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APPENDIX A
CALCULATION OF CATALYST PREPARATION

A .l Calculation for the preparation ofthe 5VTi catalyst

The aqueous solution used for catalyst preparation consists of 04 wi%
NHaVOs. The volume of this solution is designed to be 50 ml, hence NHaVOs and
HX) are weighted for 0.2 and 49.8 gram, respectively.

0.2x50.9414
11698

00871 g

0,0871
50,9414

0.0017 mole

0.0871x 181828
101.8828

0155

the amount of Vin 0.2 g 0f NHaVOs

therefore, mole of V

the amount of V calculated as v A s

|fthe weight of catalyst is 100 gram. 5VTi would compose of 5 g of v ) s and
9 g of Ti02 Thus, in this system,

the amount of Ti0, = 2X0:1999

* 20505

A.2 Calculation for the preparation of CO-5VIMgTi, IMg5V Ti and SVIMgTi

catalysts

The calculation for vanadiia loading is similar to the above calculation, except
the calculation of Mg loading. The Mg content is calculated in terms of /Mg atomic



i

ratio which is fixed to be 1/1. Therefore, from the above calculation, the mole of Mg
would be equal to 0.0017 mole.
theamountofMg = 0.0017x24.305

« 0.0416¢

My is impregnated from Mg(N0Os2 solution

thus, the amount of Mg(NOa2 Used 0-04%%%26-41
* 04384

|fthe weight of v 0 s plus Ti021s assumed to be 100 gram, thus,

there is magnesium in 5 W% 5 Ti02 = (0155%%%545) x100%

*
1.3%
A.3 Calculation for the preparation of5V2MgTi catalyst

The calculation for 5V2MgTi preparation is the same as 5VIMgT but the
VIMg atomic ratio is changed from /1 to 2/3

therefore, the mole of Mg -1« 00017

0.00256 mole
the amount of Mg used = 0.00256x24.305
« 00623 ¢

0.0623x256.41
thus the amount of Mg(NOs2 2%.305

* (6576 ¢

there is magnesium in 5V2MgTi 0 155?5()?22?95 ) X100%

2.0%
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A.4 Calculation for the preparation of 3V2MgTi catalyst

The vanadia aqueous solution consists of 0.2 wt% 0fNHaVOs. The volume of
this solution i 50 ml. Thus it composes of 0.1 g of NHaVOsand 49.9 g of HA.

theamountof Vinthe catalyst = 0-”{?8-35114

00435 g

0.0435
50,9414

0.00085 mole

0.0435x 1818828
101.8828

007779

the mole of V

the amount of V calculated as v ) s

I the catalyst is assumed that it composes of only V20s and Ti02 In 100
gram of catalyst, it would compose of 3 g of vA)s and 97 ¢ of Ti02 (3
Wt%v0 4 Ti02. Thus, inthis system;

the amount of Ti02 =y .00

« 25123 ¢

Then 2 wt %of Mg is added onto the catalyst (when the weight of VA s plus
TiOl is calculated as 100%).

the amount of Mg in SV2MgTi - = 0,02 00777+ 25123)
00519 g
the amount of Mg(NOsoUsed = 0-05%%%%6-41

05473 ¢
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A.5 Calculation for the preparation of 10V2MgTi catalyst

The step of calculation of 10V2MgTi is the same of 3V2MgTi, except the
amount of V20s Is changed to 10 wt% However, the amount of Mg s still 2 wt%
The volume of vanadia aqueous solution is 50 ml which have 0.2 g of NHaVOs and
49.8 gof HA. Thus, from the calculation for the preparation of 5VTi catalyst, the
amount of v 2 515 0.1555 ¢

thus, the amount of Ti02 -0 orsss

1399 ¢
0.02x(0.1555+1.3995)
« 00311

the amount of Mg(NOay2 Used 0-03%%%%6-41

03286

R

the amount of Mg

>



APPENDIX B

CALCULATION OF DIFFUSIONAL LIMITATION EFFECT

In the present work there is doubt whether the external and internal diffusion
limitations interfere with the 1-propanol oxication reaction. Hence, the kinetic
parameters were calculated based on the experimental cata o as to prove the
controlled system.  The calculation is divided into two parts; one of which is the
external diffusion limitation, and the other is the internal diffusion limitation.

B l. External diffusional limitation

The I-propanol oxidation reaction is consicered to be an irreversible first
order reaction occurred on the interior pore surface of catalyst particles in a fixed bed
reactor. Assume isothermal operation for the reaction.

