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ABSTRACT

The reaction kinetics of the oxidative dehydrogenation of propane was studied by using
periodic density functional theory with a plane-waves basis set and pseudopotential. The reaction
proceeds via a Mars - van Krevelen redox mechanism and its elementary steps are identified, the
activation of propane has been found to be the rate determining step.

I- MG PAU

Phan tdng oxi-dehidro héa (Oxidative
DeHydrogenation: ODH) C;H; st dung xuc tac
V,0; dugc st dung trong cong nghiép dé san
xuat propen C;Hy v6i nhitng wu diém chinh:
Nhiét do phan tng khong cao (475 - 550°C), su
coc héa duge han ché [1]. Cho dén thoi diém
hién tai, mac du V,05 da dugc dua vao st dung
nhu mét chat xidc tdc thuong mai cho qud trinh
ODH ankan nhung co ché chi tiét doi véi qua
trinh nay van con nhitng yéu cdu can 1am sdng
td thém: budc quyét dinh phan tGng, co ché tai
sinh xuc tdc.

Trong cong trinh nay, co ché phan tng ODH
C;H, duoc nghién ctu chi tiét bing phuong phéap
phi€m ham mat do trong hé tuan hoan st dung
séng phang va thé gia. Két qua tinh toan phu
hop véi co ché thuc nghiém Mars-van Krevelen.

11 - MO HINH VA PHUONG PHAP TiNH

Tinh thé V,0s thugc ki€u ciu  tric
orthorhombic (a = 11,522 A, b = 3,566 A, c =
4,375 A), mot 6 mang co s& cé thanh phan

V,0,, (hinh 1).
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Hinh 1: Cau tric V,0,,

0 mang V,O,, dugc coi nhu tao nén tir 2 mat
V,0s (001) song song vGi nhau, khoang céach
gilta 2 nguyén tr oxi gan nhat thudc 2 mat la
3,070 A. Nhu vay 2 mat V,05(001) nay lién két
yéu v6i nhau béi luc van der Waals, khi tinh thé
bi phan cit, su tdich 2 mat (001) nay la dé dang
hon ca. Mat V,05001) duoc goi 1a mat dac
trung cta tinh thé V,0;. Do vay, céc nghién ciu
dugc thuc hién chi véi mat V,05(001).

Cic tinh todn dugc thuc hién tai diém
gamma (I'), st dung phi€ém ham tuong quan trao
déi GGA-PBE, thé gia Ultrasoft Vanderbilt véi
ngudng cit ham séng 25 ryd. Tham s6 mang
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cho supercell V,05(001) 1x2x2 la a = 11,5219
A, b=7,1334 A, c = 17,0489 A, 16p chan khong
c6 do day 13 A; trang thdi chuyén ti€p dugc xdc
dinh bing phuong phép CI-NEB (Climbing
Image Nudged Elastic Band) vé6i cdc tham so:
tiéu chuén hoi tu vé luc 12 0,05 eV/A. Tat ca cic
phép tinh todn sir dung phdn mém ma nguén mas
PWscf [2]. Cac tham s6 lua chon néu trén da
duoc chitng minh 1a hop 1i dé cac két qua nhan
duoc 1a da do tin cay [3].

11 - KET QUA VA THAO LUAN

Theo co ché€ Mars-van Krevelen, & giai doan
hdp phu, C;H; s€ phan ting vGi nguyén ti oxi
ctia V,0;. Cac nguyén tlr oxi phdi tri 1 (1-fold
O) trén bé mat V,05 chi€ém uu thé vé khong gian
nén s€ phan ting v6i nhém CH, hoac CHj, tao
cdc san pham trung gian dang C-O-H [5]. Xuét
phat tir hé C;H; + V,04(001) (ki hiéu he 1), ¢6 3
kha nang hdp phu: dinh huéng CH, xudng 1-
fold O, dinh huéng CH; xuéng 1-fold O va su
dinh huéng dong thoi ca CH, va CH; xuéng 1-
fold O (kém theo su phd v& lién két C-C). Nang
lugng lién két (CH;),CH-H la 412.124 kJ/mol
nhé hon nang lugng lién két CH,CH,CH,-H la
422.584 kJ/mol, hon nita géc (CH,),CH- bén
hon géc CH,CH,CH,- do c6 hiéu tng siéu lién
hop manh hon tir 2 nhém CH,.

