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Dual-ligand modified copper-based catalysts for acetylene hydrochlorination
ZHAQ Zi-yao, ZHANG Ying, ZHANG Li"
(College of Chemical Engineering, Shenyang University of Chemical Technology, Shenyang 110142, China)

Abstract:In order to improve the catalytic performance of copper-based catalysts in acetylene hydrochlorination
reaction , the copper-based catalysts modified by 1-methyl-2-pyrrolidinone ( NMP ) and hexaethylphosphoroustriamide
(HEPT ) ligands are prepared via impregnation method. The performances of these modified catalysts in the
hydrochlorination reaction of acetylene are tested under a temperature of 140°C ,an acetylene volumetric space velocity of
50 h™',and a hydrogen chloride to acetylene volume ratio of 1. 05:1.Results show that the acetylene conversion reaches
98.52% and the vinyl chloride selectivity is 97. 89%. The catalysts before and after hydrochlorination reaction are
characterized by means of XPS, showing that dual-ligand modification can stabilize the copper species in oxidation states
in the catalyst more effectively than singe ligand modification, which can prevent copper species from being reduced.
Meanwhile , oxygen atom in NMP can coordinate with copper.Dual-ligand modification is more conducive to the dispersion
of copper species within the catalyst,leading to less carbon deposition during reaction process.
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X U B2 AR FE S e 8 v 3 M e A O 1 1Y)
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ZEEHEN 940 ~ 945 eV Z [A A7 7F B S 1) T A0 X
KR Co™ 45y, HARE] Cu”F1 Cu® 4
SRR S i XA DT R ST TS T (LMM)
Cu"Fl Cu” 45 & Ref & 7 2R 917.7.918.6 eV,
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BT ##17%CuCl,-0.25NMP/ACHELF)
Cu?: (Cut+Cu®)=61.9%:38.1%

Sat.

JAJE 17%CuCl,-0.25NMP/ACHE (L]

960 950 940 930
Zi4fkleV

(a)Cu 2p XPS



2025F 11 8

Cu': Cu’=63.44%: 36.46% Cu LMM
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- A
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#3 REBIRELTS CaFHHEE %
HEAFH C®  Cut Cu* Cu*
JUWHT 17% CuCl,=0. IHEPTO. 25NMP/AC 6,85 11.93 81.22 93.15

SR 17% CuCl,=0. THEPT0. 25NMP/AC 15.62 20.18 64.20 84.38

JRIHT 17% CuCl,—~0. THEPT/AC 11.28 21.12 67.60 88.72
JBJF 17% CuCl,—-0. ITHEPT/AC 22.28 27.42 50.30 77.72
SN 17% CuCl,—0. 25NMP/AC 12.62 15.99 71.39 87.38
R 17% CuCl,—=0. 25NMP/ AC 22.28 15.82 61.90 77.72

MFE 3 0] WL BA— HEPT 2o o7 e 4 Ak 7510 v
Cu’ Cu® 1 Cu™ [ 5 He 4351k 11.28% . 21. 129% Al
67. 6% ; B— NMP 2k P i, %8 43 91 h 12.62% |
15.99% F1 71. 39% 5 WL A4 2l 1 15 43 531 24 6. 85%
11. 93% 1 81.22% , —FHEALSBE YA (Cu™) BT
7 L1435 88. 72% . 87. 38% H1 93. 15% , iX 26 W]
HEPT F1 NMP BUBC A el P J5 i fE A7 BAA B 2 1
FALSH R, I 3 AT, I e 3 Fii A5
AL SR W RS 54 D 77.72% 77, 72% Rl
84.38% , X Lt i il A Ak 751 v 28 Ak 25 4 4 il A
i L S ISR 4 S AR ) Cu 4
Fr it , X R WA I AT T30 Cu 4 Fp
T2 N 3 B Bl TR Cu® B BSUR e, B2 Y
Cu* PyFP & Tl A AT RN AT o X B PR o B —