In the experiment, 4% 1-propanol in air was used as the unique reactant in the
system. Molecular weight of 1-propanol and air are 60 and 29, respectively. Thus,
the average molecular weight of the gas mixture was calculated as follows:

0.04x60 + 0.96x0.29
024 gl

Mab

Calculation of reactant gas density

Consicler the 1-propanol oxidation is operated at low pressure and high
temperature. We assume that the gases are respect to ideal gas law. The density of
such gas mixture reactant at various temperatures is calculated in the following.



\We obtained : p = 0.779 kgm
p = 0.705 kgm
p = 0.643 kym

p =059 kgm:

Calculation of the gas mixture viscosity

81

atT = 200°C
atT = 250°c
aT =300
aT = 350°

The simplified methods for determining the viscosity of low pressure binary
are described anywhere [Reid (1988)). The method of Wilke is chosen to estimate

the gas mixture viscosity.

For abinary system of species 1and species 2

Io=_~ 4= N
TI+t272 y2+yAl

where pm=viscosity of the mixture

MI, Pi = pure component viscosity
y1,y2 = mole fractions

=
81—
M2
o | H | ML
¢Zl _¢12[,U|IMZJ

M[,M2 = molecular weight
Let 1 refer to -propanol and 2 to air
Mj = 60 andM2=29
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From Perry [Perry (1973)] the viscosity of pure I-propanol at 200°c , 250°c , 300°
and 350°c are 0.0124, 0.0135, 0.015 and 0.0162 cP, respectively. The viscosity of
pure air at 200°c, 250°c, 300°c and 350°c are 0.0248, 0.0265, 0.0285 and 0.030 cP,
respectively.

1+ T0.0124y /2 29V

A
At 200°C 02 = VO (248 ?19 =0.510

1V 29)

02 ( .§§0{2‘L§ y7 210

DOMO0I . 096400248 _
= 004+0.96x0510™ 0.96 +0.0x2.110 = 00237 CP =237 10 skg/m- sec

f001353/2f29 I

At250°C : 02 = \/00265 1/20 =0514

I+§9
0z (18:8%@ f60) =208

00400135 . 0.960.0265 my_
= 004+0.9640.514* 1.96+0,04x2.085 = Q024 P =254 10%kgm- sec

(005 /29
M e DI U0
/1 + ?g
oYL
=052 GERYEL <20

0040015, 09600265 i
= 04+0.96x0.52 * 196 +0.04x 043 = S0P =2 1AXI0skgm- s



33

100162y v 29}“

NEPC: - +{0'3303U‘ °) 2055
8L1+5)

By = 0.525( L Xf’g) =2.011
0.0162 A 29

00400162  096x0030 v
V= 0,04+ 091 0525 + 0,96 +0.04y 2011 = 00289cP =289 XI0-skg/m- sec

Calculation of diffusion coefficients

Diffusion coefficients for binary gas system at low pressure calculated by
empirical correlation are proposed by Reid (1988). Wilke and Lee method is chosen
to estimate the value of Dab due to the general and reliable method. The empirical

correlation is

(3.03 - &?f j(w")rl'2

_ AB
AB T y2 .2
PM ;0.0

where Dab = binary diffusion coefficient,cm?2s
T = temperature, K
Ma,Mb = molecular weights of A and B, g/mol

D = pressure,oar
0 = characteristic length,°A
Od = diffusion collision integral, dimensionless
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The characteristic Lennarc-Jones energy and Length, £ and o, of I-propanol
and air are as follows: [Reid (1988)]

For 1-pr0pano| 0(csH70H) = 4549 °A £/k =576.7
For air - o(air) = 3711 °A £/k =786

The simple mles are usually employed.

g - OB 45043 _ o

/ \ 12
fAflk= -Tp-  =(576.7x78.6)2=212.9

QDis tabulated as a function of K/T<s for the Lennard-Jones potential. The
accurate relation is

A C E G
(T*b  exp(DT*) exp(FT*) exp(HT*)

where T = — | A= 106036, B=0.15610, ¢ =0.19300, D= 0.47635,

'AB

E=103587,F=1529% ,G= 176474 ,H= 389411

Then T = 2‘17239 = 2222 & 200%

523 _ 0
7109 ° 2456 at250°C

%= O3 - 0
T 7109 ° = 2691 at300°

623 _ 0
T 27199 = 2.926 at 350°C
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106036 1 019300 « 1037 1 L7474
= (TAUBRD + exp(0.47635T) + exp(152996T*) + exp(3.8041 1)

