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Investigation on the mechanism of rapid degradation of propionate to

produce high-concentration methane gas in microbial electrolytic cells
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Abstract: The recalcitrance of propionate degradation constitutes a major bottleneck in anaerobic digestion for
biogas production.To address this,a two-chamber microbial electrolysis cell (MEC) inoculated with acclimated sludge
was employed to evaluate propionate decomposition across an applied voltage range of 0. 65-1. 15 V.Propionate removal
efficiencies exceeded 87% under all tested voltages, with the majority of degradation occurring within the first 5 days.
Chemical oxygen demand ( COD) degradation exhibited a distinct volcano-shaped response to increasing voltage,
achieving optimal performance at 0. 95 V.Under this condition, propionate concentration plummeted from 1500 mg/L to
113. 72 mg/L within 4 days, yielding a peak methane production of 117.24 ml/g COD at a methane concentration of
92. 95% Microbial community analysis revealed Methanothrix and Methanobacterium as the dominant genera, collectively
accounting for 46. 69% of the relative abundance. Mechanistically, these findings suggest the concurrent involvement of
interspecies hydrogen/formate transfer (THFT) and direct interspecies electron transfer ( DIET) ,with DIET emerging as
the predominant syntrophic pathway for enhanced methanogenesis.
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12H,0 MnSO, - H,0 ,CuS0, -5H,0 MgS0, ( Ktk
AR FN ) ) 3 FeSO, - 7TH,0  H,BO, (] M AL 223

®1 BBREMABERSER!Y

2% W/ (g L7 % W/ (g-L7")
NH, Cl 0.31 Na, HPO, - 12H,0 10.32
KCl 0.13 NaH, PO, -2H,0 3.32

K2 WETRBRESR

Jxo> W/ (g-L7h) %y W/ (g-L7Y)
N(CH,COOH) 1.5 MgSO, 3
KCl 0.1 MnSO, -H,0 0.5
H,BO, 0.0l Na, WO, 0. 025
NaMoO, 0. 025 NiCl, -6H,0 0. 024
KAI(SO,),-12H,0 0.01 CuSO,-5H,0 0.01
ZnCl, 0.13 CoCl, -6H,0 0.1
FeSO, -7H,0 0.1




- 166 - FAX AL L

F7) ;Na, WO, ( ik 2ERF A A |

SN AHAE 30°C 254 DA TR kX i 2 s 1 7
PR RN N 4 d, YT SOV A ELE 3 4R
RS TR S, A sh ek, vl H
FIRLLmR

SR - A 22 3 e A (IR R AR,
CHIT000C ) 2 J52 7 i il N A2 v ., 5 8 PR R A B
7 0.65.0.75.0.85.0.95.1.05 V fl 1. 15 V, ELf&ksz
AL 3, MRHE R BT K A B )75 e Wy HE T
FRUEY (GB18918—2002) , —%% B #iifi, 76 52 56 ik
£ COD B2 60 mg/L ZE47 M T iRV E bRt
BN HLH KSR HEAT 2 A J sk Ji 0 100 DR T o i 52
55,55 24 h HEATIORERS I, A3 YR BORE e 4kl f5 , &
AHEK(99. 999 9% ) W 5 min LUAN 1 IR A B,
FEVI LRI, 45 520 7 24 28 3o — 400 Ja] 3 DA 5K
MAGIRE

*£3 MEC ZB&EMHER
R RERENKIE, BB WE BB

HLE/V (mg-L7") Witk pH e Wik pH
0. 65 1500 8.5 30 7
0.75 1500 8.5 30 7
0. 85 1500 8.5 30 7
0.95 1500 8.5 30 7
1.05 1500 8.5 30 7
1. 15 1500 8.5 30 7

1.3 S9WFE
1.3.1 COD M fig ]

BUREJG 762500 (5 000 54,10 min) B0 )5 B
R, LN 0.45 wm YK RIEE S B
TR B S RE S A coD iR ( HACH, 20 ~ 1 500
mg/L) 7, TR G A I % 4% ( DRB200) 2 150°C ,
FERTCA TS 8 TR I % 2 h, SRR EFE R 120°C
PUR BURRAE A0 2 = RS A AT WA 6
T1(DR3900) # 47 b Al . COD ELFRFITTHHA AKX
(1) PR,