RS MR EE T SR SRR N PEIN A - 159 -

T AR EACIE (RAEEA R 350 AT LA 2 R, L4 R o e T Ak
AP (Cu™) &R AR Y (HE R — NMP 55
AL R BA T 20 Cu® $Fh 1M B— HEPT ki
FEALF B 20 Cu* b, X £ NMP fig
TF A Co™ WA JF 4 Cu®, T HEPT HE 5 47 i)
il Cu™ PR JF Cu’, IER o T P EER
TCAA O P A ) EL A S v ) SR AL S R A D i
& 6(a) At Ak O 1s i XPS 4554, &
H1530.5 eV ALRYIE N A% 4 ( O, ) ,531.5 eV ALRY
W A 2548 ( 0., ) , 533. 4 eV AL R B2 B iy
S (0,,) o 3 PR BEABIRNIE 6(b) TR, 3 Ff
R 3R v A A B LA 220K, o B — NMP I
ORI R fE AR 30 AR S S R 2 X2 T
NMP 43 FHAEFE O JF ki, Xf s — HEPT
P B AEAR R Y AR SR A SRR UK B,
A NMP BCPE AT P A B E AR R 25 7, i
FIRESE D 7 & A NMP 2k P (4 A 70 i T
Cu—O 4, N A 25 B RE &4 T ok A, H—
HEPT BCPE R A0 5] b s 4000 3 i de /b X2
THARGARE O J5, H b iy ks S8 1 e 2k i
il O JRF, HS Cu 4565055, LA A ae eIk,

T atey
1—3##f 17% CuCl,~0. 1HEPTO. 25NMP/AC;
2—#ifit 17% CuCl,-0. IHEPT/AC;

3—3#rfet 17% CuCl,-0. 25NMP/AC

(a)O 1s XPS

56.05
54.45 52.08

1 30.31
2

17% CuCl,-0.1HEPTO.2SNMP/AC 17% CuCl,-0.1HEPT/AC 17% CuCL,-025NMP/AC
efesm A3 e
l_Oml)er ;Z_Oads 33_Olan
(b) My &
He #efEfild 01s XPS &R

2.1.5 ABH eg ARk AT
P 7 SR SN i S A T B A el 4 ) AL 751 Y
A TINZL . AL TITE 150°C LT i & i



- 160 - FAX AL L

2 FR A ) 2 1 R 8 7K o045 /N B R BT
T2, 130 ~300°C 22 [H] S 0 Hif Je A 7)ot 463 2%
2% 52 1 RN HH PR A ) 2 T g T ) B A e
SET AE 300°C LA B R R 2 RO T
A BB T30, BRI, 4R 70 i AU £ m R
FE 130 ~300°C S 1 R J7 #4K 5 25 (R Al o, HLAR 45
Rk 4 R, WFE 4 aTLIEH, — HEPT sk
(AR AR L X B 2R A 22, T 2 A NMP (144 £k 571
KA/ XU NMP 2 e A Ak 700 e 410 il R
J7 T LA B AR

100

10.000 &

8 5
1-0.001 3

ﬁ 80f ¥
o &
#® 1-0.002 g
2

6 - - 0.003
0 200 400 600 800

1—#ifi# 17% CuCl,-0. 1HEPTO. 25NMP/AC $4 R ik ;

23t 17% CuCl,—0. THEPTO. 25NMP/AC AT 4k ;
3—MJG 17% CuCl,~0. THEPTO. 25NMP/AC WA AT 4k ;
4—HJ5 17% CuCl,—0. IHEPTO. 25NMP/AC 43 #4a H £&

100
10.000 &
s ?
) 1-0.001 3
3 :
I 80 g
E =
& -0.002 g
]
60 : - : 0.003 ®
0 200 400 600 800

REE/C
1—3#r it 17% CuCl,—0. IHEPT/AC AR ik ;

2—Hfit 17% CuCl,—0. IHEPT/AC AR ik ;
3—HIJF 17% CuCl,-0. IHEPT/AC {430 M2k ;
4—HlJ7 17% CuCl,-0. THEPT/AC ¥/ 1 TE £k