Qd= 1038 ; 200°C
a D= 1006 ; 250°
nD= 0979 ; 300°

0= 096 ; 350°

With Equation of Dab,

e ook Y L

301xI0s  ma

| :E,og---- 593
At250° - D(CaHOHar) |x30.%§'°%ﬂ>§1).1szx 1006

3.62x10'5 - m2

N _ \;.03---3-?%)5733/2
AL3o0’e : DCHOHaN ¥ 495 xa 139 %0079

426x105  mas

"3.03- 36)291?05 N10"3)62332
1. 30.2405, 4134, 0,956
5041Cs  m2

At350°c : D(CHOH-ar) =

Reactant gas mixture was supplied at 100 mi/mm. in tubular microreactor
used in the 1-propanol oxidation system at 30°C
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1-propanol flow rate through reactor =100 mi/min. at 30°c

The density of i-propanol s, - 10%'§f4(237°3 143:(;)"_'3 = 1216 kgin’®

Mass flow rate = 1.216/\'00&30'6/\ 2.03xi0-6 kgs

Diameter of quartz tube reactor = 6 mm
Cross-sectional area of be reactor = ’Z—: 2.83x10'5 mz

Mass Velocity s G=-T—x10 "= 0072 kg/mas

2.83x 10~5

Catalysis size = 100-150 mesh = 0.178-0.126 mm
Average catalysis = (0.126+0.178)72 = 0.152 mm
Find Reynolds number, Rep, which is well known as follows

Rep= d?tG

We obtained

oo - pan< (0.152x10"3%0.072) _
At200°c : Rep 237 Xi0.0 0.459

s g B

At300°C : Rep= <0'1A2.'7;4;<1|(f‘<’0'072) =0.398

At 350°C Regz /\-L]S%(O)zf@?f Q72) :0377
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Average transport coefficient between the bulk stream and particles surface
could he correlated in terms of dimensionless groups which characterize the flow
conditions. For mass transfer the Sherwood number, km\G, is an empirical function
of the Reynolds number, dbG/p , and the Schmit number, plpD. The j-factors are
defined as the following functions of the Schmidt number and Sherwood numbers:

oo KT (D)

The ratio (am'a) allows for the possibility that the effective mass-transfer area am may
be less than the total external area, &, of the particles. For Reynolds number less than
10, the following relationship between jDand the Reynolds number well represents
available data

- 0488fd,,G I

Jd /

where G = mass velocity(Superficial) based upon cross-sectional area of empty
reactor (G=up)
g = diameter of catalyst particle for spheres
viscosity of fluia
density of fluid
s = void fraction of the interparticle space (void fraction of the bed)
= molecular diffusivity of component being transferred

/1

Assume SB=0.5

At 200°c : JD (0.459) ~ar = 1257

ALDSOC D (0.429)°A7 =129
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AE300° : D= A" (0.398) 007 = 1333

AL350° : jD=1 AN0.377)ea = L3B)

A variation of the fixed bed reactor is an essembly of screens or gauze of
catalytic solid over which the reacting fluid flows. Data on mass transfer from single
screens has been reported by Gay and Maughan. Their correlation is of the form

Jd'-N A h/pD)23

where IS the porosity of the single screen.

Hence, km= " (p/pDy-2s

k — 045G 0407 &pb/3
V' SbP 7Re S

Fndkm:  At200°c, ke '1'2507;‘%072'(0.541)'2’3 = 0,174 ms
1 09! y

At250°c, kme= I1'29§§8'5072)(0.601)'2/3 -0.185 mis

At300°C, KM |y |~ z 1y 663,-=-3,0.194 mis

At 350°c, k= [ 13825° 2 72)(0.723)-7=0.206m/s



Find Schmidtt number, S; Sc= plg)
AL200°C: St = g agpoq = 0541

ALZDC: 5= -0"7-0/5\>x/§ 02 x10"5 1=040L

A0C =+ _=0683

AL30°C: Sc= 52'895;))%12 ?—5 =0.723

Properties of catalyst

Density = 1125 g/ml catalyst

Diameter of 100-150 mesh catalyst particle = 0.152 mm

; =2.07x10 & g/particle
External surface area per particle = Jt{0.152X10-3)2=7.26 X107 m2particle

Weight per catalyst particle =

aM= 3 51X1” -2 MAgram cafalyst

207 xio
Volumetric flow rate of gaseous feed stream =100 mi/min

I 104 R@W

Molar flow rate of gaseous feed stream = ---z-z--- =) 662Xl o-smolls

] 314(273 +30)

1-propanol molar feed rate = 0.04x6.62x10'5= 2.65x10'6 mol/s

1propanol conversion (experimental data): 10% atzoo’c
2% at250°¢
98% at 300°c
100% at350°

