJ_#ﬁﬂLﬂ‘%Mﬁfﬁ{m ':F' CioHs Cio Hio .Ciy Hyg B‘JE‘E%/ZUE ’ mg/L.
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2.1 BRFALBUEXER S BN
2,11 PRSI R e 40 B 1 i 4 5 )

K1 A B RE S N-SiLS-Si P-Si H-Si 43 & J5 I EW 256 W) 5 05 I Ak & W0 1 5 £ 53 BT 435 2R A [) 1R i
PERE 1) 53 25 PE R L2 B0 5 3 25 S, N-Si 43 B9 5 Uk I VR v g oy 25 k45 0 1) Ik e B B 3 T S-SiLP-SiLH-Si
31 I VR I T i) BT A TR R, R T N-STON W W S Ak ) 1 W B G B PR BB AR L X — B4 AT e 5 A [ R
Jei V1 ek J5E 2 T A 2 M I 1Y) 22 53 06, ENO, 114 58 4804k M o0 ) 1 e 2 10 2 S0 R T CIn 2 38 iy 51 A, 3
5T S5 BEMY AL A P B R F Y IR e BR S ST PT L S-SiLP-SiLH-Si 1Y o A5 1.16.1.17.1.22,
N-Siff) a, 5] 1.26, 5 Hofh 3 Flfz 20 ST 8.6 % .7.7 % .3.3% » R 8 HNO, 1 b A 52565 Y 3 AH 2

22 32

= N-Si
~ 20} @ . ~ 30 ® . o 5Si
T ¢ - 98}t : A P-Si
Lo 187 2 96t ’ . v IS
£ S 2 1. BT;
z 16 LI : g Ar . 2. 2-MBT;
S oul . 3 227 3. 3-MBT;
s ' Z 20 4.3, 5-DMBT;
=1 [} = m
g 12} v 2 st . 5. DBT;
S S 6. 4-MDBT;
10k . 16 1 7.4, 6-DMDBT;
2 L e ) ) ) 8. 2, 8-DMDBT.
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Fig.1 Concentrations of thiophene compounds(a) and aromatic compounds(b) after separation of N-Si, S-Si,P-Si, H-Si

2.1.2 HNO, S Ak S0 S X6 1k i 43 5 4 BE 1) 52 i)

HR TR 12 mL 10%.30%.50% .65 % (Tt 43 80 19 HNO, 43 5165 B 47 2ot 7™ 9 43 5 8
10 % N-Si.,30 % N-Si,50 % N-Si,65 % N-Si; K JH 6.10,14,18 mL 50 % (#4350 59 HNO, 43 51 % ik i #E 47
e A4 030 9 6mN-Si, 10mN-Si, 14mN-Si, 18mN-Si. 8 2 A7l HNO, J5 43 $0F FH - okor: i 15k
For B IR VEM AL AW 5 55 IR AL A W 0 2 B BT 4 R HN O, S Ak B Rk 5 0 188 My 28 4k A 9 16 4 35 1k
HNO, S0 0T 5 v BE 1938 m 52 BESE T s BRIk ny %, > HNO, 25 4380 50 20 B 43 8 5 U6 1 R v 1 gy
FAb G W 1 T o vk B e e . 3% WD O R R W 28 4K 5 W 1 3 S O B 4. 50 06 N-Si I 43 5 TR g e (DL it R
S2,a,=1.28.a,=1.17.a; =1.13). X & H FHR&EWE K HNO, KRR GIAT S A ERRA 35 TR
FET AR L o A0 4l R0 R B B 08 L KR ) 5 R 25 E W 2R AL & W B TR, LIRS H - (S RO AT S e
Tl Jz 3 1T %) R 2 7 A5 T8 J R R T 2 e A FL L R i AL (N2 Db # 341,59 m? « g 'L AR THEM T
T PR A7 057 P 2 Mt DR M58 1 X WE WY A0 A W 0 A B R R 2 HINO, Ji i B TH 2 65 %0 ik I 1 FL 45 4
TR EAE R & BE R AL R A 341.59 m® « g ' FFEA 303.26 m? « g ', F LA H 9.11 nm
AR/NE 8.69 i, AN FEWY AL A M) 1) T35 P 57 05 P S50 1 PR L e e ) 3 5 1 R B AT