COD LBRE(%) =

[ (#/K COD - {7k COD)/ #/K COD] x 100% (1)
1.3.2  AARMEL s oo Hr

SO ANE A TRSE DRSNS TRURRTE 1€ S Ik
1 220 B 1) S i SO vl AT SR T SR
PRBR L IR I AR T ASAE (335 ( Agilent 7890A)
O3RN i AR ook B & A S A
I #% ( Thermal Conductivity Detector, TCD) #£474347T .
SAEIESCR T sk o7 X URSE B,

FE46 B 10 HY

R 20 mL, 77 B o 09 31 53 28 2 4n =X
(2) i,
Ve, = V* Men, (2)

A, Ve, W HUBERE  mL; V O CER B A AR S 4,
mL; 7y, AR ERE RN B B B E 2L, %
1.3.3 THEEMIEHRAZNE

A5 HL R T e Ji B i s — R PR A 324 T R
i SRS R RO £ 35 (Agilent) AN
TR 30°C, Wi A 5 mL/min, JEIA N 0. 1% 57
iR, B VR, B ERIZEAT 30 min, FEREFTHC R
ot YRR
1.3.4 frAEHRARA AL

fdi i} FastDNA™ Spin Kit for Soil DNA $2HURH
&, WAL S B DNA, {8 ] NanoDrop2000 46 il
DNA £ | fdi F§ TBS-380 41l DNA ¥k /& ; DNA 5¢
RV Ty 1% - 1% B R WE e IE FLVK , R R 5 V/em,
BF] 2 20 min, oA P BB AX Covaris M220 #f
DNA FTWi k£ 350 bp 9 5 B, il NEXTFLEX®
Rapid DNA-Seq Kit #E17 3C R . P E 4745 5K
PCR I3l 5 , 8 Tllumina NovaSeq X plus Ml 55-F &
PEAT 2L ALy

fiiF Diamond H#4JETCARIEHAE W EILRR) T8 5
NR ¥ PESEA T HEXE, IF38 . NR FEXT R ()53 252405
B ZEARAT YRR R B SR 5 (8 R X 7 i) 2 I
F B R R R,
1.3.5 #IESH

T Excel AT HERIC S5 3 B ; A Origin
A2 1L R 6 35 AR 0 0 A 6 AT R RIS 1Y
0T,

2 ZER5WE

2.1 &R
211 fRAE R R BRAR I iR 25 R

TR Py P St b R A TR R 8, B PR R i A
FEIBAT 2 ) R 2 SR an 8] 2 B

COD [ fift . S04 Wy i fiff it v COD 55 it Bl 45
[ 3G B Ak, AT LA B S g b e 41 8y COD £ BR
FHGRB] T 96% LI L, MIHLAR SR E  FEAMM
HL A 0.65.0.75.0.85.1.05 V Fl1 1. 15 V B}, A/ 3
H N COD [ fif 55 v RS 4 225 H 11 B
HUORFEAG, BHH T FFE COD F [ % 60 mg/L
LAy, H e 0.95 V RS T, COD 7 4 d Wik
B HE—Hbnife 1247 2 AN SR A5 R R
W], COD FEfif R BE AN B R 1 5 2 35 b



2026 FF 10 8 EEBTE  MEYBERLRERFEERRLETESRERIRSENGEIRR - 167 -

SRR e FERAK A R IX [H]—0. 65.,0. 75 V
H10.85 V,COD i i =2 Jifi By s Ty i 25 2 7, 78
0.95 V I i 2 45y ; L R AR LETH R 22 0.95 V L
B, COD R fif 3 32 S M A R a3

IR ER B . TN RR NI R R 5 COD B — A
I — 2 B B R AR, 7E 0.65~1.05 V S
DAL, TN TR B %% e 3R B R R T o S AR AN AR A RRAE
90% 2 AT , 5 IR Kk I A 5 A B il A5 1 T 1 T R
fif AR Y (0 5 4% G0 6 IR ARk I AR L e i Bk 1]
SRS T R 1,05 VI TR A R
fift 2 RRAR, 7E 84% /A

AR i B F e o A U W R TR R 1) 2o
TR BRI AR WO SIS T FHAR A AR 3] 1 SR
FEREF S A ik, I B H AP R,
HA e 2 B, A A = S R 5
St S i e A HRIEM 0.65 V EFHF 1,05 V, H
Stz B, SNBSS 1,05 V B, 7K
ik F | KA 117.24 mL/g COD, W %% & & ik

