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Ther modynamics of Direct Synthesis of Acetic Acid from CHs and CO»
by a Two-Sep Isothermal Reaction Sequence on Co/ Pd Catalysts
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( Key L aboratory of Coal Science and Technology of Ministry of Education and Shanxi Province,
Taiyuan University of Technology, Taiyuan 030024, Shanxi, China)

Abstract : The adsorption energy of surface carbon gecies CH, ( x =0- 3) , gace configurations of CH, on dif-
ferent active Stesof Co and Pd surfaces, and the Gbbsfree energy change have been investigated us ng the den-
sty functional theory method for the direct synthessof acetic acid from CH, and CO, by a two-step reaction s
guence. The caculation results show that the two-step reaction cannot be effectively carried out on the sngle Co
or Pd catdyst under atmoheric pressure and iotherma conditions. However on binary Co/ Pd catalysts, the
reaction that Co activates CH, leading to CH,Co (x =0, 1) isfavorable in thermodynamics. Subsequently , the
reactionsthat CHy overfal from Co to Pd producing CHyPd (y =1- 3) and CO; inserts into CH,Pd forming
acetic acid are a0 advantageous in thermodynamics under atmospheric pressure and isotherma oonditions.

These two reactions combine with former reaction to make an ithermal cycle above the temperature 435 K.

The caculated results are in agreement with the experimenta results.

Key words: carbon gecies; oobat; paladium; thermodynamics; mechanism; dendty functiona theory;
methane; carbon dioxide; acetic acid
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il [2] il
: (3101, Mi3(9 ,4) ,
) 9 M , 4 M M (110)
, M (100) ; Mo (7,3) , 7 M
, 3 M M (111) , 1
y . Pd @ 1
(DFT) CH, 0.3891 0.354 4 nm. M
CHy Pd( hkl) Co( hkl) (111) :
, CHa/ hcp (hexagonal closed-packed cubic)
CO, A G) fcc (face centered cubic) ; M(110) M (100)

4-fold hollow ~ Top 4-fold hollow Top
(b)

Bridge Short bridge Long bridge

1 M(M=Co Pd)
Figl Theduster moddsof M (M = Co,Pd)
(a) M13(9,4)— M(100) surface; (b) M13(9,4) — M(110) surface; (c) Myo(7,3) — M(111) surface
(The 4fold hollow ste, short bridge or long bridge ste, and top stefor M (100) and M (110) surfaces.
The top ste, two 3-fold hollow stes corresponding to fcc and hep ste and bridge ste for M (111) .)

[12.13] (LDA)
. (141, Co  Pd DFT
, CH, H (semi-core pseudopot s) ,
, \ (double-nu-
CH, H . CH, H meric bass with polarization functions, DND)
1 (11 (151 Perdew-Wang (PWC) ;
Smearing 0.05 Ha; (exchange-corre-
H M M,—c—n lation) (unrestricted in
M,—C>--H M,—C
“H Ny M—CorH polarization) , DIIS (SCF)
1 CH(x=0 3 H (medium) ;
(frequency)
Sheme 1 Geometries of the CHy (x=0- 3) and H ) In

species adorbed on the metd M duser

(M , denotes M ( hkl) surface) tel Pentium D/ 3. 06 GHz

DFT Accdrys
Materials Studio (Version 4.0) Dmol® Eats = ( Estoried + Eabstrate) - E(adorted + sbsratd) »
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9 . Col Pd CHa/ CO; 915

