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Abstract The direct synthesis of acetic acid from CH, and CO, is an effective method for converting CH, and
reducing CO, emissions in a 100% atom economy reaction. Hydrotalcite is widely used in CH, and CO, conversion
reactions due to their large specific surface area, high thermal stability, good dispersion of active metals, and

suitable acid-base properties, while Pd is often considered as the active center for C—C bond coupling. Herein, a
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series of PA/LDH catalyst with Pd loading of 5% (mass fraction) was prepared by ion-exchange method using

magnesium-aluminum hydrotalcite (MgAl—LDH) with Mg/Al molar ratios of 1.5, 3, 5, 7 and 9 as the carrier, and
applied for the direct synthesis of acetic acid from CH,-CO, by a two step-wise technique. The structure and surface
acidity-alkalinity of the catalyst were analyzed by XRD, ICP, N, adsorption-desorption, XPS, NH;-TPD, CO,-TPD
and in situ DRIFTS. The results showed that the yield of acetic acid over MAS catalyst with Mg/Al molar ratio of 5 was
the highest (61.8 pwmol-g_'*h™) , and acetic acid was the only product in the liquid phase product. Its yield was
positively correlated with the amount of medium strong acid and surface Pd%(Pd*+Pd°) ratios. The rapid inactivation
of the catalyst was due to the collapse of the hydrotalcite structure, which resulted in a significant decrease in the
amount of medium strong acid. In situ DRIFTS experiments showed that CH, was firstly dissociated to form CH;
intermediate and H proton on the catalyst surface, then CO, was directly inserted into CH to form CH ,COO", with
further hydrogenated to yield acetic acid, or CO, was combined with H protons to form COOH" intermediates which
were then coupled with CH_ to form CH COOH", and finally hydrogenated to obtain acetic acid.
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AR RNEY ZEFﬁiE;%?ﬂiﬂzﬁ, DU A B (R, Y it et Bl PO AR B P
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@1jélé7l\igé\ffﬁ@f&' 528 ) Bruker Vertex-70 BIYGTEAL F b4 T, SR MCT R, A TE R
500~4000 cm™, PEAT 32 AT, AP HER A4 em™. G, FESHAE 150 °C . 30 mL/min A Ar R Bk
P30 min, Fifif5 FHE 2 200 °C, FFEAEZ N R E T RAEE 5. Z AR i E pg i A0 B s CH, Fl
CO,FEFLSL W A T LMt 26
123 AL E M AR RIS PE RO SR A A AT BT AR B e Ak R N, TN R
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Scheme 1 Flow chart of the step-wise device for CH,-CO, conversion
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Table 1 Composition of feed gas for the reaction

Gas path Compound Flow velocity/(mL+min™")
CH, mixing CH, 50.0
H, 5.0
H,0 0.2
CO, mixing CO, 50.0
H, 20.0
H,0 0.1
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Fig.1 Catalytic performance of Pd/LDH catalysts with different Mg/Al molar ratios
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Fig. 2 XRD patterns of LDH support(A), fresh Pd/LDH(B) and spent Pd/LDH(C)
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(015)F1(018) df I, FEBH/KINGE A B LDH 4RSS i B AT . BiE Mo/ALEEZR HLig3E i, LDH (Al
SRPURER I ST RS RIS , LDHS 2T G 060 B fe vy, SRPILES R AT . 81 2(B) i ac#i Pd ),
Pd/LDH #EAE I XRD 3% &, FTLAE Y, S i a5 fE AL I FE 20=11.5°, 23.2°, 34.9°, 39. 6° 1 46. 8" 4k
I E IA 19 LDH A5 06 , SB35 # Pd )5, LDH 250545 A7 [RIAT, 7E8KAY 20=9. 5° I I —2H
R (00D i il , 5 LDH ()2 RIFERSINAG O¢, X2 H T Pd YA i A T MgAL-LDH )= [|] 2. 5351,
PdYIFHE A G, Jls LDHAPSSRAFAE , B LDH H 5 i — 24l AR 2s 0] . AS[REE4D Ui 2 19 Pd/LDH
T SR B 25 SEAR R, B4R LUBAIRET , 255 AR Al AR KM A 450, 2R/ . B Mg/AL L3S,
LDH (477 53 06 558 5 S 38 5 I D855, MAS AR T /K 18 A0 IO A S 06 f iy, @ BH HL G 4t 38 i, J2 () L e
K. FTA AL 5 AR & B Pd ) R 0 17 5 06 o 2 BH Pd 9 oK BURL & B A R AR BN L RN IR
[E2(C) ], KA EMPHER, KAEHEEE, X0 SECT MR Pt .

