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APPENDIX A
CALCULATION OF CATALYST PREPARATION

Preparntibn of 4Co-Mg-0, 8Co-Mg-O, and 12Co-Mg-O catalysts by the Wet

Impregnation Method are shown as follow:

Reagent: - Cobalt acetate tetratiydrate {Co(CH;C00), 4H,0]
- Molecularweight = 249 g

Suppport: - Magaesium oxide [MgO}
Molecular weighi =39 g

Chalculation for the Prepaation of the Co-Mg-0 catalyst,
1) 4Co-Mg-O catalyst

The 4Co-Mg-0 aqueous solution used in catalyst préparation consists of Co 4
wt.% and MgO 96 wi % The amount of cobalt in 4Co-Mg-O catalyst is calculated
as follows :

Basis: MgO 1g,
If the weight of catalyst was 100 gram, 4C-Mg-O would tompose of cobalt 4 g, and
MgO 96 g.' Therefore, in this System,
the amount of Co =4{96 » 1
=0.0417 g

Cobalt (Co) 0.0417 g was prepared from Co(CH;C00), .4H,0 99% then
the Co(CH3C00), .4H,0 content = (249x0.0417x100) / (59 x99)
=0.178 g
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2) 8Co-Mg-0 catalyst

The 8Co-Mg-0 aqueous solution used in catalyst preparation consists of Co 8
wt.% and MgO 92 wt %. The amount of cobalt in 8Co-Mg-O catalyst is calculated
as follows ;

Basis: MgO 1 g.
If the weight of catalyst was 100 gram, BC-Mg-O would Compose of cobalt 8 g. and
MgO 92 g. Therefore, in this system,
the amountof Co =8/92 x|
=0.08695 g.

Cobalt (Co) 0.08695 Ewasiprepared, from €o(CH;C00), .4H,0 99% then
the Co(CH;C00), .4H,0 content = (249x0.08695x100) /(59 x99)
. 503712 g

3) 12Co-Mg-O catalysy

The 12Co-Mg-0 aguesiys solution used in catalyst preparation consists of Co
12 wt.% and MgO 88 wi % The amount—ct-cobalt— in 12Co-Mg-0 catalyst is
calculatecj as follows
Basis: MgO 1 g. _
If the weight of catalyst was 100 grag; 12C-Mg-0 would compose of cobalt 12 g and
MgO 88 g. Theréfore, in this system, |

the amount of Co =T12/88 x ]
= 001363 g,

Cobalt (Co) 0.1363 g was prepared from Co(CH;C0O0), .4H,0 992 then
the Co(CH;C00), .4H,0 content = (249x0.1363x100) / (59 x99)
=0.5819 g



APPENDIX B
CALCULATION OF DIFFUSIONAL LIMITATION EFFECT

In the present work there is doubt Whether the external and internal diffusion
limitations interfere with the I-propanol reaction. Hence, the kinetic parameters were
calculated based on the experimental data so as to prove the controlled system. The
calculation is categorized into two parts; one of which is the external diffusion

limitation, and the other is.the internal diffisich limitation,
1. External diffusion limitation

The 1-propanol oxidation is‘considered to be an irreversible first order reaction
occurred on the intéfior/pose Surface of eatalyst particles in a fixed bed reactor.

Assume isothermal operation for the reaction,

In the experiment, 4% k=propanol in airpwas used as the unique reactant in the
system. Molecular weight of aii ad L-propanel are 29 and 60, respectively, Thus,
the average molecular weight of the gas mixture was calculated as follows:

Man 0:04%60 + 0.96%0 29 '

30.24  g/mol

~aleuiation of s

Consider_the. I-propanol oxidation ~is operated /atplow \pressaré and high

i

i

temperature, ‘Welassume that the ‘gasestare respect to ideal gas law. The density of

such gas mixture reactant at various temperatures is calculated in the following,

_ PM _1.0x10° x30.24x10"?
RT 8.3147T

We obtained : p=0.779 kg/m’ at T =200°C
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£=0705 kg/m®  at T =250°C
p=0643 kg/m’  at T =300°C
£=0592 kg/m®  at T =350°C

Calculation of the gas mixture viscosity

The simplified meth | i he viscosity of low pressure binary

Wilke is chosen to estimate the

where

~ : F.‘

&bwﬁuawamms
?mpimummmaﬂ

)|

¢2q— ¢l2

M, Mz = molecular weight
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Let 1 refer to 1-propanol and 2 to air
M; =60 and M, = 29

The viscosity of pure I-propanol at 200°C, 250°C, 300°C and 350°C are 0.0124,
0.0135, 0.015 and 0.0162 cP, respec 1)7 The viscosity of pure air at 200°C, 250°C,

300°C and 350°C are 0.0248,0.0 \\\o‘ }ﬂ 0.030 cP, respectively [Perry (1973)].