89
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The estimated rate of 1-propanol oxidation reaction is based on the ideal plug-
flow reactor which there is no mixing in the direction of flow and complete mixing
perpendicular to the direction of flow (i.e., in the radial direction). The rate of
reaction will vary with reaction length. 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 reactorbecomes

-y
FSO . ; Fao(l-x)
Al |

Jrate ofiinto Jrate of foutof rate of production of i within!
{volumeelement} {volumeelement} {the volume element

jrateof accumulation of i within!
{the volume element

Feo = FA(l-X) + (1w )

(rw ) = FAoFAo(1l-x) = FAox

W= - T s = e = 2.65x10~6 mol/s-gram catalyst at200°c
W = S F = 1.91X10-5 molis-gram catalyst at 250°c
W= % = — e =259 x10°5 molls-gram catalyst atzoo°c
W = = e s = 2.65X10-5 molls-gram catalyst at 350°c

At steady state the external transport rate may be written in terms of the
diffusion rate from the bulk gas to the surface. The expression is:
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fots —knau (CCy)
1~ propanol converted (mole)
& me)(gram of catalyst)

Wwhere ¢ nand csare the concentrations in the bulk gas and at the surface, respectively.

At200°c, (Cb-Cs)= 32302 = 1.44X10-4mol/m3
At 250°, (Cb' CS) = ::\m- = D—-igsxggg%,zl(lﬂmollm

At 300°c, (Qo~Cs)=]f" =0 1" ¥&1410-2 =I-27x10~3mol/m3
At 350°c, (Cb-Cs)::m :EZOZSGX%M 09 123x 10-311001B
From Chy(l-propanol) = 159 mol/ms
Consicer 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.
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B2. Internal diffusional limitation

Next, consider the internal diffusional limitation of the 1-propanol reaction.
An effectiveness factor, , was defined in order to express the rate of reaction for the
whole catalyst pellet, rp, in terms of the temperature and concentrations existing at the
outer surface as follows:

actualrateof whole pellet _m
rate evaluated at outer surface conditions s

The equation for the local rate (per unit mass of catalyst) may be expressed
functionally as r= f(C,T).

where C represents, symbolically, the concentrations of all the involved components.

Then, = .= f(CsTy

Suppose that the 1-propanol oxidation is an irreversible reaction A->B and
first order reaction, so that for isothermal conditions r = f(CA) = k]CA. Then rp= kI
(CA)s

For a spherical pellet, a mass balance over the spherical-shell volume of
thickness Ar. At steady state the rate of diffusion into the element less the rate of
diffusion out will equal the rate of disappearance of reactant with in the element.
This rate will be PpkjCAper unitvolume, where Ppis the density of the pellet. Hence,
the balance may be written, omitting subscript A on C,
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€

Figure B1 Reactant (A) concentration vs. position for first-order reaction on a
spherical catalyst pellet.

ac
dr [r+Ar

Am De%‘%h 4M De = -4:2r2Ar K[C

Take the limit as Ar -» 0 and assume that the effective diffusivity is independent of
the concentration of reactant, this difference equation becomes

d2C 12dC k,PpC =0
dr2 + rdr De

At the center of the pellet symmetry requires
A =Qatr=0

and at outer surface

¢ =C3atr=rs
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Solve linear differential equation by conventional methods to yield

r,sinh 3.'i>,—
C rord
Cs rsinh 3°

: k
where () is Thiele modulus for a spherical pellet defined by = fr- f[')—p"

Both Deand kI are necessary to use rp = r/ki(CA)3. Decould be obtained from the
reduced pore volume equation in case of no tortuosity factor.

De = (ss2Dab)

At200°c , De = (0.5)2(3.01x10'5) = 7.53x10%
At250°c , De= (0.5)2(3.62x10'5) = 9.04x10%
At300°c ,De= (0.5)2(4.26xICT5) = 1.06x10'5

Substitute radius of catalyst pellet, rs= 0.076x 10'3m with @ equation

X 0.076x103m lk(m3/ - kgcat)X1125(kg/m3)  "L40n
123~ {0 183x00-¢m 1) 12,200 ¢

0s=0.310Vk (dimensionless) at200°c
fiA=0.283 Vk (dimensionless) at250°¢c
0)3:0.26le (dimensionless) at300°c

Find k (at 200°C) from the mass balance equation around plug-flow reactor,

_ FAodx
= dw

where rw= kCA



Kea(i-x)-"i
ono B0
- OB = 09
k=" (-n<09))

2.65x 10"6 (moI/s)7
[ p— Co V" 7 1-(-In(0.9))
0.1 x 10 3(kg) x 1.59(mol/ m3)

= 1.76 X 10'3m3s-kg catalyst

Calculate « : 3= 0.310VI.76x 10~3 =0.013 at200°c
<= 0.286V2.12x10°2=0.042 at250°c
N30.261V6.52x10-2=0.067 at300°c
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For such small values of <3 it was concluded that the internal mass transport has no

effect on the rate of 1-propanol oxidation reaction.