100

30.000 &
S g
1-0.001 3
%‘( 80 X
=
- m
# -0.002 z
)
60 : : : 0.003 ®

0 200 400 600 800

WEE/C
1—H#f 17% CuCl,—0. 25NMP/AC #E 2k ;
2—3ffiE 17% CuCl,—0. 25NMP/AC FATE ik ;
3—HlJF 17% CuCl,—0. 25NMP/AC {3 T i £
4—HiJG 17% CuCl,-0. 25NMP/AC oM AT 2k

B 7 B AR BB AT JE e E AT

F455511 5

F4 AEELFIREIFE 150~300°CSEE A

AAEER
SRR VR
et I T B
K/%  K/% *
17% CuCl,-0. IHEPT/AC 6.03 13.33 7.30
17% CuCl,-0. 25NMP/AC 12. 82 14.58 1.76

17% CuCl,-0. IHEPTO. 25SNMP/AC  12. 41 14. 34 1.93

2.2 fELFIEEIEN

XA B PEREEAT T, 25 R an &l 8 i
N MNP 8 AT UL A AT B 480 1) 3% 1 o 1 A Ak 1 g
ARA, SO AT S A3 23, 7T % 2247 A U
2h JE AR, ULl HA TG AN BB IS BIAR 47 1Y
HEALROR . ASIAAE T BCARET, 17% CuCl,/AC 4
BB AT AR A 71, 71% , FE RN 3 h 5 A
JiF R, SR HEPT Fl NMP ek e AL, 2 b
A0 T A ek Y 4 R A AL R X R BT HEPT A1
NMP S0P 349 T £ e ] BE A4 0500 09 36 1, 31X 5 Sk
[14,18] My il — 2, Hr NMP 2otk i 3 1 4r T
HEPT, Xf T WA PE AL, £ B Ak 3 Bl T
PRES s 3 e Tt s R b Hrp AR i s i 2
17% CuCl, - 0. ITHEPTO. 25NMP/AC, >k H iz 1k
100 6\_“7‘*——\_

20 — . .
% 2 3 4 5
i1 /h
(a) &AL

100 — —
SRS

gof 127536 4

B
8 2

N
(=]

0 1 2 3
B8] /h

(b) AL MEEEE:
1—{f 2% ;2—17% CuCl,/AC;
3—17% CuCl,-0. 13HEPTO. 32NMP/AC;
4—17% CuCl,—0. IHEPT/AC;
5—17% CuCl,-0. 08HEPTO. 2NMP/AC
6—17% CuCl,-0. 25NMP/AC;
7—17% CuCl,-0. 1HEPTO. 25NMP/AC

B8 o fe K 4 R



20205 F 11 B

), RS B A FETT 3K 98. 52% Bt SN 1)
AT, PR R T RS FE RN 2 h J5 T
€, 17% CuCl,-0. IHEPTO. 25NMP/AC 1L 5 1) Z,
Pt AR e TR — AR PR AR (724 3. 61%)
FEB R S T AR AL R (=52 26.81% ) . MUBC A
FHt £ (17% CuCl,-0. 1I3HEPTO. 32NMP/AC) 1§
1/ (17% CuCl,-0. 08HEPTO. 2NMP/AC) i}, Z, Kk
AL RN T2 — NMP 2otk A ), 1 i B ot
i HEPT ARES NMP &2 BFEEH, E 8(b) AT
I ,17% CuCl,-0. THEPTO. 25NMP/AC 4k 57 7 H.
H fei SHEEAL R TR s B A 1R i 9 S 2 0 e
P, ATIK 97.89%