i I ICP-OES M 5E 1 W AN [A] PA/LDH A6 7 | Pd 1S BR f 48 (3R2). 48315, Me/ALSERR 5
TR 1.6, 2.5, 4.1, 5.9F17. 2, SHENE2(EF WK, BE Me/Al it K5 I GE 58 T8 il
BRI AR, 5 XRDE5R—8. 750, Fra#AeRl pd i 28I 7E 4. 8%~5. 1% (Jli i /40 Z 11,
ZERNAK, AT R SRR 2251, Ul SRR I 22 5 07 H Me/AL ELAR TR IR S, 5 Pd 9 1 2k i
Jok.

Table 2 Physicochemical properties of fresh catalysts

ICP results® ,
Shird Vi, D Lacidic sites’/ E} /v Pd/(Pd*+ o/
) Pd)(%) (B+a)?

Catalyst (%, mass fraction)
(m*-g")  (m*g™) nm (mmol-g™")

Mg Al Pd Pd2+3'i3/2 Pdo“yz Pd2+3”5/2 bd s
MA15 193 134 47 34.6 0.13 19.5 0.22 341 339.8 337.8 3348 39.5 0.55
MA3 228 10.1 438 24.7 0.09 24.1 0.21 341 339.8 337.8 33438 41.2 0.58
MAS 238 6.5 48 25.4 0.07 19.7 0.14 341 339.8 337.8 3348 51.6 0.65
MA7 249 47 5.1 17.5 0.05 252 0.13 341 339.8 337.8 3348 48.4 0.64
MA9 256 39 49 15.6 0.05 25.9 0.06 341.3 340.1 3373 3351 42.5 0.58

a. 1CP-OES results; b. obtained by N, adsorption analysis; c. Py-IR results; d. determined by XPS.

P 3 (A) S A A0 A 20U B - BT St e . T AR HRY AT PR ) 18 0B - 5 e sl 2 4
IV ST A H3 Bl 2R, 02 MR A A FLAS HIRAAE , 5 R PR AR B8 LA ™. |
R2ATLAE T, BEE Mg/ALELIE O, HEALR] L R AR FI LA B A R a3, F- 2 fLAR I 22 B
e, UAWHHEALTR i ALZH 7% FE T DTl R, n] BERY IS R RS AL LL B8, A 7R B0 Ll o2 sk
N, ABTFBEA R BT B E A S S P A B G &

@) ®
‘{/ : MALS
|
Ma3 ] MAS
|
MAS : VAT
MA7 :
J i MA9
MA9 |
1 - 1 1 1 1 1 1 H 1 1 1 1
0 02 04 06 08 10 1350 1400 1450 1500 1550 1600 1650 1700

Relative pressure, p/p, Pem™!

Fig. 3 N, adsorption-desorption isotherms(A) and Py-IR spectra(B) of fresh catalyst
SN HTHEAL T B Py-TR Z5 40 3(B) BRI 1450 em™ Kb A6 Lewis B2 A 4R AE IR LI 2| o
FE 1545 em™ 0K B ATA0] A i e W A , 156 LDH DA LER M 32, AN AT BIR . WEFE Me/Al FL 38N,
AR IR AU 28 Y 5383, R IV T LR R e i e /b (3R 2) , 102 i T LR T 2RI T B 28 iy Al T
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PESE R AR —2, i LRI A S — 52 m R 2