APPENDIX ¢
GAS CHROMATOGRAPH

C| Operating condition

Flame ionization detector gas chromatographs, model 14A and 14B, were used
to analyze the concentrations of oxygenated compounds and light hydrocarbons,
respectively, 1-propanol, propanal and formaldehyde were analyzed by GC model
14A while methane, ethene, propane and propene were analyzed by GC model 14B.

Gas chromatograph with the thermal conductivity detector, model 8A was
used to analyze the concentrations of CO2 and CO by using Porapak QS and

Molecular Sieve 5A column, respectively.

The operating conditions for gas chromatograph are described below:

GC model Shimadzu GC-14B  Shimadzu GC-14A  Shimadzu GC-8A

Detector FID FID TCD

Column VZ-10 Capillary Porapak QS and
Molecular sieve 5A

Nitrogen flow rate 60 ml/min 25 ml/min

Helium flow rate - - 25 ml/min

Column temperature

- initial 55°C 35°C 80°c
- final 65°C 140°c 80°C
Injection temperature 100°C 150°c 130°c

Detector temperature 150° 150° 130°
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C2 Calibration curve

The calibration curves of methane, ethene, propane, propene, 1-propanol,
formaldehyde, propanal, CO and C 02are illustrated in the following figures.

[ K PR

gmole of methane

1B EEEB

Figure CI The calibration curve of methane
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Figure C2 The calibration curve of ethene
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Figure C3 The calibration curve of propane
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Figure C5 The calibration curve of 1-propanol
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C3 Samples of chromatogram
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Figure C Il Sample of chromatogram from GC-14B
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APPENDIXD
DATA OF EXPERIMENT

Table D1 Data of figure 5.18
Temperature  %CHS8 %CH4 %C2H4 %CHe  %C02

CO conversion  selectivity  selectivity selectivity selectivity
300 0.2 0 0 114 836
350 0.7 0 0 8.9 91.1
400 1.2 0 0 105 89.5
425 2.2 0 0 10.0 90.0
450 35 0 0.1 9.4 90.5
475 6.3 0 0.2 80 91.9
500 10.2 0 0.4 14 92.5

Table D2 Data of figure 5.19
Temperature ~ %CH8 U< 4 %CH4  %CHe  %C02

_g 0 conversion  selectivity selectivity selectivity —selectivity

50 0. 0.0 0.0 22.1 1.5
400 08 0.0 12 21.6 184
425 14 0.9 14 22.6 76.6
450 3.0 0.7 16 23.9 78.2
475 45 0.5 14 234 78.2
500 5.3 0.5 14 22.8 76.1

Table D3 Data of figure 5.20
Temperature  %CHs %CH4 %c2 4  %CHe  %C02

(;C conversion  selectivity ~ selectivity selectivity selectivity
5 04 0.0 00 176 81.0
400 08 0.5 15 19.0 81.2
425 14 0.9 18 18.4 79.0
450 2.6 0.7 2.0 19.0 79.2
475 34 0.5 17 18.4 719.4

500 54 0.5 16 19.6 9.1



Table D4 Data of figure 5.21
Temperature  %CHs %CH4 %C2H4 %CHs  %C02

L (;C conversion  selectivity  selectivity selectivity selectivity
5 0.2 2.3 00 12.0 85.7
400 0.9 0.3 00 129 86.8
425 16 00 0.5 132 86.0
450 2.8 00 08 12.8 86.1
475 35 0.1 0.9 132 85.7
500 5.0 0.0 1.2 12.7 86.1

Table D5 Data of figure 5.22
Temperature ~ %CH8 %CH4 %C2HA %CHe  %CO02

L gc(} conversion  selectivity  selectivity  selectivity selectivity
5 0.2 00 00 30.9 69.1
400 08 14 00 219 10.7
425 17 06 06 26.5 72.1
450 2.8 0.5 06 28.5 69.0
475 3.9 08 08 21.0 72,0
500 5.7 1.1 0.1 215 71.9

Table D6 Data of figure 5.23
Temperature  JCHS %CH4 %CH4 %CH6  %C02

L gc(} conversion  selectivity  selectivity  selectivity selectivity
0 0 0 0 0 0
400 0.2 1.0 00 22.1 6.3
425 0.4 0.7 00 24.3 74.9
450 2.4 0.5 00 26.3 132
475 3.3 0.4 00 28.6 7.1

