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APPENDIX A

CALCULATION OF CATALYST PREPARATION

A . l  C a lcu la tion  fo r  the p repa ra tion  o f the 5 V T i ca ta lyst

The aqueous solution used for catalyst preparation consists of 0.4 wt% 
NH4VO3. The volume of this solution is designed to be 50 ml, hence NH4VO3 and 
H20  are weighted for 0.2 and 49.8 gram, respectively.

the amount of V in 0.2 g of NH4VO3 = 

therefore, mole of V =

the amount of V calculated as v 20 5 =

If the weight of catalyst is 100 gram. 5VTi would compose of 5 g of v 20 5 and 
95 g of Ti02. Thus, in this system,

1 95x0.1555the amount of Ti02 = -------------
* 2.9545 g

A.2 C a lcu la tion  fo r  the p repa ra tion  o f C 0 -5 V lM g T i, lM g 5 V T i and S V lM g T i 

catalysts

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

0.2x50.9414
116.98

0.0871 g
0,0871

50.9414
0.0017 mole
0.0871x 181.8828 

101.8828
0.1555 g
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the amount of Mg = 0.0017x24.305
« 0.0416 g

ratio which is fixed to be 1/1. Therefore, from the above calculation, the m ole o f  Mg
would be equal to 0.0017 mole.

Mg is impregnated from Mg(N03)2 solution
thus, the amount of Mg(N03)2 used 0.0416x256.41

24.305
* 0.4384 g

If the weight of v 20 5 plus Ti02 is assumed to be 100 gram, thus,

there is magnesium in 5 Wt%v20 5/Ti02 = 0.0416
(0.1555 + 2.9545) xl00%

* 1.3%

A.3 C a lcu la tion  fo r  the p repa ra tion  o f 5 V 2 M g T i cata lyst

The calculation for 5V2MgTi preparation is the same as 5VlMgTi but the 
V/Mg atomic ratio is changed from 1/1 to 2/3.

therefore, the mole of Mg

the amount of Mg used

thus the amount of Mg(N03)2

there is magnesium in 5V2MgTi

=  I  X  0.0017
พ 0.00256 mole
= 0.00256x24.305
« 0.0623 g

0.0623x256.41
24.305

* 0.6576 g
0.0623

(0.1555 + 2.9545) X100%

2.0%
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A.4 C a lcu la tion  fo r  the p repa ra tion  o f 3 V 2 M g T i cata lyst

The vanadia aqueous solution consists of 0.2 wt% of NH4VO3. The volume of 
this solution is 50 ml. Thus it composes of 0.1 g of NH4VO3 and 49.9 g of H20.

the amount of V in the catalyst = 0.1x50.9414
116.98

the mole of V =
0.0435 g
0.0435

50.9414
0.00085 mole

the amount of V calculated as v 20 5 = 0.0435x 181.8828 
101.8828

0.0777 g

If the catalyst is assumed that it composes of only V2O5 and Ti02. In 100 
gram of catalyst, it would compose of 3 g of v 20 5 and 97 g of Ti02 (3
wt%v20 5/Ti02). Thus, in this system;

the amount of Ti02 = y  X  0.0777
« 2.5123 g

Then 2 wt % of Mg is added onto the catalyst (when the weight of V 2(ว5 plus 
TiOl is calculated as 100%).

the amount of Mg in 5V2MgTi = 0.02x (0.0777+ 2.5123)

the amount of Mg(N03)2 used =
0.0519 g
0.0519x256.41

24.305
0.5473 g
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A.5 C a lcu la tion  fo r  the p repa ra tion  o f 10V 2M gT i cata lyst

The step of calculation of 10V2MgTi is the same of 3V2MgTi, except the 
amount of V2O5 is changed to 10 wt%. However, the amount of Mg is still 2 wt%. 
The volume of vanadia aqueous solution is 50 ml which have 0.2 g of NH4VO3 and
49.8 g of H20. Thus, from the calculation for the preparation of 5VTi catalyst, the
amount of v 20 5 is 0.1555 g

thus, the amount of Ti02 -  ? ' 01555

the amount of Mg
« 1.3995 g
= 0.02x(0.1555+1.3995) 
« 0.0311 g

the amount of Mg(N03)2 used 0.0311x256.41
24.305

* 0.3286 g



APPENDIX B

CALCULATION OF DIFFUSION AL LIMITATION EFFECT

In the present work there is doubt whether the external and internal diffusion 
limitations interfere with the 1-propanol oxidation reaction. Hence, the kinetic 
parameters were calculated based on the experimental data so 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 .  E x te rn a l d iffu s iona l lim ita tio n

The 1-propanol oxidation reaction is considered 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:

Mab = 0.04x60 + 0.96x0.29
= 30.24 g/mol

Calculation of reactant gas density

Consider 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.
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We obtained : p  = 0.779 kg/m atT = 200°c
p  = 0.705 kg/m 
p  = 0.643 kg/m 
p = 0.592 kg/m:

atT = 250°c
at T = 300°c
at T = 350°c

Calculation of the gas mixture viscosity

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 a binary system of species 1 and species 2,

/ / .  = ^ _  + -- ^
Tl + t 2^ 2  y 2 + y A 1

where pm = viscosity of the mixture 
Ml, Pi = pure component viscosity 
y  1, y 2 = mole fractions

\ p 2J vM,y

M[,M2 = molecular weight
Let 1 refer to 1-propanol and 2 to air

Mj = 60 and M2 = 29
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From Perry [Perry (1973)] the viscosity of pure 1-propanol at 200°c , 250°c , 300°c 
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.

At 200°c : 012 =
1 + r0.0124y /2f 29 V/4 

v0.0248 J ^60,
« f i+ ^ ไL V 29)

า  1/2 = 0.510

(  0.0248ไ ISน.0124;{2 9 J

Mn, =

021 =0.510 

0.04x0.0124 0.96x0.0248
= 2.110

- + - = 0.0237 cP = 2.37 X  10‘ 5 kg/m -  sec0.04 + 0.96x0.510 0.96 + 0.04x2.110

At 250°c : 012 =

f1 + 0.0135y/2 f  29ไ174
V0.0265; 1̂ 60;

f
l + £29

1/2 = 0.514

=

021 =0.514 

0.04x0.0135 0.96x0.0265

(  0.0265ไf  60 ไ
10.0135J{2 9 )

- + -0.04 + 0.96x0.514 0.96 + 0.04x2.086

= 2.086

= 0.0254 cP = 2.54 X  10"5kg/m -  sec

At 300°c : 012 =
1 + (  0.015 y /2f  29ไ 

.0.0265 J UÔ,
1 /4 '

/ 1  +  60

xn‘/2 = 0.52
V 29

0.0265 Y60
0.015

Mn, =

021=0.52 

0.04x0.015 0.96x0.0265
yv29y = 2.043

+ - = 0.0274 cP = 2.74 X10~5 kg/m -  sec0.04 + 0.96x0.52 0.96 + 0.04x2.043
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At 35Q°C :
1 f 0.0162 y v  29 
+ { 0.030 J น 0

1̂2 = / = 0.525

0.04x0.0162 0.96x0.030 = 0.0289 cP = 2.89 X10”5 kg/m -  secMm = 0.04 + 0.96 X  0.525 + 0.96 + 0.04 X  2.011

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

where Dab = binary diffusion coefficient,cm2/s 
T = temperature, K

Ma ,Mb = molecular weights of A and B, g/mol

p = pressure,bar 
o = characteristic length,°A 

Od = diffusion collision integral, dimensionless
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The characteristic Lennard-Jones energy and Length, £ and o, of 1-propanol 
and air are as follows: [Reid (1988)]

For 1-propanol: o(c3 H 7OH) = 4.549 °A, £ /k = 576.7 
For air : o(air) = 3.711 °A, £/k = 78.6

The simple rnles are usually employed.

^AB = <JA+crB 4.549 + 3.711
/  \  1/2

= 4.13

V  k 2  y

f Afl/k= - T p -  = (576.7 x78.6)1/2 =212.9

QD is 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 = 1.06036, B = 0.15610, c  = 0.19300, D = 0.47635,ร,' A B

E = 1.03587 , F = 1.52996 , G = 1.76474 , H = 3.89411

Then T* =

T* =

T

473
212.9
523

212.9
573

212.9
623

= 2.222 at 200°c 

= 2.456 at 250°c 

= 2.691 at 300°c 

= 2.926 at 350°c212.9
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1.06036 1 0.19300 1 1,03587 1 1.76474
อ = ('1’*)0.15610 + exp(0.47635T*) + exp(1.52996T*) + exp(3.8941 IT*)

Qd = 1.038 ; 200°c 
a D = 1.006 ; 250°c 
n D = 0.979 ; 300°c 
ท 0 = 0.956 ; 350°c

With Equation of Dab,

At 200°c : D(C3H7OH-air) 3 03“ i ^ ) 1<r3)4733'2
1X  30.240’5 X  4.132 X  1.038

3.01xl0’5 m2/ร

At 250°c : D(C3H7OH-air)
f 3.03----1(10“3)5233/2V 3Q.2405 /

lx 30.24°5 X4.132 X  1.006
3.62xl0'5 m2/ร

At 300°c : D(C3H7OH-air)
3.03---- \ l 0 '3)5733/2V 3Q.2405 /
lx 30.24°5 X4.132 X0.979 