0 5 10 15 20 25 30
iy a)/d

1—0. 65 V;2—0.75 V;3—0. 85 V;4—0.95 V;

5—1.05 V;6—1.15 V

(a) COD BEfigfE Bl

—
(=3
=

9163 9089  90.79 9027  90.54

o
(=3

4.19

IR/ %
]

~
=
T

[=)
=)

065 075 085 095 105 LI5
LR/

(b) IN RN g% 5]

~140 100
1200 — Iso

£ 100} <
j;‘“"j 80} &
£ 60f g
E'é' 40} B
g

2 0

0.65 0.75 0.85 095 1.05 1.15
HLFE/V

()P AL
B2 e ot B R R T B R AT 1 L

AT, 7R A R 11.8%, B e A e i
4.7% ;SR 1.05 V JE, He & 806 TR,
[F) I PE T A H T BRSO i A, LA A
HEAATE, TERMRHET , e A i AR 55018
PR B LR TR | BRI ™ Y G T e 0 2 7T
AERE A T o (75 F e & i B
2.1.2 fRAMBE LI

WIE 3 iR, &% 0.85.0.95 V ORI 1.05 V ML
I SR DN R BN Y TR R A T 2 e PR 2 A DN/ A 38 Y
JEAT EREY A R, 7R3 MR T, 8
Wi J& i Methanothrix . Mycobacterium . Methanobacterium .
Ignavibacterium 5 Syntrophobacter , H. 3= %2 14 J& 11 #H
Xt EERESM AL 0.85 V FHE] 0.95 Vi EFF, A
47.48% FTH3] 61.61%, i 44 M HLJE 0.95 V %
105V, FHRS 425 R BRI, M 61. 619% T~ 3]
54.27%

=
(=]
T

nea
onile
ied_p_Candidatus_Hyd
B Candidatus_Sabulitectum

ia

o
)

e
=N

I
S

o
)

JR BRI BE T 43 L/ %

o
=)

0.95 1.05 £ Myc
HWE/V Me

B3 Rt EEE

K 4 (a) 78 B2 b i AR R, AT DL 3
XTF 3 AH K T, Methanothrix 5 Methanobacterium
AN F I FE MR, Methanothriz g H
Bt 22 g, HAE 3 AU AR F2 B a2l o
T 23.02% . 46.69% F1 37.12% . Methanobacterium
JHUBERT R &, 3 U R B AR F RS 6.26% |
7. 2% 1 6. 81%% 53X P11 Ja # o 7 BB 1 , o2 WU
A= P i b R ) R R, AR S BRI B
AN R 0.85 V F+3 0.95 V ifi LT, BEAM L R
0.95 V 5 1.05 V F#{IL,

T E 4 (b) 7 A2 40 B A AE S 5 B, 2R s
A 34, X B B B9 & Mycobacterium , K 43
FFHE 3 AL R T AR 4B 10.36% 1. 85%
H15. 3% ; HARJE Ignavibacterium ,3 4> HE T B9 A X
FEN 7.51% . 5.09% Fl 4.46% ; 9% J5 & Syntro-
phobacter .3 A~HL T BIAAXT FEFEN 1.31%.2. 7T1%
F12.62% ., Mycobacterium T J& Y5 Syntrophobacter T
JEARDOE P B AN B 0 A S p s BEAM L
0.85 V F#]0.95 V Ifii TR, FEAMINHLE 0.95 V F|



- 168 - FAX AL L

1.05 V - Ft; Syntrophobacter T J& H) A X = & 1Y 4
BE R —HE,

o 0.6 @ unclassified

g 0.5l B Methanosarcina
b &3 Methanobacterium
<]§ 0.4 8 Methanothrix

e
W

S ¢
=

IR A
=4
[\

e
=]