MR AR 50 %1 HNO, 8 14 mL B, 5 B35 D60 e my 2846 & 1 14 I o Wk B 38 1) e o (A
Kl 2),14mN-Si A0 8 T35 B (5 S2,a, = 1.34 0, = 1.23 0, = 1.19) . FE B 0 45 1 F 7k Jise 2% 1 7 1 A
B EUE 8 RS P 0 B0 38 B B ARCIR A L A0 5 Ik 1) W F - R0 8 A R 2 THT FL - 2 2 R AR A L A I W
SR IR B ] Cu™ 7 S5 56 B8 o 1 R 1 05 0 DR ke = PIOX) H 7 Xk LAJE B 28 LR . 24 HNO, H &8 18 mL
B, it i HNO, 51 M 7K 53 F 25 W B ek s 2 T, 9 2 358 P A7 A58 45 1 U 422 ik 1) T L, 1805 | % 285 0 11
Ji o BV Ak R AL 0 2R RS W FREE 45 A AR S T HIN O, FUARE I A 2E AR L 5 300 P ik i 4 i
W Ak A 0 5 B AR B L S T B AR B 1 HHNO, S Ak v B R R ol e e 3 < A 2 W Bf
CHITWE Wy 43 - 5 W M 57 A5 22 180 14 A AR D) -0 B8 2 B Can L WA R ™ 1 W0 [0 1 P 4 T 77 X6 W88 Wy 2K 4k 45 0 11 43
BvEne. IR HNO, Bt 70808 50 %, Hli 2 14 mL.
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Fig.2 Concentration of thiophene compounds(a) and aromatic compounds(b) after separation of silica gel modified with

different HNO, mass fractions and dosages
x1 AEHNO; RESHHEERNALENSE

Tab. 1 Pore structure parameters of silica gel modified with different mass fractions of HNO;

i AL H R AALLERR  FHILRE i AL He 2 R AALERER  FHALR
" Swic/(m? * g1)  Spew/(m? *g~1)  Dyer/nm " Swie/(m? + g 1) Smew/(m?+g 1) Dye/nm
10 % N-Si 5.81 329.20 8.83 50 % N-Si 2.14 341.59 9.11
30 % N-Si 4.43 329.65 8.88 65 % N-Si 4.26 303.26 8.69

22 EEMMENEERS B MR
221 ANTA] 4 ok X ik e 4 s 4 i ) S i

CuCl.PdCl, \AgNO, (ki ¥R 15 % (BTit 40 80) % B 20tk i Cu-SiuPd-Si, Ag-Si 43 25 2501 I
3.Cu-Si 77 B Ji Ve W v e Wy 24k 5 W 1% JoT s R ey 43 o TR e (LB SR 3R S3ha =1.29 10, =114,
a; =1.13) , HAr B AU B AL F Pd-Si Al Ag-SiiX & H T Pd*"  Ag™ 46 % 1 B 43 51 4 6.8.6.97 ,Cu’ 1Y
o % RE (6.3 IR T PA®" F A (18 26 0 B, 248 T A8 5 AR08 /) XoF 07 2 P 8 1) R R AR P TR Ut Cu ™ R Ay
PR SR, 55 E M5 CRRBED 119 5% AR B SR 38 B b MR T 05 18 1 mem AR S 48 CuClL 1 ek I
A DA 5 W R E W3 43 5 ELAR Dy ok U8 &2 O Cu™ A B i AR 1L, B B B8 i B AL b, Cu ™ 195 I%
FL P AT 5 5 0 R P M A AR R LR S 1 HE TR M DT R B SROG B A IONT L 1 1 Iy 2 Ak B 1 1Y T
1A BT Bk B AT, R s R ot & R Ak B CuCLL

26 32
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= 24 - =30 f . * Pd-Si
v . o . 4 Ag-Si
g 227 e 287 . s L. BT;
= A E . ’

. . 2. 2-)BT;
= 20} = 26t . ;
8 s 8 . 3. 3-MBT;
= 18 * ° = 2t : 4.3, 5-DMBT;
; Lt . a g o | » 5. DBT;
g 16 . 0 : s s . 6. 4-MDBT;
[=1 [=] v oy
§ ul . . g 2l 7.4, 6-DMDBT;
- - 8.2, 8-DMDBT.