E (adsorbed + substrate) » Eadorbed 1 CH CHs Co(110)  Pd(100)
Esubstrate CH. H Table 1 The adsorption energy of CH and CHzon
, Eads metd clugter of different 9zes
Eads ,  Eags , Metal duster Adsorption energy (eV)
CH CH3
Co13(9 4) - 4.83537 -
2 Co15(12 ,6) - 4.83461 —
Co25(16,9) - 4.83749 —
2.1 Pd3(9 ,4) - - 2.97033
' Pdis(12 ,6) - - 2.96995
Ho  CHs Pds(16 ,9) — - 2.96530
. H,
(H-H 0.0750 nm) CH, ( 3 ), Co
(C-H 0.1096 nm, A (HCH) =1009. 44°) , CHs Co (110)
[16 ,17] . H-H , 3.087¢eV, CH3
(445. 13 kJ/ mol) CHg4 C-H (431.69 : CH, Co(111)
kJ/ mol) [2,18] . i CH C (o(100)
. , H . Pd
, CH CHs Co(110), Pd ,CH; CH, H Pd(111)
(100) Mg (12,6) , M13(9,4) , y,CH C
M2s (16 ,9) : 1 . Pd(100)
2.3 CHJ/ CO;
; , [2] ,  CH4/ CO, ,
(29] , M1o(7,3) Mas CH,4
(9,4 . Wang %% CHM (M : metal) , CHs
CO , H20 y COZ H2 Cu H2 X COz
(111) , Cu(110)  Cu(100) CH,M . Hz
, . , Hz,
[22]
2.2 .
CH,(x=0 3) H Sep 1
Pd ( CH; +M ——CHM +1/2(4- x) Hx(overfdl) (x=0 3)
) .CHy H Sep 2
2. CHM + CO, +1/2(4 - x) Ha (supply) ™ CH3zCOOH + M
2 CHy H Co Pd
Table2 The cdculated height Degfor various carbon ecies CH, and H adrbed at different steson Co and Pd duster modd surface
) D g(nm)
Adsrbed dte CHs CH, CH c H
Co (100) 0.2204 (B) 0.2185 (4H) 0.2020 (4H) 0.1905 (4H) 0.1691 (B)
Co(110) 0.2157 (B) 0.2316 (4H) 0.2458 (4H) 0.1796 (LB) 0.1710 (B)
Co(111) 0.2286 (F) 0.2060 (F) 0.2061 (H) 0.1864 (F) 0.1799 (F)
Pd(100) 0.2203 (B) 0.2180 (4H) 0.2060 (4H) 0.1932 (4H) 0.1957 (4H)
Pd(110) 0.2232 (B) 0.2453 (4H) 0.2813 (4H) 0.1953 (LB) 0.1662 (B)
Pd(111) 0.2274 (F) 0.2020 (F) 0.2193 (F) 0.1853 (H) 0.1796 (F)

For the CH,(x=0- 3) and H gedies, only the results caculated at preferred ste (shown in parentheses) are given.
D the nearest distance of the Cor H atom to meta atom on the first meta plane.
Adsrption dtes: 4H, 4-fold hollow ; LB, long bridge; B, short bridge; B, bridge; F, fcc; H, hep.
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3 CH, H Co Pd . CHM ,
Table 3 Adsrption energies of various carbon gpecies CH [2] AG
and H adorbed at different stes on Co and Pd
cduster model surface J

Adsorption energy (eV) ,

Adworbed dte
CHj CH, CH C H

Co(1000 T  2.927 4.767 4.827 6.312 2.585

B 2.947 4.832 6.394 7.136 2.904 2.2 ' CHx H

4H 2.645 5,120 7.125 8.343 2.885 , CHM
Co(110) T 2.930 4.821 4.898 6.253 2.567 HM (M =Co Pd) CH4/ COZ

B  2.53 5.006 5.606 7.842 2.779

LB 2.373 5,104 5.962 7.760 2.774 ' 2 :

4H 3.087 4.885 5.83 7.155 2.972 (23,2407 7 = ZU 8Zs A Hp =4
Co(111) T  2.758 4.621 4.804 7.711 2.529

Ere+ H A Gn=DHy- T Sn,

B 2.800 4.927 5.937 7.288 2.883 (Ere m) PV (N m

F  2.929 5.175 6.015 7.711 3.021 . Z

H 2.902 5.128 6.640 7.659  3.001 ‘B -V
Pd(100) T  2.724 4,023 2.337 5.473  2.699

B 2.782 4.265 6.274 7.158 3.269 ' '

4H 2.332 4.971 7.580 9.314 3.307 ; ETe
Pd(110) T  2.617 4.027 3.143 5.352  2.564 ‘AS,AH, AG,

B  2.840 4.288 5.964 7.113 3.374 !

H

LB 2.261 4.138 4.535 9.361 3.333 Gbbs ’ m  Gm

4H  2.602 5.434 6.826 7.429 3.294
Pd(111) T  2.836 4.313 4.162 5.821 2.860 2.3.1 Co

B  2.796 4.656 4.066 7.573 3.363 o AG

F  2.842 5,582 6.037 8.414 3.517

H 2.713 5184 52371 8480 3.498 3 . Sep1l Co CH,

CH3Co , 200 900 K
, , AG>0, ,
, . Step 2 COp CHsCo

CCo HCo

CH;Pd CH,Pd CHPd CPd HPd

2 CHy H Co Pd CHM( )
Fg2 ddeand top viewsof CHand H equilibrium adsorption on Co and Pd surface



9 : Co/ Pd CHa/ CO; 917
&0 : CH;Co CH;o
; CHCGo CCQo
=
E
S 2.3.2 Pd
4 Pd AG
. Sep 1 CHzPd
; 200 900 K AG>0,
00E @) ; ; Sep 2
80 L ¢ ‘ 835 K AG<0; Sep 1
= 6f CH,Pd A G ., CHsPd ,
S
3 Step 2 540 K A G<0; Sep
S 1 CHPd A G
. 200 900 K A G>0,
Sep 2 465 K A G<O.
S S TR TR T TR T CPd , Step 1 A G<O 565
200 300 400 500 600 700 800 900 K. , Step 2
T/K
415 K A G<O0.
3 Co Sep 1 (a) 80
Sep 2 (b) AG [
Fig3 Thecurvesof A G asafunction of temperature with diff- 60

erent products CH,Co of Sep 1 (a) and Step 2 (b) reac
tionson Co under atmogpheric pressure
(1) x=3, (2) x=2, (3) x=1, (4 x=0