Diéu nay phl hop v6i két qud tinh nang
luong hoat héa Ea va nang lugng hdp phu Eads
cho 2 kha nang hap phu nay (bang 1). Kiéu dinh
hudng thtt 3 ciling dugc xét thém 1a hap phu kém
theo su bé gy lién két C-C, vé mat nhiét dong,
nang luong lién két C-C khoang 384 kJ/mol nho
hon nang lugng lién két C-H nhung su dinh
hudng nay rat khong thuan loi vé mat dong hoc
do trang thdi chuyén ti€p c6 cau tric riat kém
bén (hinh 3) nén c6 ning lugng rét cao.

Bdng 1: Ea va Eads cdc kha nang hap phu C;H,

Dinh huéng Ea, kJ/mol | Eads, kJ/mol
CH,(taohé 1.1) | 96,8997 -6,0133
CH, 141,4714 15,5523
c gy lien k&l g77660 | 77.0615

442

2-fold O I

Hinh 2: He 1
e O

@F 2066
9

Hinh 3: TS clia qua trinh hap phu phan cét
lién két C-C

Nhu vay, giai doan hap phu 1a su dinh huéng
uu tién CH,.

Xét chi ti€t hon, giai doan hap phu dinh
huéng CH, gém 2 budc (hinh 4).

Dang hinh hoc ctia TS qud trinh chuyén tir
cau truc I t6i cau tric 1.1 (ki hiéu TSU_I.1)) cho
thdy, TS nay dugc l1am bén boi hiéu ting siéu
lién hop tir 2 nhém CH;,.

Tir cdu trdc trung gian I.1, ta s& khao sat 2
huéng chinh dé tao san phdm C;H, (propen):

Huéng 1. Giai hép truc ti€p tir 1.1 (hinh 5)
tao C;H,.

Huéng 2. H4 cta 1.1 dich chuyén sang O14
tao hé 1.1.1 (hinh 6) réi sau d6 giai hdp tao
C,H,.

Huéng 1. Giai hap truc tiép tir 1.1, boi vi céc
nguyén tr H trong mdi nhém CHj; cling nhu 2
nhém CH; véi gia thiét ban dau 1a khong tuong
duong véi nhau, do vay mot s6 dudong phan tng
(Reaction Path: RP) sau duogc nghién ciu

- RP.I.1_I.1.P1: H3 cta I.1 dich chuyén t6i 013
tao H,O va giai hap tao C;Hg (hé sin phdm
L.1.P1).



- RP.LI_L.1.P2: HI cta L1 dich chuyén t6i
C2, H5 dich chuyén t6i O13 tao H,O va giai hap
tao C;H, (hé san pham 1.1.P2).

- RP.IL1_L.1.P3: H3 cta L.1 dich chuyén t6i
C2, H5 dich chuyén t6i 013 tao H,O va giai hap
tao C;H, (hé san pham 1.1.P3).

- RP.L1_L.1.P4: H6 cta I.1 dich chuyén t6i
013 tao H,0 va giai hap tao C;H, (hé san phdm
1.1.P4).

- RP.L1_L.1.P5: H7 cta L1 dich chuyén t6i
013 tao H,0 va giai hap tao C;H, (hé san phdm
L1.P5).
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Hinh 5: He 1.

Két qua tinh Ea va Eads cdac budc giai hap
theo hudéng 1 dugc néu trong bang 2.