500 3.9 0.8 06 219 1.3
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Table D7 Data of figure 5,24
Temperature ~ %CH8 %CH4 %CH4  %CHe  %CO2

g(%} conversion  selectivity  selectivity selectivity selectivity
5 05 0 00 23.1 76.9
400 18 0 00 25.2 74.8
425 2.6 0 0.0 30.2 69.8
450 35 0 00 314 68.6
475 4.6 0.2 0.3 35.5 64.2
500 6.5 0.3 06 40.8 58.5

Table D8 Data of igure 5.28
Temperature (°C)  %CHaeconversion % cH"O selectivity % C02selectivity

300 0 0 0
350 0 0 0
400 2.3 3.1 22
450 4.2 126 236
500 58 1 26.1

Table D9 Data of figure 5.29
Temperature %CHIOH  %CHE  %CH6  %chdo  %CHH  %CO02
(°C) conversion  selectivity  selectivity selectivity selectivity selectivity

200 63.0 0 0.3 18 47.0 41.8
250 99.7 0 114 81 5.5 54.1
300 99.9 0 140 44 17 60.5
350 100 0 209 2.5 1.2 63.3
400 100 0.3 22.8 16 08 70.3
450 100 08 26.6 2.0 0.7 67.8

500 100 2.6 284 13 0.5 63.6



107

Table DIO Data of figure 5.30

Temperature %CHOH  %CHA  %CHe  Y%chdo  Y%chbo  %C02
CO conversion  selectivity ~ selectivity  selectivity selectivity selectivity

200 5.9 0 0 15 96.9 15

250 35.2 0 0.7 5.0 81.8 2.7

300 95.8 0 4.2 11.2 161 56.7
350 99.7 0 9.8 49 3.6 66.9
400 99.9 0 20.9 14 2.5 67.9
450 100 2.3 311 0 18 60.3
500 100 8.7 33.0 0 14 56.1

Table D1l Data of figure 5.31
Temperature %CH/OH  %CH4  %CH6 ~ %cho  %ch*o  %CO2

8% conversion  selectivity — selectivity — selectivity selectivity selectivity
0 5.5 0 0 17 94.6 3.
250 48.7 0 06 6.6 82.7 5.4
300 95.4 0 2.2 11.8 183 62.7
350 99.7 0 6.2 47 0.9 83.8
400 99.9 0.1 16.8 1.2 15 80.0
450 100 05 23.8 06 1.1 1.8
500 100 5.3 30.1 0 0.9 60.6

Table D12 Data of figure 5.32

Temperature %CHIOH — %CHA  %CH6  %ch2o  %chbo  %C02
co conversion  selectivity  selectivity  selectivity —selectivity selectivity

200 4.4 0 0 19 96.4 15
250 30.0 0 14 2.3 86.6 3.8
300 99.5 0 9.6 8.2 13.7 63.2
350 100 0.4 14.2 2.3 6.1 715
400 100 06 20.2 1.3 1.9 68.0
450 100 0.9 25.8 0.9 1.8 66.5

500 100 3.5 29.6 0 13 59.0
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Table D13 Data of figure 5 33

Temperature  %CHOH  %CHI  %CHE  %ch2  Y%chbo  %C02
(°C) conversion  selectivity selectivity  selectivity selectivity selectivity

200 15 0 0 16 98.5 0

250 13.2 0 0.7 15 81.0 15.9
300 99.7 0 171 6.8 80 66.8
350 99.9 0 22.6 2.6 48 64.3
400 100 13 23.1 15 4.0 63.5
450 100 2.1 28.8 0.9 2.1 61.3
500 100 48 36.5 0 15 56.8

Table D14 Data of figure 5.34
Temperature %CHIOH  %CH4  %CHE  %ch2  %CHS0  %CO02

Co conversion  selectivity - selectivity  selectivity selectivity selectivity
200 6.0 0 0 14 96.9 11
250 39.0 0 1.2 3.8 92.8 19
300 98.8 0 109 48 14.0 63.7
350 99.6 0 114 9.3 5.4 69.0
400 99.8 0.4 159 15 4.1 114
450 100 10 193 0 2.4 5.7
500 100 2.8 21.8 0 0.2 10.1

Table D15 Data offigure 5.35
Temperature %CH/IOH — %CHE  %CH6  %ch2  0/QHIO  %C02
_g(% conversion  selectivity  selectivity —selectivity selectivity selectivity