835 K A G<0,

. Sep 1 CH,Co A G CHzCo
, 200 900 K ;
Sep 2 533 K A G<0.
, Sep 1l
CHGCo , 560 K A G<0O0,
; Step 2 320
K A G<O. , CHCo
,CHy, o
560 K, CO,
320 K, 240 K,
CCo , Sep 1
435 K A G<0, ; Step 2

380 K A G<O,
55 K,

CHa Co

AG / (kJ/mol)
9
]

AG / (kJ/mol)
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200 300 400 500 600 700 800 900
T/K

4 Pd
Sep 2 (b) AG
Fig4 Thecurvesof A G asafunction of temperature with diff-
erent products CHyPd of Step 1 (a) and Step 2 (b) reac
tionson Pd under atmopheric pressure
(1) x=3,(2 x=2,(3) x=1, (4 x=0

Sep 1l (a)
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, CHa/ CO2 Pd 550 1 ,
., CHsPd CH,Pd CHPd M
' =600
CPd ,CH, Pd
565 K, CO, CPd I
415 K, 650
150 K. , Pd
=700
E .
: Co Pd , CHd/ S
CO; =
. 3 Sel1 CCo
A G<0 435 K, )
CHy; o 435 K
;4 Sep 2 CHPd A G<O
465 K , CH,Pd A G<O 540 K
. CH:Pd A G<0O 835 K 200 300 400 500 600 700 800 900
. sl @ CCo, Sep 2 re
CHPd CH,Pd CHszPd 5 re Co Pd CHx (1 (4
435 465 K, 435 540 K Fig5 Thecurvesof A G asafunction of temperature in the
435 835 K. , Sep 1 CHCo CH, overfal reaction (1)- (4) between Co and Pd
( 3.,46G<0 560 K- Sep 2 D B re0: O B () xot: (3 & @) k=0, y=
CHsPd (1 4), 1; (4 BEq(2), x=0,y=2; (5) Eq (2) , x=0, y=3; (6) Eq
- Sl Chd . Sep2 (yzié;x(:s);'Eyq:(é); ,(71:Eg,(giég;:?iongt;<§),Ejisi,'yngf
CH;Co . , (11) Eq (4, x=0, y=1; (12) Eq (4) , x=0, y=2; (13) Eq
CH, o Pd (4), x=0,y=3; (14) EQ (4, x=1,y=2
. CH, ( 2.3.2 )
S ( 5, .
2.3.3 Co Fd CHy Pd, Co
, CHy , CPd CH3;Co
, , H , :
, H. CPd+ Co——CCo + Pd (5)
o, Pd CPd +3 HPd+ Co— CH3Co +4Pd (6)
, 4 : CPd+3 HCo+Co CH3;Co+3Co+Pd (7)
CH,Co + Pd—CH,Pd + Co (1 CPd +3/2H; + Co CHzCo + Pd (8)
CH,Co + yHPd—CH,+,Pd+ Co+ (y- 1) Pd (2) ( 6).
CHxCo + yHCo + Pd™ CHy+yPd+ (y+1) Co (3) , CH4/ CO,
CH,Co+ y/2H, + P~ CH,.,Pd+Co  (4) : » CHy G
(1) , 2 (3 CCo CHCo, Pd
, (4) 1 CHPd, CH,Pd / CHsPd, CO; CHPd,
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1000

)

800

(2)

AG / (kJ/mol)
(=)
(=3
=]
T
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400

T

(3)

4

1

600

1

700

200 s 1 1 I N
800

200 300 400 500
T/K

900

6 (5 (8 AG
Fig6 The curvesof A G asafunction of temperature for
reaction (5)- (8) :inder aimogpleric pressure
(1) Eq (5), (») 9 (6), (3) Eq(7), (4) Eq (8)

CH,Pd / CHzPd ,
[2] , CH4/ CO,
(:F+4 y (:()2
1 @
Co CH;, (2ol
Pd Pd CO, CO, C
[27 31]
CCo
CHCo 435 K
560 K,
[1,32]
, CCo ; , CHCo
3
, CH4/ CO,
, CH,
@ 1
Pd
, CO,
Sep 1 Co CCo, Step 2
CHPd CH,Pd CHsPd
435 465 K, 435 540 K 435
835 K; Step 1 CHCo , Sep 2
CHzPd 560 835 K.
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