Bdng 2: Ea va Eads cic giai doan giai hip theo

huéng 1
Duc‘)'I}g phan Ea, kJ/mol | Eads, kJ/mol
ung
RP.I.1_L.1.P1 100,6437 67,0812
RP.IL1_L.1.P2 151,8937 58,1290
RP.I.1_I.1.P3 348,3049 58,1285
RP.I.1_I.1.P4 94,0038 62,6784
RP.IL1_L.1.P5 101,7449 62,6787

Khi xét chi tiét, moi giai doan giai hap tir .1

Hinh 6: He 1.1.1

c6 thé trai qua vai budc truée khi hinh thanh hé
san pham C;Hq.

buong RP.IL1_L.1.P1, RP.I.1_L.1.P5 va dac
biét 1a RP.I1_I.1.P4 (dich chuyén H6 tur I.1)
thuan 1gi hon vi c¢é Ea va Eads nho hon ca. Cac
gid tri Ea, Eads ciia 3 dudng nay gin nhu nhau
cho thdy vai trd gan nhu tuong duong cua H3
v6i H6 (su khdc biét nhé giita Ea va Eads cua
RP.I.1_I.1.P1, RP.I.1_I.1.P4 gay nén bdi phia
H6 c6 thém nguyén tu 09, tuy nhién véi khoang
cach H6-09 1a 2,3644 A kha 16n nén su anh
hudng nay 1a khong 16n 1dam) va H7. Cau tra 16
chinh xdc nhat vé cdc gid tri rdt gan nhau clia Ea
gitta hai duong RP.I.1_L.1.P1 va RP.I.1_I.1.P4
duoc tim ra khi nghién ctu cdc cau tric trung
gian d6 la: Trang thdi chuyén tiép clia 3 dudng
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nay gin giéng nhau vé hinh hoc (hinh 7, 8, 9) va
c6 nang luong gén nhu nhau. Véi RP.I1_L.1.P5,
Ea cao hon doi chit so v6i RPI.1_I.1.P1 va
RP.I.1_I.1.P4 cho thdy su anh hudng cta yéu to
khong gian t6i kha nang phan ung, H7 & cdu
trdc I.1 bi anh hudng khong gian nhiéu hon H6
bdi gan cac nguyén tu C2, C3 va H8 hon, géc
H6013H4 = 93.087° (16n hon géc H7013H4 =
67.077°) kha gin v6i goc HOH = 104,5° (trong
phan tr H,0). Gid tri nang lugng cua cac TS nay
gan nhu nhau.

Nghién ctu chi ti€t duong phan tng
RP.I.1_I.1.P4 bang phuong phiap NEB cho két
quéa: H6 tir TS s& dich chuyén t6i 09 tao nhém

OH (phtic 1.1.P4%) va giai hdp, sau d6 H6 méi
chuyén vé O13 tao H,0 (hé L.1.P4). Qud trinh
2V-OH — V-OH, + V=0 c¢6 AE = -2,7513
kJ/mol.

Ciing can luu ¥ rang, & hé 1.1.P4, H,0 chua
tach khoi bé mat V,0s, su tich H,O s& dugc dé
cép sau.

Su xudt hién budc trung gian tao 2 nhém
OH trong RP.I.1_I.1.P4 bdi phitic 1.1.P4" bén
hon hé 1.1.P4 (AE=-2.7513 kJ/mol), tuy nhién
su khdc biét khong dang ké vé nang luong nay
cho thay su chuyén qua lai giita hai dang ciu
tric nay la dé dang: 1.1.P4" <> 1.1.P4.

Hinh 7: TS(L1_1.1.P1)
E = -24947,5840 eV

Hinh 8: TS(L.1_1.1.P4)
E = -24947,6528 eV

Hinh 9: TS(.1_1.1.P5)
E = -24947,5725 eV

Hinh 10: Phiic 1.1.P4°

Véi RP.I.1_I.1.P2 va dac biét RP.I.1_I.1.P3,
kha nang tao san phdm la rat khé khan béi Ea
rit cao, diéu nay c6 thé giai thich béi ciu triic
rat kém bén cta TS(I.1_I.1.P3) (hinh 12).