0.85 095  1.05
HLE/V

(a) M AMAY

040 [ Smithella
€ 035 =
= 0.30}
= 025}
B 0.20

0.15} |
£ 0.10}
& 0.05}

0.00

7| | &3 Acidithiobacillus
Syntrophobacter
0.85 095 105 [©7Mycobacterium

HLE/V
(b) M ED

K4 HxtEEHE

2.2 itig
PR TE DR A A T i A8 v (R R i 52 38 L AU A b Sy
B A E AR (AG=+76.1 kI/mol ) IR, 5
BOZNTCHE B R AT, WU #6 S0 H e it
P UM B AR O R ™, Yamada %1 W5
XIS N =W B VA L AR TR RPN WA e o
25 mmol/L R 75 LM 1L 150 d, Shi 457tk
P, 7E 5250 % B % 30 mmol/L N iR 4k 75 22 i it
25 d TS S 56 2o it fn A H He, (75 PO R 1Y
fiff B[] R BEARR, 41> L HS T T LATE 5 d P 58 iU
TR kb 1) 8 i o X 2 FL Al 2% FORLAE W 3 () A FH Y
EE
S AGHIN 3] 1) TR A= B AR I oA R SR AT A
7 J5E B, Methanobacterium 5 Methanothrix , Ho
Methanothrix J& (1R E SRR HGE T, 38 3 70 i £ TR
KA BE . Methanobacterium, iy T 52 3L Y f) 2
FRI = HGE R Y AT RS SRRAE W e
Syntrophobacter J& [ fFNIRER % O W B Z — , REHS
e e Ak 2 AR, iE s BTR,
Syntrophobacter 3X 1] UL}y Methanobacterium B4 ;= 1%
UL, % R S U PR AR N TR ER R THFT
WG . TE IHFT B2, IR N AL h &
MR, A e, B B i SO A= (3) Fis
CH,CH,COO™ + 2H,0 —
CH,CO0™ + CO, + 3H, (3)

FE46 B 10 HY

XF BT OV, HTE s H R R JF B PrRf A
SAM A SO R P A B SR BE SRR I
S H  , BELAS SON Y E T R4 T, A P R B
Ree fige it — 25 2 BRI 3t S 2 A% G R A R T
TR P R R A Y SRR 22— A in e D
i 355 Bl R TR B %) 2 A e R 5 A B0 A P BB 1Y BB i BE
& [A) I R Methanobacterium , IR & S THAE, i
FOR BRI HAT , TN 1 PO RRER Y R | SE i 25
SRR B A WA S b AR A I 3 S 2P 3
R LR

Methanothrix & £ TR 8 37 R p= I BB oR i
LR UV 5 (B A I 3¢ B H AR W] AR i 4
HL PR RS IRARAE U B, HO AN UE B A 7= A
(95 THFE , AT LUFFH B 345 338 0 - 0 A A ik A=
B BE 0 S TR E T Y 7R R
Ignavibacterium , REWS A AL I IR, i R G4 iy +
-2 , [EB Mycobacterium 5 Ignavibacterium BE
i 55 A 0 e v Y R B TR R B BRI X
bR AE FH A AE A 5 A BRI 21 3R A B AR A )
JREH 3G9 T AR S8 0y E AL AL I RE g RN R ] AR
B BRREIE i A 22 45 3 T S0P T 7E 40 A R] 1Y
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thrix . Mycobacterium ., Methanobacterium . Ignavibacterium
5 Syntrophobacter ,iX 5 FEE X Lo A PR A B 55 (4 4H
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S5 A SR BRI B B A SR R D T A
LA 2 A5 1 T TR R P 6 i i 1% 22 /& DIET J& 4%,
i — 2 BT L XA W RV 6 4 S M A i 15 3
TR B2 Tl 2 T 52 IR e A 5 7 1 [l
WL, g2 I A AR S ) S B 1 FH ) SRy T

S 3k

[1] Mu L,Wang Y,Xu F,et al.Emerging strategies for enhancing propi-
onate conversion in anaerobic digestion: A review [ J].Molecules,
2023,28(9) :3883.

[2] Pan X F,Zhao L, Li C X, et al.Deep insights into the network of ac-
etate metabolism in anaerobic digestion ; Focusing on syntrophic ac-
etate oxidation and homoacetogenesis [ J ]. Water Research, 2021,
190.116774.

[3] Barua S,Dhar B R.Advances towards understanding and engineer-
ing direct interspecies electron transfer in anaerobic digestion[ J].
Bioresource Technology,2017,244.698-707.

[4] Wang Y Y,Zhang Y L, Wang J B, et al.Effects of volatile fatty acid
concentrations on methane yield and methanogenic bacterial J ].Bi-
omass & Bioenergy,2009,33(5) :848-853.

[5] Rocamora I, Wagland S T, Hassard F,et al.Inhibitory mechanisms
on dry anaerobic digestion; Ammonia, hydrogen and propionic acid
relationship[ J ] . Waste Management,2023,161.29-42.

[6] Zhang W L, Xing W L, Li R D.Real-time recovery strategies for vol-
atile fatty acid-inhibited anaerobic digestion of food waste for meth-
ane production[ J].Bioresource Technology,2018,265:82-92.