T T PA/LDH A4 2 T RALAE A A, XL R T T XPS /bl & (& 4) , 4
KM S A RREE S T3 2. 454 RROLT 334. 8 FI339. 8 eV AL MU HT I )& T Pd° ) Pd,, Al Pd,, LI
[E4(A) ], 255 REALT 337. 8 Fl1341. 0 eV ARG TEIGE AT I IR T PA> REAEIEE ", 3R BT 6 A i Ak 0] i 43
Pd Y)Fi 2 a4 NaBH, 38 i % P’ %) PA/LDH HEALT Pd,, 335 Bl 73 W40l & - 383 1T P/ (Pd°+Pd> ) MEL, Bl
i Mg/AL LRSS, Pd & HLAE3E IS REAR, MAS fifb 5] b 2% 1H Pd° & e o 51. 6%. (813 F B 1E,
LR BEZR 1H P/ (PA+Pd™) FLAEL A i g i [ 1B 4(C) |, Li&E" ST R I, RBURL P4 Bl
F CH 4> C—HEERTE AL E A B CH,. 7540, WF5EiR & B, PA A fk CO Fl CO, I AR Fh A=
B C, % AL B W TG M rh e oSt R e S5 SR LB Y 2R 1T Pd° BB A5 2 i2F CHL-CO, & L 2T
0, XPSIEE BN, S AIELE A HE N 532. 2(alf) F1531. 2 e V(BIE) AL EL T 5 5[ K 4(B) ], Xf
N T OH PR AN A% A Rh 2. Bt Mg/AL ELIGBE N, 2210 OH % /ey 8 i JE B#AIR, MAS fifk 55
OH 5 e ($22). W%, 0 OH S 550807 55 A5, HLOH MIAFTZEXT CH, TG fL 2 FIi .
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Fig.4 XPS spectra of fresh catalysts Pd,,(A), O,(B), the relationship between surface Pd’/(Pd’+Pd*")

ratios and the yield of acetic acid(C)

1 5 AN [F] LDH A F 7 %k Pd J& PA/LDH #4657 CO,-TPD-MS#E ] . i S(A) AT LAE 1, BT f
LDH AR5 H B 2 AT , 43 S0 R s S RSB 1, . B Mg/AL FL3 R, Hhoim it 140 17 184
K, s AR AR /N, HR B R W K (3R 3), AT & — Mo, BIKW £ h iy Mg 3 s,
B . gk Pd S, FrA AL FIENR T 200 ‘CLLF ¥ HE—AN8 1 CO,ER I | 5(B) ], mTIH&E F
Ej AL 0 22 1 OH AR HAE R CO, FBRRR . 78 340 F1430 “CRF T 6 I B v LLKs L0 S S s iAo
(05 Mg BLAL) , AL BIAEAE R CO, W BB B ik R £k v, (COO™) iy R F2 AL T HT RE. 500 “CLA
R R B U T U SR AR A A, 5 Mg BH B T4 A LA AN AT O B 5. X Eb 4l LDH 4K &
B, Bl PAYIRIAINA , AR B R 5 6k 1) 50 B 04 1 R B S 4 A, B A7) 2 1T 1 o S B A SR i 11
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Fig. 5 CO,-TPD-MS spectra of LDH support(A) and Pd/LDH catalysts(B)

Chem. J. Chinese Universities, 2024, 45(9), 20240125 20240125(7/11)



. P4 5Ky g R

I l I CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ﬁﬂ:gﬂiﬁf\,i

Table 3 Surface acid-base content of LDH support and Pd/LDH catalyst

Catalyst Base sites/(wmol-g™) Total base sites/ ~ Weak+medium/ Acid sites /(pmol -g™") Total acid sites/
i Weak  Medium  Strong (pwmol-g™) total base sites Weak Medium Strong (pwmol-g™)

LDH1.5 — 1.6 2.5 4.1 0.39 — 0.4 1.4 1.8
LDH3 — 6.6 1.9 8.5 0.77 — 0.5 1.3 1.8
LDHS5 — 12.9 1.8 14.7 0.88 — 0.7 0.9 1.6
LDH7 — 18.0 29 20.9 0.86 — 0.6 0.9 1.5
LDH9 — 21.9 2.1 24.0 0.91 — 0.5 0.8 1.3
MAL.5 5.0 34.7 79 47.6 0.83 4.9 4.6 9.3 18.8
MA3 4.1 35.7 11.0 50.8 0.78 4.0 5.1 8.3 17.4
MAS 3.0 36.3 13.2 52.5 0.75 2.8 6.7 8.7 18.2
MA7 1.1 38.3 21.6 61.0 0.65 0.8 5.7 7.5 14.0
MA9 1.0 85.6 44.5 131.1 0.66 0.3 53 7.6 13.2

T E 3N, Bl Me/ALELIG N, FPos il ARk AR It 2 . SRR, S50 o is A e S e
HR  HE AR B SRR . AR Guo 2550 1 Pan 2557 (R UL, AR 0] Fb (00 55 Bk A0 P s a3 o5 T
A FIT CO,MMEATEAL, MRS ANGES S, FRZE SRR, T2k Pd LS I Mg/Al FL 3445 7]
FAEHERT CO, 1R} .