12 S — 18 : - . -

1 2 3 4 5 6 7 8 CJ,, C,,H C M, c, M,
Compound Compound
[#3  Cu-Si, Pd-Si, Ag-Sisr B JIEM KA (a) 57 RAEY) (b) BRI

Fig.3 Concentrations of thiophene compounds(a) and aromatic compounds(b) after separation of Cu-Si,Pd-Si,Ag-Si

2.2.2 CuCl o 45 14 o 7k Je 43 185 1k il 1940 52 i)

PR CuCl W 8 i 500,102, 15% . 202 (5t & 43 B0 . 78 5 i T X & B¢ 3k 17 el ok 43 509
5% Cu-Si 10 % Cu-Si 15 % Cu-Si .20 % Cu-Si; Z M H N 10% ) CuCl FTE MW IEE N 25.45.60.75 CFir
5% 1 A Tk S X 43 8 AR B ) X I R & 43 512 A 25Cu-Si L 45Cu-Si, 60Cu-Si, 75Cu-Si. H &l 4 A A1, 4
B9 VR LR T e My 25 A0 G W 1 I VA R B CuCL 67 2880 9 185 2 B S 1 S 0 R B X f R 10 Do e, e
W 2810 G W 1) T VAR P B » 6 B 10 Y0 Cu-Si 1 43 8 0CR B . 24 T 3 A 5 03T & 10 M0, 43 B TR 3k 3
WEAE (LB % 3% S4) . @, =1.28 .0, =1.08 . ,a; =1.11 £+ F o, =1.35.a, =1.18 .a; = 1.14, IH} CuCl £ A
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A BRAE AR R AT, 38 5 Cu— S B T X WE My AL B W 0 43 B AR S B AT 10208, 15 % Cu-St 5
20 %6 Cu-Sif 3 25 1 FF 45 T B B CuCl 23 & A MERREE 2 F ACRE i 19 FL B 15 B3 28 L (0 W Wy 43 9 10 i) B A2
SZBH  ELFLIE 35 FEAF A5 I BRI 107 A 5 sk 2D R G 43 5 5 () W Wy 2 Ak 5 W T VR BT R 40 B M RE IR AR Y
I BE Ry 60 “C I, 60Cu-Si 43 5 i VI v v 118 WE W3 26 A G 1 1Y) Jo i R 2 e v s G 4 5 PR 3K B U R (R S
ar =1.37.a; =1.20.a; =1.15) s AR 25 CY KM FEF T 16.10 %032 i T FHRAL A Cu™ Bz gl il If:
B BRI LG N 80 T Cut IR R B sk — b T I S iR S U R R g B ok R FLIE
TR AR AT RGP S 0g D A B RO T LS 2411 CuCl F 28 RSN, T 8 T DA FE AN B e e L T N 24 5
FLES IR R 53 BIEmY J b A W BRI 22 I T M L P B 6 CuCl I B 3 1094, SO i 60 °C.

TN 32
5 = 5%Cu-Si = 5%Cu-Si
=~ 227 () . © 10%C0u-Si ~ 30F M . SHCu-51
5 i © 10%Cu-S
s} . . 4 15%Cu-Si o . 3 4 Si
T 20 . v 20%Cu-Si . 28¢ : : 4 15%Cu-Si
- S > * 25Cu-Si ® o p 204
£ 18F ¢ > n 45Cu-Si £ 26rF . . v 20
= . O S > 60Cu-S1 I oot I 250
g 16 F ; H ™ 3 . ® 75Cu-Si 5 H < 45Cu-Si
3 | S LR A ) ; L Z,'I'N;IPI = 22 ¢f : " 60Cu-Si
L * 2. 2-MBT; ) A @
g 14 = . L SR 3 3BT £ o2f  75Cu-Si
- oy
£ ol . . 4.3, 5-DVBT = gt
S ¢ 5. DBT; s .
£ ot a 6. 1-MDBT; S 16fF %
3 M 7.4, 6-DVDB S .
8 e 8. 2, 8-DVDBT. Mr = . . .
1 2 3 41 5 6 7 8 Cll, Gl Cll, L,
Compound Compound

Pela ARFICUCL S B RAN S i BV I 3 8 JE MR W 2840 150 (20 55 77 AL 540 (b) B R 2
Fig.4 Concentrations of thiophenes(a) and aromatic compounds(b) alter scparation of silica gel modificed with diflerent
CuCl loadings and rcaction temperatures
2.3 “HNO;-CuCI"E/ MR T BRI
TE bR E AU E 25 AR S R SR 56 HNO; (50 %0, 14 mL) 48465 7131 CuCl(10 %6 ,60 °C 2B il B ) B9
D5 AT P LA 14mN-60Cu-Si. 43 B 8 R WL 5 g 2.