ZEG R 8 AR 1 R B, R vk Y i AR R
17% CuCl,/AC H 4 % B e fmi (16. 65% ) , {H HoA
febERE R 2E . R UCEE M p A e B e T
ULAE  E RS T S @m0 SRFEAE 3 B— NMP 2
PEFMEIL T 17% CuCl,—0. 25NMP/AC B 4L 1 fiE
T — HEPT 2t P 9 4 kL ) 17% CuCl, -
0. THEPT/AC X Al S HH TAHE T 5 & B 4 & &=
(11.41%) ,17% CuCl,-0. 25NMP/AC fi# b1k BA
T B4R A (16.56%) o WURE A Bk 1 A A Ak 57
17% CuCl, - 0. THEPT/AC " 4 & & B 9K & A%
(15.21%) fHH O PR M IR, 3 B8 I UL A4
RO ) A LA A 700 T AR BRI 4 5 i T RIS
(1) Z BB AL | 3 A TR 422 U0 B A 198 SO FE A X6 ] i
fEAFRDE S T R R XAMEER S
XUTE A A AT A S5 1 A 2 P 408 B b 00 i A 4 e
REAL,

ghA R 8 FE 4 w0, RUBCAARAE AL BA K4
AR BE , 5 A B 22 10 55 R Ao ] RE
Ko WM 5508 M A i AT DA L B BT 22 (%) HCL
S WS 2R S JE LR RS 1 HCL 437
%, LR RS EA T BRI, R ARG A
TR AT REPERS /N SRR AT ASRAS i (R e AL R AT
AR, X S 7 A T R 3

561 8 R 3 TR AR i AT AU A ek
PR AR BT B o PR R T e 5 b AL S Y 4
Pifh Cu S, ARG FRRDA L, XE
I LA B A BB AR AT DL BE A RS E Cu 1Y
AL, I HAOL 5, 2551 3 FIEl 6 A iX
A5 b NMP A REYS Cu R HUs#ER O i+
A RS 1 T 2B Ak B 1 HEPT A G
2.3 {ELHESH

MARAEFI ) CO,—TPD 25 5 nl A1, WL A i 11

RS MR EE T SR SRR N PEIN A - 161 -

HEACTELAT T 22 By S5 67 1, W  BF B 22 1% HCL,
J T 2R S A1 R DFT BB A [ 43
(NMP HEPT NMP +HEPT) 5 HCl, Z ¥t FIE & 4
A3 SAE FHH ARS8 F T R B RE (E ., kJ/mol ) EFT
A, X (3) R,
2 B yonprion-siare 2 HEAL T B 5 1Y BE 52, kJ/mol 5
E s T E . 73 590 R B 00 FVAE A R 1 BE
kJ/mol, FH T W B ik B TR S I, E 38 SR I H
BB, W AR Y 67 (B ABR A, 2 A4 T 70 % sz 1oz 49 ¢
770 R R A P R

T AT A5 B A RS e AL R B RESS 4Nk 5 B
TN o AEARMCHEAEAL T RS Cu 5 NMP BLAA TS O
AU HEPT FC AR 2B R /E R . 11545 2] HCL
7 CuCl, .CuCl,+NMP CuCl,+HEPT FI CuCl, +HEPT
K NMP _b B Bt 43 51 A 9. 40 —46. 23 . -36. 49 .
-67.00 kJ/mol, AT UL, NMP F1 HEPT gitt: 44 m]
H4K CuCl, %F HCI MR fE T, BUBCAAR 2H & 14 3 %t
HC A B e e e , W B g D Ao, SCHR[ 27 1 329,
BRI T Al BE 2o P2 S BORR AN, X A S Ak
FIRTE R EE R A, R 5 Wl Z 3, In AR,
LA, ] DLFEAK CuCl, XF B A 20 1Y
W BT, DT BE IR £ R A A 1 57 2 T 23R4 T AR
e, (X5 4 2551 —5,

&5 AREHFxt HCL, Z RN Z B o R b &E

actants

kJ/mol
5 F Eg(HCD  E G (CHy)  Ey(VEM)
CuCl, -9.40 -100. 06 -91. 39
CuCl, +NMP -46. 23 -52.29 -38.08
CuCl, +HEPT -36.49 -56.08 -29.42
CuCl, +HEPT+NMP -67.00 —45. 47 -27.98
3 &g

FIFHIR R EH 4 7 NMP Fl HEPT SR A i 1
B LA R 7 RN IR B 140°C (HCL 5 C,H,
IR JR R 1,05 :1 . GHSV(C,H,) 2 50 h™' il %
PR T AR T FE 2P A R H AR R
R, XA HEAT T R AE, XA 475 HCLL 4
JORN G MV P RS #0) BRI B R A T 1 A4
WA, FERHLITER,