—d

At 200°C ;
AT
7R ) S
‘ 0.04x00124 7 096x00248 2£.237x10" kg /
o = _ﬁ L ——— i U 0 S T Y L el X nr—se
f 0.04+0,96 x ‘t{--—--:__ L.O0d % 2.11¢ . \‘ & e

0.0265 60 2,086
0.0135 A 29

&y, =o.514(



0.04x0.0135 4 0.96 % 0.0265
0.04+0.96x0.514  0.96 +0.04 x2.086

b =.{1+(09602|655]w[_§:3]wJ:
- )

by = 0.52( oS ][39] =2.043

Hin T

=0.2.54¢/” = 2.540x 10 *kgr/ mi - sec

At 300°C -

=0.52

0015 A\ 29

0.04%0.005 /. 0:96%0.0265
0.04+096x052° 10.96-+0.04 x2.043

A

=0.0274cP = 2.7407 kg / 1 - sec

e, LT
-2

by, =0.525] 2030 §J=2.011
0.0162 A 29

=0.525

0.04%0.0162 N 096x0.030

, =0.0288c/ =2.88x10"" kg / m —sec
0.04+0.96x0.525  0.96+0.04 x 2011

m =

Coleularion of diffusion coefi

Diffusion coefficients for binary gas system at low pressure calculated by

empirical correlation are proposed by Reid (1988). Wilke dlld Lee method is chosen
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to estimate the value of Daj; due to the general and reliable method. The empirical

correlation is

[3.03 —%%S-J(lo"’)rm

AB

PMﬁGjBQD

D, =

where D g = binary diffusion coefficient el /8
T =temperature;K

Ma , Mg = molecular weightsof A and B ,&/mol

P = pressure,bac
o = characteristic lengtli°A

Qp = diffusion collision integral , dimensionless

The characteristic Lennard-Jones energy and Length, ¢ and o

and propane are as follows: (Reid,1988)

For C3 H ,OH 26 (€3 H ;0H) =4)549 A, le-/k =576 7
For air o (ai) =3711°A, £/k=78.6

The simple rules are usually employed.

_0at0s _4549+3.711

a
A8 2 2

2
L =[€Zf“J =(576.7x78.6)"* =212.9.

4.13

, of nitrogen
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Q) is tabulated as a function of kTfe for the Lennard-Jones potential. The

dccurate relation is

0 ) _ A " C + o ' G
T ) exp(DT) ep(FT) expli )

where T’ = ...E.. , A =1.06036, B = 01560 , C =0.19300, D = 0.47635 , E=

€48

1.03587, F = 1.52996 /G = ].764-7'4 , H=3.894]11

Then T" = 23 _ %4 450000
212.9
T = 22 4 2456 at 200°C
212.9
T = 283 2A69F at 200°C
212.9
T = B e
212.9
1.06036 0.19300 1.03587 1.76474
QD = v* 0 SELD T . = . + .
(Tt exp(0.47635T")  exp(1.529967; ) exp(3.894117")
Q, = 1.038 ; 200°C
Q, = 1.006 : 250°C
Q, = €979 306°C

Q, = 0.956 ; 350°C
With Equation of Dag,

(:a.o:;——o;gﬁ—J(lo*3 )473°"2

At 200°C : D(C3H,0H-air) = A
1%x3024%° x4.13% x1.038

3.01x10°% m¥/s
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0.98 2
(3.03 30 294“5 ](10"-‘)523”_-

1x30.24°* x4.13°% x1.006
3.62x10° m¥/s

At 250°C : D(C;H0tH-air)

0.98
3.03 -—= 107%)573%/2
( 30.24% J( )

1%30.24"° x4.132 x0.979
4265107 m¥/s

At 300°C : D(CsH,OH-air)

0.98
303-— 1077)623%2
[ 30.24% ]( )

1x30.24%° %4.13%2 %0956
5.04x[07 m?/s

At 350°C : D(C3H,0Hai)=

il

Reactant gas'mixulirewas supplied at 100 ml/min. in tubular microreactor used

in the 1-propanol oxidation system at 30°C

I-propanol flow rate through reactor = 100 mifmin. at 30°C

\ 0x10° x30.24x10
The density of 1-propanol , o = 019, x| =1216kg/s
8.314(273 +30)

-6
Mass flow rate = ].216(£q§;—0—J= 2.03 x10° kg/s

Diameter of quartz tube reactor = 6 mm

m(6x107)*

Cross-sectional aréa of tube reactor (= =12/83x10” m?