10.0 0 0.1 2.1 96.5 0.7
250 72.0 0 2.8 14.9 680 8.4
300 97.8 0 16.8 8.7 17.9 478
350 100 0 24.2 4.0 11.1 52.0
400 100 2.2 31.0 2.0 8.3 48.7
450 100 3.0 38.6 0 6.9 46.3

500 100 94 416 0 58 39.8



Table D16 Data oif figure 5.36
Temperature (°C) CO conversion

250 0.0
300 0.9
350 2.3
400 3.9
450 5.1

500 8.8
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Oxidation properties of V-Mg-O on TIO2support
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Abstract

~ Vanadium (V) oxide has been known to show strong
interaction between titanium oxide and several supports. In this
paper, the Mg-doped V205Ti02 catalysts were prepared to study
the oxidation property of vanadium oxide. The propane oxidation
reaction was used as a test reaction. Propene and C02were found
to be the main products. It was found that the sequence of Mg
introduction to VAO/TICb system and Mg content have some effects
on catalytic performance of catalysts. Moreover, it was observed
that the selectivity to propene and C02 of these catalysts were
independent of temperature. Consequently, the pathway of propene
and C02formation may he different.

Keywords: Propane oxidation, Mg-doped V205Ti02 catalysts

1. Introduction

~Supported vanadium oxides are widely used as catalysts for many hydrocarbon
oxidation reactions. The activity and selectivity of these catalysts depend on the
supports.  The acidity-basicity of supported used can control structure of vanadium
oxide species on the supgort surface, leading to different catalytic properties. On
acidic support such as T102anatase vanadium oxide prefers to insert oxygen atom(s%
into hydrocarbon molecules. This catalytic system has been used in several partia
oxidation of (\mswe to phthalic anhydride and butane or butene to maleic anhydride.
In contrast, VAJJsupported on basic support, MgO, R/Iresents different catalytic
properties. It is known that vanadium oxide reacts with MgO to form new V-Mg-0
compound, not form vanadium oxides on Mg surface [Cham et al. (1987, Sam et al
(1990), Okuhara et al. (1993)]. On this support, vanadium oxide tends to remove
hydrogen atoms in form of water from reactant without insertion any oxygen atoms
into reactant. This V-Mg-0 system was found to be active and selective for oxidative
dehydrogenation of butane [Chaar et al. (1987)] and propane FChaar et al. (1988)].
Furthermore, Bhattacharyya et al. (1992) have investigated the etfect of Ti02added to
V-M%-O catalyst for the selective oxidation of n-butane to butadiene. They proposed
that t ecatal?/st 24V-Mg-0 incorporating Ti02 provided not only higher activity but
also better selectivity.
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“In this research, we tried to deposit Mg on VV205Ti02 catalyst to investigate
the oxidation property of vanadium oxide. The effect of sequence of Mg introduction
and the Mg content on V205/Ti02 were obtained.

2. Experimental
2.1 Catalyst preparation

The V203Tio2 catalysts were grepared by the conventional wet impregnation
using pure Ti02 ( Farmitalia Carlo Erba) as support. The Ti02powder was added to
an aqueous solution containing an appropriate amount of ammonium metavanadate,
NH4/03(Farmitalia Carlo Erba). _

Fives series of Mg-V205/Tio2 catalysts were prepared. The first three type
samples contain 5 wt% vanadium oxide (calculated as v 2 5 and M/V atomic ratio
equal to 1/1. The difference betweem them was sequence of Mg introduction. The
first type of preparation, Ti02 (anatase) was added to an aqueous solution of
NH4/03  With stlrrlng, the susEensmn was evaporated to dryness, followed by
calcination in air at 550°c for 6 hr. Mg was then introduced onto the sample by
impre%nation from a Mg(N03)2solution, evaporating and calcination in air at 550°c
for 6 hr. This sample was denoted as 5VMgT|[|/?], The second type of sample,
denoted as Mg5VTI[l/l], was prepared by the same method of 5V g/_Tl(;I/I], but
magnesium was first introduced to pure Ti02and then vanadia was deposited on Mg-
doped Ti02support. For sample denoted by the symbol co-5VMg/T|ﬁ/rlﬂ, the titania
was added to an aqueous solution containing NH4/03 and_M%( 03)2 The
sus%etr]smn was dried and then the resulting solid was calcined in the same above
condition,

The last two type samples, 5VMgTi[l/2] and 5VMgTi[3/2], were prepared.
The Mg/V atomic ratio were 1/2 and 3/2, respectively. Vanadia was first introduced
on to pure Ti02and then Mg was deposited on calcined V205/Tio2sample. The steps
of preparation were the same as that of 5VMgTi[l/l] catalyst.

