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2 of 357 AolFH(Cr~ZIn)d 432 ¥ V, Mo, W] AsBo] tiste] temperature-programmed reduction/temperature—programmed oxidation
(TPR/TPO) 48< Fsto] 1 Ag-3d 548 zAsg TPO 49 Aslula: TPR T4 #4539 u)LaAu ozt ve SEAA et
on, g4d3ad] gt L& o] YUtk 357 Ho|Z&As 2 235 2 B9 e AU 33~149 kJ/mol H9ll U= ¥+, V, Mo, W
AEANE © Ao 24088 A3 2 89 A4 S dsE &AL ARA ] vFsdT. $A(TPR) 9 2SHTPO) #Ao o
& E4FUA ANLEI7 FETE o- YW AkSoA FEARE Zo)o] BAFNYAT BTl TLENHE Zvfo A o-Add Ashutg e
FEASE ER A3 AAS MBS Mars-van Krevelen 94 Wl7lUZ 02 A9% 4 982 g

Abstract: The redox property of oxide materials of the 3rd period transition metals(Cr~Zn), V, Mo, and W was studied with temperature-
programmed reduction/temperature-programmed oxidation(TPR/TPO) experiment. The peak temperatures of TPO spectra were equal to or lower
than those of TPR spectra. And the peak shapes of TPO spectra were broader than those of TPR ones. The activation energies of TPR/TPO for
the oxides of the 3rd period transition metals showed in the range of 33~149 kJ/mol, while for the oxides of V, Mo, and W, they showed
relatively higher values. The change of activation energies of TPR/TPO with various metal oxides showed a similar trend to the change of their
metal-oxygen bond strengths. The change of activation energies of o-xylene oxidation for various metal oxides was proportional to the difference
(4E.) between the activation energy of TPR and that of TPO. From these results, we concluded that the oxidation of o-xylene over various metal
oxide catalysts follows the Mars-van Krevelen mechanism including the surface reduction-oxidation of the metal oxide itself.
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Figure 1. X-ray diffraction patterns of various metal oxides,
(a) Cr205, (b) Mn20s, (¢) FexOs, (d) CosOs, (&) NiO, () CuO, (g)
Zn0, (h) Vy0s, (i) MoOs, and (j) WOs
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Table 1. Color Change During TPR/TPO Experiment and BET
Surface Area of Various Transition Metal Oxides

Transition Color BET surface
metal oxides Original Reduced area (m’/g)
Cr20s green green 10.8
Mn203 black green 1.7
Fe:03 black black 0.2
C0304 black orange 0.4
NiO green black 0.9
CuO black black 05
Zn0O white . white 0.5
V205 yellow-red blue-black 2.4
MoO3 white-yellow | violet-blue 0.9
W03 yellow violet-blue 9.3
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1. Flowmeter 6. Electrical furnace
2. Regulating valve 7. Quartz reactor
3. Oxy-trap 8. Temperature programmer
4. Three-way valve 9. LN trap
5. TCD cell 10. Recorder

Figure 2. Schematic diagram of experimental apparatus used in
TPR/TPO.
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Figure 3. TPR/TPO profile measured for Mn:Os (heating rate =
10 K/min, reducing gas mixture = 5% Hy/Ny, oxidizing gas
mixture = 5% OyHe, sample weight = 30 mg).
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Figure 4. TPR profiles measured for various metal oxides, (a)
Cr205, (b) MnzOs, (c) FesO3 (d) CogOs (&) NiO, (f) CuO, (g)
Zn0, (h) V205, (i) MoOs, and (j) WOs (heating rate = 10 K/min,
reducing gas mixture = 5% Hy/N;, sample weight = 30 mg).
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Figure 5. TPO profiles measured for various metal oxides, (a)
Cr0s, (b) Mn2Os, (¢) FexO3 () Cos04 (e) NiO, () CuO, (g)
Zn0, (h) V205, (i) MoOs, and (j) WOs (heating rate = 10 K/min,
oxidizing gas mixture = 5% O»/He, sample weight = 30 mg).
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Figure 6. TPR profiles measured for MnyO; with various heating
rates, (a) 10 K/min, (b) 20 K/min, {c) 40 K/min (reducing gas

mixture = 5% Hy/Ng, sample weight = 30 mg).
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Figure 7. Activation energy plots during TPR on van'ous metal
oxides, (A) NiO(8), (&) V205(8), (@) V:0s(e), (@) FeOs
(a), (A) Mn0s(8), () MmOs(e), (I CuO, (O NiO( a),
and (V) CosOs.
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Table 2. Activation Energies for Surface Reduction and Oxida-
tion Compared with the Metal-Oxygen Bond Strength