2003 %105
2.83x107°

Catalysis size = 100-150 mesh = 0.178-0.126 mm
Average catalysis = (0.126+0.178)/2 = 0.152 mm

Mass Velocity , G'= =.0072 Kg/m*s

Find Reynolds number, Re, , which is well known as follows
d,G
Rep =
7
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We obtained

_(0.152x107 x0,072)

At 200°C : Re, 2 =0.459
' 237x10"
0.152x107 x 0,072
AL250°C ; Rep= SL2X107 X0072) _, 1o
2.54x107
0.152x107 x0.072
AL300°C : Re, = SD2X100 X0072) [ 45
2.74x10
0.152%107 % 0,072
AL350°C : Re, = 20 X0072) 50
3 Qo7

Average transportCogfficienl between the bulk stream and particles surface
could be correlated indterms of dimensionless groups which characterize the flow
conditions. For mass transfer the Sherwood aumber, kmp/G | is an empirical function
of the Reynolds number, d;G/p ) and the'Schmit number , WpD. The j-factors are
defined as the following functicus of the Schmidt number and Sherwood numbers:

Jonal [“—“)(mpa)“’
G _ia

The ratio (a,/a,) allows for the possibility that the effective mass-transfer area
a,, may be less than the total extérnal area, ay, of'the particles._ For Reynolds number
greater than 10,\the following|relationship betweencjp and the Reynolds number well
represents available data.
0458 (la ;G 47
€y ( # J

D

where G = mass velocity(superficial) based upon cross-sectional area of empty
reactor (G = up)
dp= diameter of catalyst particle for spheres
H = viscosity of fluid

p = density of fluid
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ep= void fraction of the interparticle space (void fraction of the bed)

D

Assume eu=0.35

At 200°C ; j, _0458 (0.459)™"%7 =1.257
At 250°C ; j, =9;—58(0 429)“”‘” 1292
At300°C ; j, ..$(o 398) 0% =] 333
At350°C ; j, = 00458 37177 =\1.362

molecular diffusivity of component being transferred

A variation ©f thé fixed bed reactor is an assembly of screens or gauze of

catalytic solid over which the reacting fluid flows. Their correlation is of the form

k
R

Where ¢ is the porosity of the single screen,

Hence, k,, =

0.458G
kn= (

Find kg, &

JoO
i

J(ﬂ ! pD)™*"?

]Re-ﬂ.‘w? Sc-21'3
€0

AL200°C, ko = (
0799

At 250°C, k,, = [
0.705

At 300°C, k,, = (
0.643

12567 x0.072

1.292x0.072

1.333x0.072

J(o.54 1) 1=00174 mys
)(0.601)“”3 =0.185m/s

J(0.663)'“2” =0.194 /s



AL3S0°C, kyy = [ 138220072} 5o3y-255 - 5205 s
0.592
Find Schmidt number, Sc¢ : Sc= £
pb
37x107°
AL 200°C : Sc= — =37 %10 = 0.541

" 0.779x3 01%10° .

54107
AL250°C : Sc= ——20X DL 6o
0,705 x 362107
. g4 407
At300°C ; Se= — 280 g
0.643x426%107°
5
AL3SOC : Se= ——2X18 — o a0s

© 0.502x5.04%107
Properties of catalyst

Density = 0.375 g/ml catalyst
Diameter of 100 150 mesh datalyst panicte 70152 fmin

7(01152x1074)> x0.375
6.

Weight\per catalyst particle = =6.895x107 g/particle

External surface area per particle = 7(0.152x107)? = 7.26 x10™* m¥panticle

7.260%x107* -
ay = —x-]-—-—;= 1.052x10™" m*/gram catalyst
6.895x10"

Volumetric flow rate of gaseous feed stream = 100 ml/min

1-Propanol molar feed rate = 0.04x6.62x10° = 2.65x 10" mol/s

83
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The estimated rate of I-propanol oxidation reaction is based on the ideal plug-
flow reactor which there is no mixing in the direction of Mow and complete mixing
perpendicular to the direction of flow (i.e., in the radial direction). The rate of reaction
will vary with reaction length (L). Plug flow reactors are normally operated at steady
state so that properties at any position are constant with respect to time. The mass

balance around plug flow reactor becomes

Fao ——> (]] L Q =T (1-x)

For 1-propanol oxidaiion o 4C0-Mg-O catalyst, conversion (x) is 0,55 at 300°C.

{rate of iinto } { fateof jout of } { ratcof production of i within}

volume element volume elemnent the volume element

rate of accumulation of § within
the volume element

Fao = Fao(1-x)# (rvW)
(rwW) = Fao - Faof}= x)=Fao X

-6
AL 300°C, r = ZEX _ 265x107 %055
W 01

At steady state the “external transport rate Mmay. be. written in terms of the

= 1457 x 10 mol/s - gram catalyst

diffusion rate frém the bulk|gas to'the surface. The expression Is:
Tobs = Kmm(Cs - Cs)
_(1-Propanol ¢onverted {mole)
h (time) (gram of catayst)

where C, and C, are the concentrations tn the bulk gas and'at the surface,

respectively.