&l 6 & LDH #k {& F1 PA/LDH 4 4k, %) i) NH,-TPD-MS 3 [ . 40505, A AR AT 4 1 - i
[ 6(A) ], 300 T4 it B o] U J& TP 3R R, 500 CAE AT HA BRI U & TommR . Ffids Me/Al 1y
AR IT, LDH M A v o R e Je s R 0N, SRR B AR S AR, R R 2 /), I R T
A7 FEJEH A PH S PR AL, X5 Py-IR 45 A0 —2 . 7k PdJ, 16 100 °CA= A7t H 30— 37 i i b
W, PP IR TEI A [ 6(B) ], HLBEE Me/AL LU RGN, 2 B R /0N , 108 B 55 1k
Yk, AT NH, S 2 b el S SR A 2 0] B A 08 S 8 S X R 38T UL R,
TR PG, AR ) o R AN R i 4 S S, (B s B B0 . (AR RS, PA/LDH
AR v R 1t B Mg/ AL GBS I SE 14 N 5 2R AR, MAS fEAb R R Pl iR i e 2 . 25 bR
PN, R iR IR 2 CRAR A — S, 5 J D SRR s Ak R 2 E o A e, X LR
AR R, X 5205 IR A5 R — 3.

(A 276°c 401°C (B)122 °C 382 °C <10
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59 o
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o 497°C
0 297 .
10~c ,11:9:__ 5 MA9
1 1 1 1 1 1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 100 200 300 400 500 600 700

Temperature/°C Temperature/°C
Fig. 6 NH,-TPD-MS spectra of LDH support(A) and Pd/LDH(B)

23 EUMIE

SEHEALFIIEA T T IR LL AN, g SR IR 7. I’ 7(A) MiE A CH+H,+H,0 (38 R4 AMER , 1K
#3010, 1305 em™ &b AW T U5 & F CH, SR RFAE DG > 5 1399 F1 1442 em™ b 5 I WS04 W] )& F
CH, (x=2, 3)AUMZadRah. B 7(B) & Ar RF R L5 R, i 3010 A1 1305 cm™ kb Fir X R () CH, 5%
W25, 10 1399 F1 1442 em™ &b 30 H &0 B 19 CH, LA B CH, HR IR IS PR 3, 78 3200~3500 em™ 35 [l
A BB I £T AN O, R A& F 28 1 O—H P RLR 8l , Xl BB A 25 1) H S Ak m By o &
Az RN B, SRS B CHL 26 A 751 2 THT BB IR O ik 2 T 1l U5 7 F0 CHL v )
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Fig.7 In situ DRIFTS spectra of MAS catalyst
(A) CH,+H,+H,0: (B) Ar purging; (C) CO,+H,+H,0; (D) Ar purging.

WK 7(C) A AT, k82 A CO,+H,+H,0 FIIEEIZE R . 3660 F12350 cm™ Ab AU AT X I T
AR T O=C=0 42" 1300 cm™ &b A TEIEFT I8 F S(OH ™) , X2 H T CO, 7855 Bl A7 A3
(FMFREL) F AW FFHE A9, 1540, 1580 F1 1630 cm™ AbAIE & T AL BRIREL FIgR R A EE , &A1=
CO, FIZE T O R HLAE AN AR ) RO AR 4, 1756 em™ b H BB W g ] U1 J& T COOH ™ M, 1660
F11680 em™ 4b Ay IG AT U1 & Ay LR AT A WL ke R £ v, (COO™) AT, (0CO ) HiR 8l .