Mat do electron téng q (theo Lowdin) cla
cic nguyén to C trong TS(L.1_I.1.P3) va
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Hinh 11: He 1.1.P4

TSI.1_I.1.P4) cling nhu mat do electron trén
céc orbital 2s va 2p dugc néu & bang 3. Su giai
tda electron t6t hon & C2 ctia TS(I.1_I.1.P4) thé
hién & gid tri q nho hon. Gia tri 16n hon cta g, 6
C2 cua TS(I.1_I.1.P3) gay bai li do AO 2s(C2)
khong con kha nang xen pht véi AO 1s(HS)



trong khi gid tri nho hon cua g, lai gay nén boi
kha nang xen phi manh hon ctia cdc AO 2p(C2)
v6i cdc AO 2p(C) khdc. C6 thé nhan thdy diéu
nay khi phan tich céc hé s6 ham s6ng MO.

Li do tiép theo dan t6i nang lugng cua
TSI.1_I.1.P3) tr& nén rat cao la su hinh thanh
céu tric V-OH, kém bén hon so vdi cau tric V-
OH ctia TS(I.1_I.1.P4) vé6i héa tri 2 bén viing
ctia oxi. Thém vao d6, két qua tinh do tir héa
toan phan (s0 electron c¢é m; (+1/2) - sO electron
c6 my (-1/2)) 1a 0,11 véi TS(.1_L.1.P3), 1a 0,45
v6i TS(I.1_I.1.P4) va sy phan b6 mat do spin
(twong tng v6i cac hinh 13a va 13b) cho thay:
Luc day gilta cdc electron duoc giam di &
TSI.1_I.1.P4) vi c6 d0 tir ha toan phan 16n hon

gap 4 1an so v6i 6 TS(I.1_I.1.P3), trong khi mat
do spin lai dugc phan b6 déu trén toan hé (hinh
13). Trai lai 6 TS(I.1_I.1.P3), diéu nay dan tGi
su tang nang luong so véi TS(I.1_1.1.P4).

Hinh 12: TS(I.1_1.1.P3)

Bdng 3: Mat d6 va su phan bg electron trén cac AO cuia cac nguyén ti cacbon thudc
TS(L.1_I.1.P3) va TS(I.1_1.1.P4)

Cl 2 C3
Q qs d, q q, q, q qs g,
TS(L.1_L1.P3) | 44602 | 1,0539 | 3,4064 | 3,9459 | 1,2787 | 2,6672 | 4,4664 | 1,0571 | 3,4093
TS(I.1_L1.P4) | 4,4578 | 1,0448 | 3,4129 | 3,8957 | 1,0416 | 2,8541 | 4,4541 | 1,0417 | 3,4124

L a) b)
L]
Hinh 13: Mat do spin cta cdac TS

Nhu vay c6 thé két luan, kha niang nguyén tit
H chay doc mach C (nhu trong RP.I.1_I.1.P2 va
RP.I.1_I.1.P3) 1a khong dugc vu tién.

Huéng 2. Trude tién, H4 cua L1 dich
chuyén sang O14 tao hé L.1.1 (hinh 6). Qua
trinh nay xay ra dé dang vi Ea = 5.1866 kJ/mol,
Eads = -43.3502 kJ/mol. Hai dudong phan ung
sau dugc nghién cuu:

-RP. L1.1_I.1.1.P1: H6 cua L1.1 dich
chuyén t6i 09 dong thoi giai hap tao hé sin
pham L.1.1.P1;

-RP. LI1.I_L.1.1.P2: H6 ciha I.1.1 dich
chuyén t6i O13 dong thoi giai hdp tao hé sin
phdm I.1.1.P2.

Két qua tinh Ea va Eads cic budc giai hap
theo hudng 2 dugc néu trong bang 4.