' : 457x107*
At300°C, (Co-Cs) = 2 o TATXI0T
knéin ~ 0.194x1.05x 10

At 200°, X = 0.20, 1 5, = 5.30 x 10" mol/ s.cat, Cyp-Cy =2.90 x 10" mol/m’
At 250° x = 0.39, 1 5, = 1.03 x 10°° mol/ s.cat, Cp-C. = 5.30 x 10" mol/m?

= 7.15x10™" mol/m?



At 300°, x = 0.55, 1 ooy = 1.45 x 10" mol/ s.cat, Cy-C, =7.15 x 10" mol/my”

From C,, (propane) = 1.59 mol/ny’®

Consider the difference of the bulk and surface concentration is small. it
means that the external mass transport has no effect on the 1-propanol oxidation

reaction rate.
2, Internal diffusion limitation

Next, consider“the intetual diffusional limitation of the 1-propanol oxidation
reaction. An effectiveness factor, 'm, was defined in order to express the rate of
reaction for the whole catalyst, pellet; r,, in terms of the temperature and

concentrations existing at the outer surface (Smith, 1981)as follows:

actual rate of whole petiet L
rate evaluated at ogter surface conditions Is

The equation for the local rate (per unit.mass of catalyst) may be expressed

functionally as
r=fC,T)

where €< represents, SymbdliCally) thie concéntrations of all the involved

components. Then
=16 = 40C, T)

Suppose that the 1-propanol oxidation is an irreversible reaction A—B and
first order reaction, so that for isothermal conditions r = f{C») = k,C,. Then Iy = ki
(Ca)s |

For a spherical péllet, a mass balance over the spherical-shell volume of

thickness Ar. At steady state the rate of diffusion into the element Jess the rate of
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diffusion out will equal the rate of disappearance of reactant with in the element, This
rate will be p, k;C, per unit volume, where Pp is the density of the pellet. Hence, the

balance may be written, omitting subscript A on C,

G
b ——\—Cs

\E_ 3

Figure Bl Reactant (A) concentration vs. posiiion for first-order reaction on a

spherical catalyst pellet.

[—4m2De£{-(—:) -(-4ﬂr2Ded—C-) = —4ar Arak(C
dr ar /ey Ar
Take the limit as Ar — 0 and assume that the effective diffusivity is independent of
the concentration of reactant, this difference equation becomes

di024€9 kg 7

0
dl"z rdr Dq¢ ,

At the centerof the pellet symmetry, requires

E =Q0atr=0
dr

and at outer surface
C=Cyatr=r,

Solve linear differential equation by conventional methods to yiefd

r. sinh(3¢ .—'J

N

c.
C.  rsinh 3¢,
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where ¢.is Thiele modulus for a spherical pellet defined by ¢, = _;'"Illclljﬁ

Both D, and k{ are necessary to use I = nki(Ca) . D, could be obtained from the
reduced pore volume equation in case of no tortuosity factor.
D. = (£’Dau)
At 200°C, D, = (0.5)* (3.01x107%) = 7.53x 106
AL250°C, D, = (0.5)* (3.62x10) = 9,045 10
AL300°C , D, = (0.5) (4.26x10%) = 1.06510°

Substitute radius of catalyst'pellet . r, = 0,107x 10 in with ¢ s equation

,at300°C

) 0.076x10%m fk(m3/s-kgcal.)xlOOO(kg/m’)
T )

3 £06x107°(m? /s)

¢s=0246Jk (dimensionless)

Findk from the mass balance equation around plug-flow reactor.

_ FAudX
dw

where 1, = kC,

FAodx
Thus, kCa =
U AT W

KCao(1-x) = F“:s"

0.55

FA:)
W= 22 [ to(le 0l =
e ook, K

FAo
WCAO

_ 2.65x10%(mol/5)
0.1%10% (kg) x1.03(mol / m*)

(-In(045))

k=

(-In(0.45))

(-In(0.45)) = 1.67 x 10" m"/s - kg catalyst

Calculate ¢ ga= 0.24642.05x107 =13.53x]0"2



HH

At 200°C, conversion (x) = 0.20, k =0.00037m"/ s-kg catalyst, ¢, = 1.50 x 107
At 250°C, conversion (x) = 0.39, k =0.00820m"/ s-kg catalyst, ¢, =2.23 x 107
At 300°C, conversion (x) = 0.55, k = 0.00167m"/ s-kg catalyst, ¢, =3.28 x 10?2

FFor such small values of ¢. it was concluded that the internal mass transport has no

effect on the rate of 1 -propanol oxi

J
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APPENDIX C

CALIBRATION CURVE

Flame ionization detector gas chromatographs, model 14A and 14B, were used
to analyze the councentrations of oxygenated compounds and light hydrocarbons,
respectively, 1-propanol, propanal and formaldehyde were analyzed by GC model 14A

while methane, ethene, propane and propefie tveré analyzed by GC model 14B.