% 10
T . (a) T (b) = 14m\-Si
f 91 b N T ° 60Cu-Si
@ w N . a [Mm\-60Cu-S1
\\7 99 L R . . § . . L] LB
= . A, = 30r 2. 2-MBT;
S 20 . ° - vl 4 3. 3-MBT;
= A -
I d . £ 20F - 4.3, 5-DMBT;
f;" 18 | . . ° M 2 9. DBT;
5 ‘ . . N . . 3 90 . 6. 1-MDBT;
g 16r E 7.4, 6-DNDBT;
~ 14 . | B L L . L 1 ~ 15 L L . L 8. 2, 8-DMDBT.
1 2 3 4 5 6 7 8 CH,, C H, CLH, C.H,
Compound Compound

{5 14mN-Si, 60Cu-Si, 14mN-60Cu-S 14388 5 B ALY () 551074 (b) BB R

Fig.5 Concentrations of thiophene compounds(a) and aromatic compounds(b) aflter separation by 14mN-Si, 60Cu-Si, 14mN-60Cu-Si

HIE 5 fZE 2 o, 5 L “HNO,-CuCl”Z &2t F 2 14mN-Si,60Cu-Si f1 14mN-60Cu-Si #4355 & F

(14mN-60Cu-Si) *ﬂﬁ—‘ﬂﬂ M (14mN-Si, 60Cu-Si) X} fit: Tab. 2 Separation factors of 14mN-Si, 60Cu-Si
e 53 BV 25 (64 Y B . & B HNO,-CuCl S 4 and HmA-e0cwst

WA 4 B B 3 1 R R L 14mN-60C S 19 53 i «
BRI BT 14mN-Si F1 60Cu-Si, 43 B A -t i 14mN-Si 1.34 1.23 1.19
%%%}(al:1.57‘0(2:1.27\0(3:1.26)»[/‘/(a1 j\j{ﬁﬂ,ﬁj\ 60Cu-Si 1.37 1.20 1.15
%?ﬁ%ﬂ%ﬂT 17.2%(14mA\1—Si)$ﬂ 14,6%(60Cu— 14mN-60Cu-Si 1.57 1.27 1.26

S Fh 7 B P BE B B2 THE i T BRI A - A AR

A B R H LA HNOs ST RERE T 51 T WR LS S0 H RE AT AT AR Dy IR R 37 A5 73 B WE W3 3 1, ] I 4 Ak
JE AT 1 — R f A/ FLIE L O R 2k CuCl 9 s de 1t 7 BAR IR AR5 T Cul I PR AL A9 35 ik HLAR 3
Cu’ B8 Cu XA Ca’” —Cu® 7 UUH PR B AR R AR IR (Cu' ) 52 AR (Cu® D) FfE . Cu” 3l
1o 5 B SE Y E Wy AL A T B B S Cu— S SR Zp BEWEWY 73 Cu® " i) DU o B AR R0 38 588 J) il AL 1 =
AT 2 3 A s it — 2 Ak Cu S5 MW 22 6] B A A A (645 W B SN AS € . Cu™ A Cu® " 1 B3 R 4 A AT LB
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ARIX A EM RS IF R B G, B E T T T X e My 2540 & W i 1 B0k o B ke,
2.4 “HNO;-CuCl”& & B33 iE R 4 # M &2 1
2.4.1 “HNO;-CuCl” & 5 Bt w58 FL 454 1Y 52 i

SiO, (KRB PERE ) . 60Cu-Si Al 14mN-60Cu-Si F N, W Bt /i B 25 i £ Fn FL A8 4 A Bh Ze dn 1 6 T 7.
Si0, .60Cu-Si Fl 14mN-60Cu-Si Ft W I B th 2 15 2 B0 H d A iy IV AL il 2, FLAS o0 A E B4 P TE 0.5~20 nm
Z 1], U I e B A AL R AL ES M ZE AR TR S5 P/Py O 0.4~0.9 Z (6] 1 3L HE 5 B8, W A FL 45 # A
F, B CuCl 151 AR B b ok 28 A S 19 A7 )7 FL 25 4. fy B S 38 S5 T4, Si0, 19 b R LU 369.85 m” »
g LAUATR R 0.78 em® + g ', fi gk CuCl J5.60Cu-Si B b F T My 360.21 m? » g 'L FLIABL RN
0.76 cm® « g ', FIFLAE M 8.51 FREHR 8.44 nm, F M CuCl kL 7E LI PN B UCAR i 1M 5 BUR T FL AR 3 %€,
14mN-60Cu-Si fJfL72 % SiO, # % 8.93 nm. Ui 2 HNO, S Ak 4b Bl5 . 5E I 5 FL I8 45 44 58 n I 5.~
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Preparation of composite modified silica gel and its use for the separation of thiophene compounds