Bdng 4: Ea va Eads cdc giai doan giai hdp theo

huéng 2
Pudng phan tin Ea, Eads,
gp € | KkJ/mol KkJ/mol
RP.L1.1_LI.1.PI | 121,9599 | 83,4704
RP.L1.1 L1.1.P2 | 130,9417 | 77.4224

Véi Ea ciing nhu Eads cao hon so véi
RP.I.1_I.1.P1 va RP.I.1_I.1.P4, cic dudng RP.
L1.1_I.1.1.P1 va RP. 1.1.1_I.1.1.P2 khong dugc
uu tién.

Céc giai doan tai sinh xdc tdc: Giai hap
H,0, hép phu O, tao V,0s. Su giai hap H,O trén
bé mat V,0s khong thong qua trang théi chuyén
ti€p, nang lugng giai hap Edes = 175.0605
kJ/mol. Su giai hdp nay da tao mot “16 trong*
trén nguyén tir V7 (hinh 14), d6 1a mot qua trinh
khlr 1am giam muc oxi hdéa cla vanadi. Nang
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lugng can cho qud trinh gidi hap khd 16n, tuy
nhién c6 su bu dip ning luong tir qué trinh hap
phu O,. Hai kha nang hip phu O, dugc nghién
ctru: Hap phu khong phéan 1i 1 phan t O, vao 1
“16 trong* Eads = -216,1828 kJ/mol va hép phu
phan 1i 1 phan tir O, vao 2 “16 tréng* canh nhau
v6i Eads = -683.3244 kJ/mol.

Hinh 14: Giai hap H,0 tao “16 trong* & V7

Nhu vay c6 thé dua ra gia thiét: Khi xuét
hién 1 “I6 tréng“ dau tién, 1 phan t&r O, s& bi
hap phu khong phan li vao “16 trong* do; khi “16
trong* ti€p theo xudt hién thi cé su phan li O,
(bi hap phu truéc d6), 1 nguyén tir O s& chuyén
vao “16 trong* thit hai nay. Su hdp phu O, xay ra
dé dang ma khong qua bat ki trang thdi chuyén
ti€p nao (két qua phan tich dudng phan ung
bing phuong phiap NEB). Su dich chuyén “16
trong* chang han tir V7 sang V5 (nghia 1a O9
dich chuyén tr V5 sang V7) rit khé xay ra vé
mat dong hoc vi Ea = 320,4459 kJ/mol mac du
thuan 1gi vé mat nhiét dong (AE = 0 kJ/mol),
nhu vay su tdi sinh xdc tdc theo co ché nay chi
xay ra khi xuét hién cdc “16 tréng* canh nhau.

IV - KET LUAN
Co ch€ uu tién ciia phan tng ODH C;Hj trén

V,05 gbm cdc giai doan: Hap phu C;H, dinh
huéng CH, tao I.1; Tt I.1, theo RP.I.1_I.1.P4
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tao san phadm C;H,. Giai doan cham nhét quyét
dinh t6c do phéan tng 1a giai doan hap phu C;Hg,
két qua nay phu hop véi két qua thuc nghiém
[1]. Ea = 96,8997 kJ/mol so vé6i Ea(thuc
nghiém) = 87 [4], 110-120 [5], 122+6 kJ/mol
[1]; nguyén nhan ch@a su sai khic véi thuc
nghiém bai céc gia tri thuc nghiém do duogc véi
xtc tdc V,0s trén nén chat mang nao dé (thudng
1a c4c oxit kim loai).

Cong trinh nay dvogc hé tro bdi dé tai nghién
ciiu khoa hoc cdp Bo Truong Dai hoc Su pham
Ha Noi: Nghién ctiu phdn ting oxi - dehidro héa
ankan (ODH) trén mét so hé xic tdc oxit kim
loai bdng phuong phdp phiém ham mdt do su
dung séng phang, md s6: B2008-17-132. Chiing
toi ciing xin cam on Tién ST Lé Minh Cdm bdi
nhiing thdo ludn hitu ich vé phuong phdp thuc
nghiém.
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