Gas chromatographWith the thermal conduetivity detector, model 8A was used
to analyze the concentrations of ‘CO, and CO by using Porapak QS and Molecular

Sieve SA column, respeciiVely.

The calibration” cufves of methane, ethene, propane, propene, 1-propanol,

formaldehyde, propanal, €0 and CO; are illustrated in the following figures.
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Calibration curve

gmole of methane

Figure C1 The calib
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APPENDIX D
DATA OF EXPERIMENTS AND SAMPLE OF
CHROMATOGRAM

Appendix D is divided in two part;
1. data of TPR experiment and the oxidation reaction

2. Chromatogram of hydrocarbon, CO, and'C@,

1) data of TPR experiment and the oxidation reaction

In this section, data of #PR_ekperiment and the oxidation reaction are listed as below
D1 Data of TPR expegiment

Table D1 Data of figuse 5.9

Temp H; Temp H, Temp H, Temp H:
(°C) (au) (°C) (au) (°O) (au) (°C) (au)
50 130 220 725 | 390 1300 | 560 2850
60 190 230 760 | fao0. 1325 | S0 2920
70 240 | 240 810 | 410 1345 | sso 2875
80 290 250 830 | 420 380 | 590 2845
90 375 260 870 | 430 100 | 600 2810
100 415 270 900 | 440 1425 | 610 2700
10 450 280 945 | 450 1436 | 620 2610
120 290 2909 | 7985 0[] 9460~ €1 1650, | 630 2500
130 450 300 1010 | 470 1790 | 640 2475
140 520 310 <1034 | § 24807 9/1950 7 26561 2465
150 550" " 520 © V06| 400 © 200 | Ceeor  aans
160 580 330 1099 | 500 2385 | 670 2400
170 600 340 1120 | 510 2490 | 680 237
180 630 350 1185 | 520 2590 | 690 2345
190, 655 360 1215 | 530 2600 | 700 2300
200 685 370 1245 | s40 2700

210 700 380 1270 | 550 2775




Table D2 Data of figure 5.10

Temp Ha Temp H; Temp H; Temp Ha

(°C) (au) (°C) (au) WY (au) °C) (au)
50 130 220 725 390 1300 560 2850
60 190 230 760 400 1325 570 2920
70 240 240 810 410 1345 580 2875
80 290 250 330 420 1380 590 2845
90 375 260 870 430 1400 600 2810
100 415 270 900 440 1425 610 2700
110 450 280 945 450 1436 620 2610
120 470 290 985 + 460 1650 630 2500
130 490 300 1010 470 1790 640 2475
140 520 310 1034 480 1950 650 2465
150 550 320 1065 490 2100 660 2425
160 580 - | £330 << 1099 500 2385 670 2400
170 600 340 1120 510 2490 680 2375
180 630. | 350 1185 | 520 2590 | 690 2345
190 655 360 1215 530 2600 700 2300
200 685 370 1245 540 2700

210 700 380 1270 550 2775




Table D3 Data of figure 5.11

Temp H, Temp H, Temp H; Temp Ha
‘O (au) °C) (au) °C) (au) C) (au}
50 133 220 780 390 2260 560 4520
60 192 230 826 400 2350 570 4620
70 236 240 863 410 2440 580 4700

80 271 250 920 420 2528 590 4820
90 306 260 973 430 2618 600 5000
100 338 270 1064 440 2730 610 5070
110 372 280 1163 450 2800 620 5130
120 404 290 1255 460 2950 630 5200
130 440 300 1327 470 3200 640 5240
140 467 310 1370 480 3300 © 650 5290
150 501 320 1430 490 3420 660 5350
160 547 330 1505 500 3600 670 5410
170 588 340 1623 510 3800 680 5460
180 630 350 760 520 3940 690 5500
190 666 360 1900 330 4150 700 5540
200 704 370 2030 540 4320

210 745 380 2150 350 4420




D2 The data of oxid:ition reaction test

- Propane oxidation

Table D11 Data of figure 5.16

Temp | % Propane | % CO, | % Methane | % Ethene { %Propene | % Olefin
Q) | (© (8) (S) (S) (S) yield
300 0.00 0
400 0.08 99
425 0.76 100
450 1.52 100
475 2.00 99
500 5,00 99

Table D12 Data of figure 517

Temp | % Propane | % CO2 1% Methane) % Ethene | % Propene | % Olefin
(°C) © (S) (3) (S) (S) yield
300 0
325 0
350 1 100
375 4 100
400 7 100
425 50 70 4 30 8 19
450 57 65 4 32 9 23
475 65 60 4 32 10 27
500 70 55 6 34 1l 31