[7] Rahimieh A, Nosrati M.A review on biochemistry , microbiology and
thermodynamic aspects of propionate: The key intermediate in the
anaerobic digestion and wastewater treatment[ J |. Desalination and
Water Treatment,2024,317.:100191.

[8] Ao T J,Zhao X Q,Mehmood M A et al.A double-chamber microbi-

al electrolysis cell improved the anaerobic digestion efficiency and

elucidated the underlying bio-electrochemical mechanism [ J ].

Chemical Engineering Journal ,2023,471 :144228.

RIS Py A R G R 0™ S0 R RS [ D] LR AL

TR%:,2025.

[10] Hari A R, Venkidusamy K, Katuri K P, et al. Temporal microbial

[9

[



- 170 - A AL T

community dynamics in microbial electrolysis cells-influence of ace-
tate and propionate concentration [ J ]. Frontiers in Microbiology,
2017,8:1371.

[11] Guo M X,Guo M,Wang Y et al.The influencing mechanism of AD-
MEC domesticated sludge to alleviates propionate accumulation and
enhances methanogenesis| J ] . Bioresource Technology, 2024 ,393.
129996.

[12] Feng D,Xia A, Wang C, et al.External voltage promoting electro-
fermentation of propionate wastewater in high concentration[ J].En-
ergy,2024,313.134048.

[13] Feng D,Xia A,Huang Y ,et al.Continuous electromethanogenesis of
propionate wastewater; Effect of external voltage and hydraulic re-
tention time[ J].Chemical Engineering Journal ,2023,454 ;140267.

[14] Xu X J,Wang W Q, Chen C,et al.The effect of PBS on methane
production in combined MEC-AD system fed with alkaline pretrea-
ted sewage sludge[ J].Renewable Energy,2020,152:229-236.

[15] Zhang L,Ban Q,Li J,et al.Response of syntrophic propionate deg-
radation to pH decrease and microbial community shifts in an
UASB reactor [ J ]. Journal of Microbiology and Biotechnology,
2016,26(8) :1409-1419.

[16] Han Y,Green H,Tao W D.Reversibility of propionic acid inhibition
to anaerobic digestion ; Inhibition kinetics and microbial mechanism
[ J].Chemosphere,2020,255 ;:126840.

[17] Chen Y,Cheng J J, Creamer K S.Inhibition of anaerobic digestion
process: A review [ ] ]. Bioresource Technology, 2008,99 (10) ; 4044 —
4064.

[18] Wu D,Li L,Peng Y et al.State indicators of anaerobic digestion: A
critical review on process monitoring and diagnosis[ J].Renewable
& Sustainable Energy Reviews,2021,148.111260.

[19] Yamada C,Kato S,Ueno Y et al.Conductive iron oxides accelerate
thermophilic methanogenesis from acetate and propionate[ J].Jour-
nal of Bioscience and Bioengineering,2014,119(6) :678-682.

[20] Shi Z J,Zhang C,Sun M C,et al.Syntrophic propionate degradation
in anaerobic digestion facilitated by hydrochar; Microbial insights as
revealed by genome-centric metatranscriptomics | J ]. Environmental

Research,2024,261.119717.

[21] Siegert M, Yates M D, Spormann A M, et al. Methanobacterium

(L#% 163 W)

[11] Qing S,Hou X, Li L,et al.Deactivation feature of Cu/SiO, catalyst
in methanol decomposition [ J ]. International Journal of Hydrogen
Energy,2019,44(31) :16667-16674.

[12] Ye R,Zhang C,Zhang P, et al.Facile preparation of efficient Cu-

Si0, catalysts using a polyhydroxy molecular template to regulate

surface copper species for dimethyl oxalate hydrogenation|[ J |.Catal-

ysis Communications,2023,174.106586.

AR R P AR 2 T A A AR Y 5 ) [

F[J]. NN R E 45,2023, (20) £ 126-129.

[14] Jask, mpk, #hooAG 458 A FLBs 5728 Ni Ak 500 A DI fin &

BT T AL TR, 2024, 75( 1) :4264-4273.

i ] 2 IR A0 R 30 1) 2% 2L U R 25 A4 A2 AR [T ).

FEFTRE 2010, (1) :69-73.