Wu Xiaoxing, Hou Weigiang, Kong Jiao, Wang Meijun, Yan Lunjing, Bao Weiren, Chang Liping

(College of Chemistry and Chemical Engineering; State Key Laboratory of Clean and

Efficient Coal Utilization, Taiyuan University of Technology, Taiyuan 030024, China)

Abstract: The separation of thiophene compounds in coal tar was carried out by solid-phase extraction, in which silica
gel modified with acid and metal complexes was used as the packing material of the SPE column, and a mixture of n-pentane
and dichloromethane(volume ratio 7 : 1) was used as the elution solvent to investigate the effects of the type, mass concentra-
tion, and dosage of acid, as well as the type, loading, and reaction temperature of metals on the separation of thiophene com-
pounds by silica gel in the presence of competing adsorption compounds, such as aromatic hydrocarbons. The results showed
that the optimal conditions for acid oxidation and metal modification were, respectively, 50% (mass fraction) HNO; concentra-
tion, 14 mL dosage, Cu" as the loaded metal ion, 10% (mass fraction) loading, and a reaction temperature of 60 °C. The sepa-
ration factors of BT/Cy, Hg» 3,5-DMBT/Cy, Hyo» and 4-MDBT/Cy, Hy, in coal tar modified by HNO; and Cu™ composite silica

" modified silica gel. Therefore, the

gel were 1.57, 1.27, and 1.26 respectively, which were higher than those of HNO; or Cu
selective separation performance of HNO; and Cu™ composite modified silica gel is better. By comparing the structure of silica
gel before and after modification, it was found that the oxidation of HNOj; introduced oxygen-containing functional groups on
the silica gel surface, optimized the pore structure of the silica gel, provided an ideal substrate for the loading of Cu™ , and sig-
nificantly increased the loading of Cu” on the silica gel surface. There was a synergistic effect between the composite modifica-

tions, which could further enhance the separation performance of silica gel for thiophene compounds.

Keywords: complex modification; silica; selective separation; thiophene compounds; solid-phase extraction
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#* S1  N-Si.S-Si.P-Si.H-Si 5o B HEF
Tab. S1  Separation factors of N-Si, S-Si, P-Si, H-Si

FE i a az as FE i a az as
N-Si 1.26 1.17 1.13 P-Si 1.17 1.11 1.07
S-Si 1.16 1.09 1.06 H-Si 1.22 1.14 1.10
% S2 A HNO; RESHMAER RN EEF
Tab.S2 Separation factors of silica gel modified with different HNO; mass fractions and dosages
#DEIIII al a2 as F‘élﬁl al a? as
10 % N-Si 1.17 1.05 1.08 6mN-Si 1.24 1.08 1.09
30 % N-Si 1.26 1.11 1.12 10mN-Si 1.28 1.11 1.12
50 % N-Si 1.28 1.17 1.13 14mN-Si 1.34 1.23 1.19
65 % N-Si 1.14 1.05 1.06 18mN-Si 1.28 1.16 1.10

%= S3  Cu-Si.Pd-Si.Ag-Si 5 5 EF
Tab. S3  Separation factors of Cu-Si, Pd-Si, Ag-Si

FE i ai az as

Cu-Si 1.29 1.14 1.13
Pd-Si 1.21 1.09 1.10
Ag-Si 1.16 1.08 1.07

XS4 AECCILHEENEEEELEERNSBERERT

Tab. S4 Separation factors of silica modified with different CuCl loadings and reaction temperatures

FE S a as as FE & ai as as
5% Cu-Si 1.28 1.08 1.11 25Cu-Si 1.18 1.13 1.07
10 % Cu-Si 1.35 1.18 1.14 45Cu-Si 1.25 1.15 1.09
15 % Cu-Si 1.29 1.14 1.13 60Cu-Si 1.37 1.20 1.15
20 % Cu-Si 1.25 1.09 1.11 75Cu-Si 1.35 1.18 1.12

% S5 Si0, .60Cu-Si 1 14mN-60Cu-Si [ 7L L5 #5 %
Tab. S5 Pore structure parameters of SiO, ,60Cu-Si and 14mN-60Cu-Si

P it HREM Sppr/(m? « g1 BALAEB Vi /(em® + g7 1) FEfLAE Dover/nm
SiO, 369.85 0.78 8.51
60Cu-Si 360.21 0.76 8.44

14mN-60Cu-Si 318.13 0.71 8.93
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Fig.S1 SEM images of SiO,(a), 14mN-Si (b), 60Cu-Si(c) and 14mN-60Cu-Si (d)