(1)3%H NMP Fl HEPT SUPEC A oo 4 ) il 35 4
AR, 2447 1) i 53 8O 15. 21% (HEPT 1 NMP 5
AR EE JR L3 00 0. 1 1 0. 25 i, Z AL & T
BATCAA I AS O 1) ] A AR 7R, AT 3K 98, 52% ,



- 162 - A AL T

ACEBEBEMETTIL 97.89%

(2)NMP iy O J5FRE % 5 4 e (o7 Wi 5, 5 )
TRE EALS W i+, 75 N &  HEPT g
W b et A T 22 f A R AR TR R R
AR, PE = i P R i o FORE OB A O A AR
F AL YRR G LT, HAE AR A R
FRUE o OBUHC AR e e 1) A £ 700 EL AT BT 22 1% 559 B o
S XA FIF HCL I B, DT BE % 7843 F1) FH 20 -
G2 R AL AL/

(3) WECAR PR S, #9598 T CuCl, 4 FX%F HCI
(AT A, TR B Ui 55 T XoF 2 ke B S 0 (R W B, R i
DA 3 B g () A A TR B, 5 B e b 0 o R I 4
KA

S 3k

[ 1] Hutchings G J.Vapor phase hydrochlorination of acetylene ; Correla-
tion of catalytic activity of supported metal chloride catalysts[ J].
Journal of Catalysis, 1985,96( 1) :292-295.

[2] Cheng X, Ren R, Yang H, et al.Free-mercury catalytic acetylene
hydrochlorination over bimetallic Au-Bi/gamma-Al,O;:A low gold
content catalyst[ J |.Catalysis Letters,2014,144(12) ;2191-2197.

[3] Zhang H, Dai B, Wang X, et al. Non-mercury catalytic acetylene
hydrochlorination over bimetallic Au-Co( Ill ) /SAC catalysts for vi-
nyl chloride monomer production[ J]. Green Chemistry, 2013, 15
(3) :829-836.

[4] Zhang H,Dai B, Wang X et al.Hydrochlorination of acetylene to vi-
nyl chloride monomer over bimetallic Au-La/SAC catalysts [ J ].
Journal of Industrial & Engineering Chemistry,2012,18 (1) :49-
54.

[5] Shang S,Zhao W, Wang Y, et al.Highly efficient Ru@ IL/AC to

[

substitute mercuric catalyst for acetylene hydrochlorination[ J].ACS
Catalysis,2017,7(6) :3510-3520.

[6] PuY,Zhang J, Yu L,et al.Active ruthenium species in acetylene
hydrochlorination[ J ]. Applied Catalysis, A.General ; An Internation-
al Journal Devoted to Catalytic Science and Its Applications,2014,
488:28-36.

[7] Li G,Li W,Zhang H,et al.Non-mercury catalytic acetylene hydro-
chlorination over Ru catalysts enhanced by carbon nanotubes[ J].
RSC Advances,2015,5(12) :9002-9008.

[8] Hao C,Zhou K, Luo G,et al. A ligand coordination approach for
high reaction stability of an Au-Cu bimetallic carbon-based catalyst
in the acetylene hydrochlorination process| J].Catalysis Science &
Technology,2016,6(5) : 1357-1366.

[9] Zhao J,Zeng J,Cheng X, et al.An Au-Cu bimetal catalyst for acety-
lene hydrochlorination with renewable y-Al, 05 as the support[ J].
RSC Advances,2015,5(22) :16727-16734.

[10] Wang S,Song Q.Kinetics of acetylene hydrochlorination over bime-
tallic Au-Cu/C catalyst[ J].Catalysis Letters,2010,134.102-109.
[11] Wang L,Shen B,Zhao J,et al.Trimetallic Au-Cu-La/AC for acety-
lene hydrochlorination in a multi-tubular fixed bed reactor[ J].Ira-

nian Journal of Chemistry & Chemical Engineering,2020,39(1) .