2.2 Catalyst Characterization

The crystal structure of samples was characterized by XRD using SIEMENS
D500 diffractometer with CuKa radiation. o

All samples were characterized by FT-IR using Nicolet model Impact 400.
Each sample was pre?ared by mixing and appropriate amount of the catalyst with
KBr to form a thin wafer for IR characterization. _ _
_ The propane oxidation was used as test reaction. The reaction was carried out
in a quartz tubular fixed bed micro reactor system under atmospheric pressure.
Propane and air were used as reactant. Propane and oxygen concentration were
controlled at 4 and 20 vol% respectively. Effluent ?as was analyzed using gas
chromatograph Shimadzu model 14B _equs)pe_d with a flame ionization and a VZ-10
column and Shimadzu model 8A equipped with a thermal conductivity detector and
Porapak QS column.
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3. Results and Discussion
3.1 X-ray Diffraction

X-ray diffraction patterns of all catalysts are illustrated in FI%{ 1 Only
diffraction line of Ti02can be observed. It can be seen that v 2 5peak cannot be
detected. That means that the amount of vanadium oxides on Ti02 surface may be
not enough to he determined by XRD or the vanadium oxides did not form av 25
crystal structure on the Ti02 support. In reality it is known that, at low V loading,
vanadium oxide possibly form onI thin layer distributed on the surface of titania.
[Nieto et al. (1990 Bond et al. ( 1d] In addition, Magnesium oxide peaks were
Pot found on all catalysts It may be due to the magnesium content loaded is much
ess

[ trrtan, | e /] ﬂ Y SVMgTi[1/2]
\ coSVMETI[I/1]
] oS 5il MgSVTi[1/1]

SVMgTi[1/1]
hh\b
2 Theta

Figure 1 XRD patterns of all catalysts

10 20

3.2 Infrared Spectroscopy,

Figure 2 shows IR spectra of all catalysts. All spectrum are similar and show
strong ahsorption IR bands at 580 and 680 cm-1 that belong to Ti02 The weak band
assigned to MgO appears at 1123 cm-1, but it is not clear due to low Mg loading.
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Figure 2 IR spectra of all catalysts
3,3 Catalytic Test

In propane oxidation reaction, propene and carbon dioxide are the major
products. The amount of CI, C2 hydrocarbons are helow 3% of total ﬂroducts.
Although the conversion increases with rise in temperature, it is quite low. Therefore,
it is neglected to shown conversion here. _ o

The selectivity as a function of temperature is demonstrated in Figs. 3to 7. It
can he seen that, for catalysts with Mg/V atomic ratio equals to 1/1, VMQ/TI\}I[I/]I_]
ﬁ. 5?:present_s the highest selectlwtK/]to 5prc%p_ene, while the selectivity of Q-5VMgTI
1 { (Fig. 3) is lower, and that of MgSV Ti[lll (F|?. 4) is the lowest. From these
results, it can be suggested that the sequence of Mg loading on V205Ti02 catalysts
has an influence on catalytic performance of these catalysts.

Figures 6 and 7 illustrate the effect of Mg contents on the performance of
5VMqTi catalysts. It was found that prQFene and C 02 selectivity of 5VMgT|£I/2_]
(Elghé} and SVMTI[l/l] (Fig. 7) are similar, while that of 5VMgTi[3/2] (Fig. 5) is
slightly increased o o _

On V-Mg-0 system, the {)ro ene selectivity rapidly decreases with increase in
temperature [Thammanonkul (1996), Kanokrattana (1998)]. In contrast, for Mg-
doped V205/Tio2 catalysts, they have the benefit of constant selectivities, being
independent with temperature. ~ If propene is further oxidised to form C02 the
selectivity to propene should decrease while that of C02 should increase with the
increase In temperature. Therefore it may be suggested that the pathway of propene
formation is not the same as that of C 02formation
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Figure 3 Catalytic property of co-5VMgTi[l/l]
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Figure 4 Catalytic property of Mg5V Ti[l/l]
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Figure 7 Catalytic property of 5VMgTi[3/2]

4. Conclusions

The influence of Mg deposition to V205/Tio2 system on catalytic property of
catalysts in ﬁropane oxidation reaction:

1. The sequence of introduction of the magnesium additive to V2 5Ti02 has
some effect on propene selectivity. - Catalyst with the highest selectivity to propene
is SVMgTi catalyst as compare with the MgbV/Ti and co-5VMgTi catalysts.

2. The propene and CO02 selectivity of all catalysts were independent of
temperature. Thus the pathway of propene and C 02formation may be different.
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