Transition TPR TPO Metal-oxygen
metal - bond strength”
oxises | Peaks [ Ex(k]J/mol) | Peaks | Ea(k]/mol) (kJ/mol)
Cr:0s - - - - 4271 £ 29

@ 61 @ 64
MifOs B .149 B 49 30
@ 53 a 60
Fex03 B 7 B 134 409 -+ 13
y _. y -
- 41 @ 33
+
Co304 B ~ P 54 368 = 21
o 49 a 36
i N +
NiO 3 @ 2 3 32 + 4
CuO - 59 - 64 273
Zn0 - - - - 284
a 2653 - -
Vs 8 411 - 201 623
" MoOs - - - 161 607 = 33
B 134 _
WOs 8 136” - 171 653 + 25
v s -

¥ CRC Handbook of Chemistry & Physics, 67th ed,, F-167, 1986-1987.
Y from reference [12].

320 wet A Aolg RolA FowM W g FV, Mo
2 We AstEEe] ti¥ TPR/TPO A4suAE B¢ 24 4
BT olg AE F4-44 ZFAVIE MagEy A=
3F7] Aolg&itstEge st wj F& & 4 9tk TPR 34
of e gdte] Fo AFF Y HaE AAGE Aom
E, #9939 L5 4449 ATAVIY 2HA BEl
Aojtt. F&-A4ka AFAVIZL  F44312945 TPR F49
A3zt pgoA vehta, =8 F4UNE 274 Yehie 7
Fe Bt 22, Zn0st Zo] 3444 AZRAI} Be 2
$A3E9ME TPRY #4937 Jehdx gtod, w3 7}
BEAGE Bt FE&-AAR AFAIY £ Bdua) &

£ 2 BASA @ £ 3 A Q9T oz,
YN F4-Ua APANAT AHOR 4EAA g1 e
LIE(E $29 FH, BA £029 £2 FUEE 9 AW
HOS 22 )0 ANE 43T 9P = A0 qaar

="

jo

4

3.3. o-Apal Mstat

4 FEAGEAANY o-A YA Aghutge,
A Fezdiist Pegdats, s EEA
HOE 44 Adstdth. 284 Vi0:2 A% e 2
M FEASYYES] ATl I35 wwjsiden, o=
ViOs7t o-Ad RS F-2Atste] HAg FYHE BAn 9
€ & Sith Figure 8& 3%7] WolF&AEE 2 V, Mo, Wol
WEHEZEA digte] HE2E] WE o-AIY Bk Agg
< ekl Aot o474 A#ge gy YT 27N o
Add FEAE PN o-AdW FEES e oz Ao
Atk Cr0ssh Mnz0s9] 74, A2 &Ao] wj$ Egton

djm

By
T

te 1o 0
-~ O

T4, A104 A 8 5, 199

3 -

o]

- 50%9)

3

ro,

100

» [+ @
(=} Q Q

Total Conversion (mole%)
. a
=)

o

Temperature(K)

Figure 8. Total conversion vs. reaction temperature plots during
the oxidation of o-xylene on various metal oxide catalysts, (V)
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Figure 9. Arrhenius plot for the oxidation of o-xylene on
various metal oxide catalysts, (¥) Cr:Os (@) MnQOs; (O)
Fe0s, (O) Cos0s, (A) NiO, (V) CuQ, (A) ZnO, (D) V:0;, (@)
MoQs, and () WO;

Table 3. Activation Energies for the o-Xylene Oxidation on the
Various Transition Metal Oxide Catalysts

Transiti : Transition
met§] i)l)t(i(()ir(]es Ealk]/mol) metal oxides Ea(k]/mol)
Cr203 300 CuO 102
Mn2O3 237 Zn0 97
Fex0s3 167 V205 136
Co304 59 MoOs3 103
NiO 38 WOs3 119

(Air/o-Xylene mole ratio = 100, space velocity = 50 L-feed/hr - g-cat,
reaction temperature = 573~823 K, sample weight = 0.1 g catalyst)
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Figure 10. Activation energies for various metal oxides in
TPR(c), TPO(d), and in the oxidation of o-xylene(b), which are
compared with metal-oxygen bond strength(e). (a) is the differ-
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