F455511 5

201-207.

[12] Chen Z,Wang S, Zhao J. Advances in single-atom-catalyzed acety-
lene hydrochlorination[ J].ACS Catalysis,2024,14(2) :965-980.

[13] Hu Y,Wang Y,Wang Y, et al.Performance of supported Cu-based
catalysts modulated via phosphamide coordination in acetylene
hydrochlorination[ J ]. Applied Catalysis, A.General ; An Internation-
al Journal Devoted to Catalytic Science and Its Applications,2020,
591:117408.

[14] Han Y,Wang Y ,Hu Y, et al.Pyrrolidone ligand improved Cu-based
catalysts with high performance for acetylene hydrochlorination[ J].
Applied Organometallic Chemistry,2021,35(1) :e6066.

[15] Wang X, Zhu R, Dai Y, et al. N-hydroxyethyl-2-pyrrolidone im-
proved Cu-based catalysts with high performance for acetylene
hydrochlorination[ J | .Catalysis Letters,2024,154(5) :2285-2293.

[16] Wang Y, Nian Y, Zhang J, et al. MOMTPPC improved Cu-based
heterogeneous catalyst with high efficiency for acetylene hydrochlo-
rination-ScienceDirect[ J].Molecular Catalysis,2019,479.110612.

[17] Yang L,Zhang H,Li L, et al.Construction of highly dispersed Cu-
P/Cl active sites using methyldiphenyloxophosphine for efficient a-
cetylene hydrochlorination[ J].ACS Sustainable Chemistry & Engi-
neering,2023,11(5) :1666-1677.

[18] Zhang L, Zhang J,Zhang Y.Activated carbon loaded hexaethylphos-
phoroustriamide copper chloride catalyzed acetylene hydrochlorina-
tion reaction[ J]. Russian Journal of Applied Chemistry, 2023, 95
(11):1738-1747.

[19] Li L,Zhu Z, Lu G.Catalytic ammonia decomposition over CMK-3
supported Ru catalysts; Effects of surface treatments of supports
[J].Carbon: An International Journal Sponsored by the American
Carbon Society,2007,45(1) :11-20.

[20] Wang B,Jin C,Shao S,et al.Electron-deficient Cu site catalyzed a-
cetylene hydrochlorination [ J ]. Green Energy & Environment,
2023,8(4) :1128-1140.

[21] Yang Y,Zhao C,Qiao X, et al.Regulating the coordination environ-
ment of Ru single-atom catalysts and unravelling the reaction path
of acetylene hydrochlorination[ J].Green Energy & Environment,
2023,8(4) :1141-1153.

[22] Deutsch K L,Shanks B H. Active species of copper chromite cata-
lyst in C—O hydrogenolysis of 5-methylfurfuryl alcohol[ J].Journal
of Catalysis,2012,285( 1) :235-241.

[23] Severino F,Brito J L, Laine J,et al.Nature of copper active sites in
the carbon monoxide oxidation on CuAl,0, and CuCr,0, spinel
type catalysts[ J].Journal of Catalysis,1998,177(1) :82-95.

[24] Jian J,Zhang H,Chen C et al.Resonance Raman spectroscopic and
density functional theory investigation of the excited state structural
dynamics of 2-mercapto-1-methylimidazole [ J ]. Journal of Raman
Spectroscopy,2012,44(4) :582-589.

[25] Shonoda K. The vapor-phase hidrochlorination of acetylene over
metal chlorides supported on activated carbon|[ J].Chemistry Let-
ters, 1975,4(3) :219-220.

[26] Zhao W,Li W,Zhang J.Ru/N-AC catalyst to produce vinyl chloride
from acetylene and 1, 2-dichloroethane [ J ]. Catalysis Science &
Technology,2016,6(5) ; 1402-1409.

[27] Li X,Zhang J,Li W.MOF-derived nitrogen-doped porous carbon as
metal-free catalysts for acetylene hydrochlorination [ J]. Journal of
Industrial & Engineering Chemistry,2016,41:146-154. 1