Table D13 Data of figure 5.18

99

% Olelin

Temp | % Propane | % CO; | % Methane | % Ethene | % Propene

0 (€ () (S) (S) (S) yield
300
350 3 100

375 5
400 26 | 0
425 80 1 5
450 89 2 10
475 92 ] 7
500 93 I 9
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- [-Propanol oxidation

Table D14 Data of figure 5.19

Temp ("C)| 1-Propanol CO, Propanal Ethene | Formaldehyde
© (8) (8) (S) (8)

100 1 0 100
150 2 0 100
200 5 1 100 0
250 10 3 95 3
300 42 38 0 6
350 71 . 56 0 8
400 94 70 0 0 2
450 o8 82 0 20 39
500 99 95 0 0 20

Table D15 Data of figure 5.20

Temp (°C){ 1-Propanol CO, Propanal Ethene | Formaldehyde

© (3) {3) (S) (S)

i00 1 100
150 3 3 100
200 i9 8 85 3
250 38 16 7 5 2
300 55 52 0 8 10
350 80 68 o 18 3
400 95 86 0 6 0
450 100 95 0 0 0
500 100 100 0 0 0




Table D16 Data of figure 5.21

Temp 1-Propanol CO, Propanal Ethene | Formaldehyde
°C) (9 (S) (8) (S (S)
100 1 0 100
150 2 0 100 0 0
200 3 7 80 5 8
250 40 50 30 0 12
300 75 70 10 0 0
350 98 90 0 0 0
400 100 95 0 0 0
450 100 100 0 0 0
500 100 100 0 0 0

Table D17 Data of figure 5.22

Temp 1-Propanol CO Propanal Ethene | Formaldehyde
(°C) (©) () (S) (8) )
100 ) 1 100 0
150 3 2 100 5
200 12 10 80 22
250 45 57 0 0 13
300 g5 77 0 0 8
350, 100 98 0 0 0
400 100 99 0 0 0
450 100 100 0 0 0
500 100 100 0 0 0

101



- Propene oxidation

Table D18 Data of figure 5.28

Temp Propene CO;
¢c) (©) (S)
100 0
150 0
200 0
250 .0
300 3 100
350 75 99
400 79 100
450 88 99
500 100 100

- CO oxidation
Table D19 Data of figure 5.29

Temp CO CO;
°C) © (S)
100 d
150 4 100
200 30 99
250 80 100
300 100 99
350 100 100
400 100 99
450 100 100
500 100 100

102



Sample of chromatogram

103

In this section the chromatogram of reactant and reaction product are shows

below:

2.1 Chromatogram of methane, ethene, propane, and propene

The low molecularweight hydrocarbons such as methane, ethene, paopane,

and propene are detected by.Gas Chromatograph GC 14B. The chromatogram of

each hydrocarbon occurat'difieérent time as show in figure D1

Methane #0974 min
Ethene : 3450 win.
Propane © 80020 min
Propene ¢ 142 “min.
r”-’f

.’//

—

Figure D1 The chromatogram of hydrocarbons.

0.97 min

: 3.;15' ‘min.

1 8.02 min

14.2 min.
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2.2 Chromatogram of 1- prepanol, propanal, and formaldehyde

The Chromatogram of oxygenate compounds such as i -propanol,
prophnai, and formaldehyde detected by Gas Chromatograph GC 14A are

showed in figure D2 below.

4.54 min.
* 552 min.

g

-

Y]
1ate compounds.
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2.3 Chromatogram of CO and CO;

Air, CO, and CO» are detected by Gas Chromatograph GC 8A. The

chromatogram of air, CO and CO, are demonstrated in figure D3 below.

ak-Q column)
@column)

=

Air 0.78 min, (Por
CO, i
CO

1056

-

]

A BRUURNIGRAT
ANRINTUNINENAE

0.78

mi
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30950 3 HUAAE WNo-agilin (-ALO,), winwd@anaan losd
(MgO) uag e (1io, anatese) e TR senBindi
10aMNTIN ANNAMRASINIEG 50T TN Axd]
Awaesta lun maEiAiie endgnugil 200-500°C T
AdeshlinTsLg e senTieduun lausafasn iy
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Effect of supports on the oxidation property of cobalt oxide

Wanida Youngwanishsate, Tharathon Mongkhonsi*
Petrochemical Engineering Laboratory, Department of Chemical Engineering,

Chulalongkorn University, Bangkok 10330 Thailand,

*Tg whom correspondance be addressed

Abstract

Propane oxidalion has been performed on cobalt oxide
supported on ¥-Al,O5, - MgC and Ti0; (anatase). The supported cobalt
oxide has been found-aciive for propane oxidation at temperature 200-
500 °C. From the  experiment the eatalylic aclivity for propanc
oxidation of the cobalt species on different supports decreases in the
orders  y-ALO; > MgO > TiO; (anatase) and Lhe product selectivity
depend on he nature of support. The products from S%Cogoqu-.Ale;
are CO,, CO, CH,, C;H, and CHs, 8%Co304/MgO are CO,, CHy,
CyH, and C;H; and 8%C0;0./TiO, (anafase) are CO; and C3Hs. The
highest olefin yields of ca. 35% al 500 °C has been obtained for
8%Co;04/MgO calalyst. .