[16] Zhao Y,Zhang H,Xu Y et al.Interface tuning of Cu*/Cu’ by zirco-
nia for dimethyl oxalate hydrogenation to ethylene glycol over Cu/
Si0, catalyst[ J].Journal of Energy Chemistry,2020,49.248-256.

[17] Li T,Lin L,Chen C,et al.Insights into a new formation mechanism

[13

[

[15

[

of robust Cu/Si0, catalysts for low-temperature dimethyl oxalate

hydrogenation induced by a chelating ligand of EDTA [ ]J]. Cata-

FE46 B 10 HY

dominates biocathodic archaeal communities in methanogenic mi-
crobial electrolysis cells[ J].ACS Sustainable Chemistry & Engi-
neering,2015,3(7) :1668-1676.

[22] Chen SY,Liu X L, Dong X Z.Syntrophobacter sulfatireducens sp
nov., a novel syntrophic, propionate-oxidizing bacterium isolated
from UASB reactors[ J ].International Journal of Systematic and Ev-
olutionary Microbiology,2005,55.1319-1324.

[23] Li Q,Liu Y, Yang X, et al.Kinetic and thermodynamic effects of
temperature on methanogenic degradation of acetate , propionate , bu-
tyrate and valerate [ J |. Chemical Engineering Journal , 2020, 396 .
125366.

[24] Wang Q,Kuninobu M, Ogawa H I, et al.Degradation of volatile fatty
acids in highly efficient anaerobic digestion[ J].Biomass & Bioener-
2y,1999,16(6) :407-416.

[25] Demirel B, Scherer P.The roles of acetotrophic and hydrogenotro-
phic methanogens during anaerobic conversion of biomass to meth-
ane; A review [ J ]. Reviews in Environmental Science and Bio/
Technology ,2008,7:173-190.

[26] Rotaru A E,Shrestha P M, Liu F,et al.Direct interspecies electron
transfer between Geobacter metallireducens and Methanosarcina
barkeri [ J ]. Applied and Environmental Microbiology, 2014, 80
(15) :4599-4605.

[27] Guo M,Wei S J,Guo M X, et al.Potential mechanisms of propionate
degradation and methanogenesis in anaerobic digestion coupled with
microbial electrolysis cell system; Importance of biocathode [ J].
Bioresource Technology,2024,400;130695.

[28] Jin X,Guo F,Liu Z,et al.Enhancing the electricity generation and
nitrate removal of microbial fuel cells with a novel denitrifying exo-
electrogenic strain EB-1[ ] ]. Frontiers in Microbiology, 2018, 9.
2633.

[29] Wu B,Lin R,Kang X, et al.Graphene addition to digestion of thin
stillage can alleviate acidic shock and improve biomethane produc-
tion[ J].ACS Sustainable Chemistry & Engineering,2020,8(35) :
13248-13260.

[30] Im S,Yun Y M,Song Y C,et al. Enhanced anaerobic digestion of
glycerol by promoting DIET reaction[ J ].Biochemical Engineering
Journal ,2019,142:18-26.1

lysts,2022,12(3) :320.

[ 18] MXHHWE, 7k 2FY X A All, 45 Zr B30 BEXF Cu/Sio, GK A fiE
PR — BRI 2 B S M RS [ 0] ARBR b F S
16 T.,2025,50(2) :61-68.

[19] Eet, FRREE, X ME M, 55 AR5 D7 a4 4 69 Cu/sio, fE 1L
X E TR T RN 1, 6-C "EERYR [T ] AL TR
2£4¢,2023,37(3) :208-217.

[20] SRIEHA , ZEAAS, R4l 25 B0 et CusSio, AR Y 2.1
i 8N A A PERERITTE [ ] ML 242 3l (R 38 30) , 2024,
52(2):131-139.

[21] FAE, IR, KA 0, 55 2R Cussio, Ak 53 i il 4 B HC
i — MR PERERTZE [ 1] BURAL T, 2023,43(3) : 157~ 162,
170.

[22] Li S, Wang Y, Zhang J, et al.Kinetics study of hydrogenation of
dimethyl oxalate over Cu/SiO, catalyst[ J].Industrial & Engineer-
ing Chemistry Research,2015,54(4) :1243-1250.

[23] Zhao Y,Li S,Wang Y et al.Efficient tuning of surface copper spe-
cies of Cu/SiO, catalyst for hydrogenation of dimethyl oxalate to
ethylene glycol[ J].Chemical Engineering Journal ,2017,313.759~
768.1