WE 7(D) R Ar ARSI B3] . 3660 F112350 em™ 4b X I 14 CO, SR AR B Z Wik /)N , 1117 1540,
1580, 1630 11756 cm™ Ab X 1o A AU i R 46 | ke IR SR Fl COOH™ LA 2 1660 F1 1680 cm™ &b X i (1) £, iR
KL AL SRS Ar (38 AZSF35R 50, HAE 3200~3500 em™ 18 il N 26 18 (O—H) SR 4R 50t 28 15 55 > B
i, VRIS R SOW AT AR S A T . DA i R AR AE 3R I R ) 2B 6 A% 7T RE A4 W ¥ ) €O, .
Al A CHIE R CH,CO0", ZJai#t—# a4/ 5 3% CO, & A i COOH Wi e {&, 2 )55 CH;
TR L CH,CO0", H)a FHmEf 3 L .

24 BEUFINKERER

XRD 25K, R e A RIK I A 4540 L RS, o 7 i — 20 o e AR R TG S, DL MAS i
AR, X2 MR NS 1 Mg, ALFTPd & 517 T ICPINR, 55801 F3%4. nTLIE S, RE R
I JE MAS AR b Mg FlPd Y 5 8 S0 Ji 340 i B AT, (BB IR AN K, S 2 LA B S BR W3 R I e
1%, AL 0 2 35 A2 TR T AL 50 7 A PA BT 28 BT 0. TR 8 (A) X EE T MAS AL 35 52 7 B
) R B I8 e 2T AR 5635 (FTIR) 3% 14, 18] A 3450 1 1635 em™ Ab (W A0 38 )2 8] 7K 43 1 OH I 5 2963 Al
2839 em™ K )2 [ C—H 4R 4R 5 ; 1416, 1381, 1345 F1 1062 em™ &b > LDHs J22 7] H1 48 5 BH 25 - 1

Table 4 Metal element composition and acid-base content of fresh and spent MAS catalysts

ICP results(% , mass fraction) Medium acidic sites/ Weak and medium
Catalyst L acidic sites/(mmol - g™")
Mg Al Pd (pwmol-g™) base sites/(wmol g ™)
Fresh 23.8 6.5 4.8 0.14 6.7 49.5
Spent 229 6.9 4.6 0.11 1.0 33.7
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Fig. 8 Characterization comparison of FTIR(A), NH,-TPD-MS(B), Py-IR(C), CO,-TPD-MS(D) for
fresh(a) and spent(b) MAS catalysts

C—O hAaIR3N > [, i 2 0 E ae A SR 308055 , H 2963 F12839 cm™ DA J 1345 11062 cm™
BRHUT (%) FY RE AR SR04 L 2890 2, tHE—25 852 T LDHs 2549315 .

T FIARRNMELS R BN CRRAICR S AL T R A 5%, E—25 ) He T iz AR B L i I 1)
NH,-TPD, Z55ULIE 8(B). A LAE H, SN Ak 22 7 i i e R 2, FLRRAIR IR B (29 85%) 5 2,
iR RO G R 32 (85. 9% ) AH 24, X AT RE R T /K 1 G &5 # M HI , FLAE R 3510 26 1T A9 1L R o tho i /b
[EI8(C) T, #E—2EEH T i AR bk 2 3 5 e Ak ) R f R /A O . Rl BR R B, I i 2% 1T 55
B AN P s At s D [ 1R 8 (D) R 41, X CO,L MK B AITE AL BE 1 FAIK .

3 & i

=H

PIRRISEAREE /R (1.5, 3,5, 7, 9)KIEA NEM, KA EF kil T Pd fEE N 5% &
51 PA/LDHAEAL ], I TR CH,-CO, B RS B Ak B G IR . Hirh, Mg/AL R 5 B7K T A 3 dA
A AL MAS (9 2 R ORI 5, 355 61. 8 pmol g2 -h, (HFFA HEAL RN AR R TG NG . FRAESS
HEIR, STRIIICE 5440 ) (0 22 T8 vh R B2 5 A PAY/ (P> +Pd°) HUAE A ¢, Hhsm iR bk £ L) K 2% i Pd°
A7 ECER, RO . AR 8 R R K A S5 R I IR, 0 o | R e R0 1 v R A D
A, FEOE CHLBE TR . JR AT £0AME S 45 kB, W e 7 PA/LDH fif 25T 5 CH, b [a A Fi1 H
T, CO, HIZAG A CH H [BATE i CH,CO0", Z Ja#E— a4 il /R 5 5% CO, 5 i F H 4545 4 il
COOH ik, Z )55 CH, & AMRIPIE B CH,COOH", fie)q FHma T8l 2 .
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