Keywords:” Cobalt “oxide; Magunesium “oxide, “Fitania, - propane

oxidation
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1. Introduction

Oxidation of organic vapor in the presence of solid catalysts has gained
importance as one of the promising methods for organic synthesis and air pollution
control. To develop new transition-metal based catalytic materials, knowledge of the
reaction is desirable. In the cases of the selective oxidation reactions over metal oxide
catalysts the so-called Mars-van Krevelen or redox mechanism has been widely
accepted, where the oxidized catalyst surface-oxidizes the reactant, and is reoxidized
by gas-phase O; in a separate-step. The active oxygen species in selective oxidation
are generally assumed 16 be faitice oxide O%* gspecies [1]. For the oxidative
dehydrogenation of prepane to propylene over magnesium molybdate catalysts, the
Jattice oxide jons of catalysi/surface acted'as active oxygen species in the reaction {2].

Cobalt oxidés have been interested materials in the field of heterogeneous
catalysis and surface chemistry. Among the binary metal oxides Co3Os4 showed the
highest catalytic activity for tiie combustion of organic compounds {3]. Cobalt oxide
supported on alumina catalysts-actived for total oxidation of methane [4]. Sinha and
Shankar have investigated ihat toial oxidation of n-hexane, presented in lean
mixtures, was carried ot on cobalt oxide catalysts supported on silica gel and found
that the activity of several catalysts-depended-on theii method of preparation {5].
Okamoto et.al found that cobalt oxide supported on Al;0; catalysts prepared from
cobalt acetate show higher cobalt dispersion than catalysts prepared from cobalt
nitrate [6]. CosQa has been found more active_than MgCr,04, CuO and MnyO4
catalysts for propane oxidationoMars-vanKrevelen mechanism, impling lattice oxide
ions as the,active oxygen species, was likely to* apply to both~partial and total
oxidation [7,8]. 'Grabowski et al. [9]chave investigated that oxidation of butane over
chromia supported on Si0;, AlO;, TiO,, ZrO; and MgO. The total activity and
selectivity to isobutene depending on the nature of the support.

In the present work, we have investigated effect of supports on the catalytic
property of cobalt oxide supported on y-Al,0s, MgO and TiO; (anatase). The
catalysts were characterized by Atomic Absorption Spectroscopy (AAS), Fourier-
transform Infrared (FT-IR) and X-ray powder diffraction (XRD). Catalytic activities

of catalysts have been tested for oxidation of propane.
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2. Experimental
2.1 Catalyst preparation

Cobalt oxide supported on y-AlO;, MgO and TiO; (anatase) were prepared,
containing 8% of cobalt content . ‘ :

8%C0304/y-Al;0; catalysts were prépared by impregnating y-Al,0; (mesh 40-
60) with an aqueous solution of cobalt acetatt (Co(€CH;CO0),-4H,0). The amount of
the aqueous solution was-adjusted.to be 0.5 e’ per gram of y-Al,0,, left 6 h at room -
temperature. The solidWeredued at 120 °C for 12 b, then calcined in air at 500 °C,

8%C0304/TiQg" (anatase) fand 8%Co30i/ MO were prepared by wet
impregnation method in which the eatalyst slurry was evaporated to dryness at 70-
80°C over a water bath with vigorous stirring.  After the catalyst precursor had been
dried at 120 °C for 12 h it was calcined at 500 °C for 8%Co030,/TiO; (anatase) and
600 °C for 8%C0304/Mg0, respectively.

2.2 _Characterization _techniques

2.2.1 Atomic absorption spectroscopy (AAS)

Percentage of ymetal) cobalt) Joading was® measured by atomic absorption

spectroscopy (AAS).
2.2.2 Powder X-ray diffraction (XRD)

The phase structures were determined by X-ray diffraction. A Siemens D

5000 X-ray diffractometer using Cu Ko filtered radiation in the range of 4-80 *.
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2.2.3 Fourier transform Infrared (1F1-1R)

The IR specura of catalysts were determined by FT-IR using Nicolel model

Impact 400.equipped with a TGS detector.

2.2 Catalytic activity tests

Propane oxidation reaction was peiformed in a continuous flow fixed-bed
reactor equipped with a guartz-tubular reactor (9 mm. O.D.) at atmospheric pressure,
The feed composition was 4 moi’ of propane and 96 mol% of air in the temperature
range of 200-500 °C.

Approximately, 0.4 g/ofcatalyst was used and the temperature was measured
with  a thermocouplé logated just below the catalyst bed. The total flow-rate into
the reactor was 100 ml/min,

CO; and CO were alternately analyzed on-line by a Shimadzu GCBA gas
chromatograph equipped with"a-thermal conductivity detector, a SA molecular sieve
column for separating CO and a Polapak-Q column for CO, While hydrocarbons

were analyzed by flame-ionization-deieciorgas-chromaiograph Shimadzu 14B.
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3. Results and discussion

3.1 Catalyst characterization

The chemical composition and specific surface area of the catalysts are listed

V//

\

in
table 1.

Table 1. List of the camlys/-—

Co;0, II
[ 60 ’Ii@ﬁ 1&\\\\

r\‘

of‘ pported catalysts show only the

The X-ray diffraction pa
7

crystaliine of support and Ii of supported catalysts show only

absorption bands of supp heir low concentration of cobalt

oxide content .
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8%C0,04/AL0,

8%L0:0,/TO, (anatase)

o

Wy
1 v L) T ! 1
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Wave muimber{en-1)

Fig. 1. FTIR spectraof suppertad cobalt oxide catalysts.

8%Co,0,/T1O,(anatase)

8%Co,0,/MgO

8%Co,0,/ALO;

] J ] T T

20 30 40 50 60 70 80

2 theta

Fig. 2. X-ray diffraction pattens of supported cobalt oxide catalysts.
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3.2 Propane oxidation
- 8%6‘0_;04/}/-,4!303

The behavior of 8%Co3;04/y-Al;0; as a catalyst for propane oxidation in CiHy
. Air mixtures is showed in fig. 3. The conversion of propane becomes measurable in
the 200-500 °C range. The maximum propane conversion is ca.90 % at 500 °C.

The main products are CO and COyWitirsmall amount of methane, ethylene
and propylene as by products. During 350-500 °C the olefin yield remain constant ca.
17 %.

The sum of seleciiVitiés fulfils 100 % wathin uncertainty limits; showing that

the carbon balance 15 actual fulfilied.

100

80

70 \ ﬁ/ ~~ C3H8 ()

s0 —=%=CO (5)
== C02 (5}
20 [

AT - (5

=X CZH4 (S)

40

s5Conversion-24Selectivity

30

y—""" —8— C3H6 (5)
20

. o G D U

200 260 300 350 400 450 500 550

Temperature o)

Fig.3. Conversion (C) of propane and product selectivities (S) on 8%C0;0./y-ALO;,
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Fig. 4. Conversion (C) of propane aiid produet selectivities (S) on 8%Co;0./MgO.

- Propane oxidation on-8%Co:0/MgO

From fig. 4 the conversion-of piopane-over-8%C0104/MgO becomes detectable
at 400 °C. The maxumum propane conversion is ca. 70 % and the maximum olefin yield
is ca. 32 % at 500 °C. |

The main prbducts are COy and ethylene=with methane and propylene are by

products. No CO is measured among the praducts.
~ Propane oxidation on 8%Cao;0 4 TiO; (anatase)

From fig. 5 conversion of propane becomes measurable at 250 °C. At 500 °C

the maximum propane conversion is ca. 20 %. The highest selectivity to propylene is ca.
55 % at ca. 1% conversion at 250 °C. '

The main’ product observed are CO; and propylene and small amounts of

ethylene is detected.
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Fig. 5. Conversion (C) of propane mid- product selectivities (S) on 8% Co304/TiO-.

From 8%Co304/y-Al;G5 when the propane conversion increase, the selectivity to
propylene decrease. In contrast™ the selectivity to CO increase. Such a behavior for
propane oxidation reaction-may-be-due-to-the-mechanism of the formation of CO from
the intermediate product-propylene. On the other hand, for CO,, methane and ethylene
form in parallel route with the formation of propylene,

8%C0304/MgO during 400-425 °C the €0, selectivity decreases significantly
whereas the methane. ethylene, and propylene selectivities increase. After 425 °C all
product selectivities remain constant. From these-data allow us‘te” propose tentatively
the pathway that/all products form in parallél route.

8%C0304/TiO: (anatase) propylene selectivity decreases and CO, selectivity
increases with increasing propane conversion. Such a behavior may be due to the
consecutive mechanism of the formation of CO, from the intermediate product-

propylene.
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4, Conclusions

The conclusion from the present study are the following.

(1). Catalytic performance of supported cobalt oxide depend on the nature of the
support. The catalytic activity for propane oxidation of the cobalt species on different
supports decreases in the order: v-Al;Q; > MgO > TiO; (anatase).

(2). Product selectivity from propane oxidation are different depending on the
type of support. |

(3). The highest'6lefin yield ca. 35 % have been found for 8%Co;04/MgO.
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