4.26x10‘5 m2/s

^3.03 -  098 N
At 350°c : D(C3H7OH-air) = 30.240.5 (10"3)6233/2

1X  30.240'5 X  4.134 X  0.956
5.04x1 O'5 m2/ร

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 ml/min. at 30°c
~  , .4. - 1 1 . 0 x l 0 5 x 3 0 . 2 4 x i o - 3 1 1 , 3The density of 1-propanol 5 p  =  — 0 —  =  1 . 2 1 6  k g / m

Mass flow rate = 1.216^lOOxlO-6^
60

8.314(273 + 30)

2.03x io -6 kg/s
Diameter of quartz tube reactor = 6 mm
Cross-sectional area of ณbe reactor = ^ —— = 2.83xl0'5 m24

Mass Velocity 5 G = - 7—x 10  ̂ = 0.072 kg/m2-s
2.83x 10~5

Catalysis size = 100-150 mesh = 0.178-0.126 mm
Average catalysis = (0.126+0.178)/2 = 0.152 mm
Find Reynolds number, Rep, which is well known as follows :

Rep = dpG
ft

We obtained

At 200°c : Rep = (0.152 xl0"3 x 0.072) 
2.37 xio-5

= 0.459

At 250°c : Rep = (0.152 x!0~3 X 0,072) 
2.54x 10"5

A t300°c : Rep = <°- 1^ : ; ° l ><°-()72) =0.3982.74x10“

At 350°c : Rep = ^-'-15-2x 1 0 ~ 3  x Q ' Q 7 2 )  = 0.377v 'ว  A  V . 1 A - 53.0x10
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Average transport coefficient between the bulk stream and particles surface 
could be correlated in terms of dimensionless groups which characterize the flow 
conditions. For mass transfer the Sherwood number, km/VG , is an empirical function 
of the Reynolds number, dpG/p , and the Schmit number, plpD. The j-factors are 
defined as the following functions of the Schmidt number and Sherwood numbers:

Jd =
kmpน ^

V  at y
(p/pD) 2 / 3

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

Jd =
0.458 fd „ G r 407

น /

where G = mass velocity(superficial) based upon cross-sectional area of empty 
reactor (G = up)

dp = diameter of catalyst particle for spheres 
/1 = viscosity of fluid
p  = density of fluid
s B = void fraction of the interparticle space (void fraction of the bed)
D = molecular diffusivity of component being transferred

Assume SB=0.5

At 200°c ; JD (0.459) -°-407 = 1.257

At 250°c ; j D (0.429)-°407 = 1.292
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At 300°c ; jD = - ^ ^ (0.398)'0407 = 1.3 3 3 

At 350°c ; jD =■ ^^(0.377)-°-407 = 1.362

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 ' - ^ A h / pD )2'3

where ร is the porosity of the single screen.

Hence, km = (p/pD )"2/3

k — 0.45 8G
V SbP 7 Re -0.407 o „-2 /3Sc'

Find km : At 200°c, km = '1.257x0.072' 
ร. 0.779 y

(0.541) -2/3 = 0.174 m/s

At 250°c, km = '1.292x0.072 
ร.' 0.705

(0.601)
)

-2/3 = 0.185 m/s

At 300°c, km =

At 350°c, km =

| y | ^ Z î y 663,-=-3,0.194 m/s 

[ 1 36025;° 2°72](0 .723)-^= 0.2Q5m/s
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Find Schmidt number, Sc: Sc = -Ü-pD

At 200°C: Sc =  —  ....... ................ -- = 0.5410.779x 3.01 X  10~5

At 250°C: Sc = ----^ ^ - - - - - ■■■ = 0.601
0 . 7 0 5 x  3.62 X10"5

At 300°C: Sc = ---- 5 ■ = 0.6630.643 X  4.26 xio-5

At 350°C: Sc = ----2-89;x 10 5—-  = 0.7230.592x5.04xl0~5

Properties of catalyst

Density = 1.125 g/ml catalyst
Diameter of 100-150 mesh catalyst particle = 0.152 mm
Weight per catalyst particle = —--------- ------------- = 2.07x106
External surface area per particle = Jt(0.152 x 10~3)2 = 7.26 X10-7

a™ = = 3 51x 1° ~2 m2/gram catalyst2.07 xio*6
Volumetric flow rate of gaseous feed stream =100 ml/min

(i*io4 100*o10̂
Molar flow rate of gaseous feed stream = ---------— -— -  =8.314(273 + 30)
1-propanol molar feed rate = 0.04x6.62xl0'5 = 2.65xl0'6 mol/s 
1-propanol conversion (experimental data): 10% at200°c

72% at 250°c
98% at 300°c

100% at 350°c

lOOxlQ-6
l  60 J

6 g/particle 
m2/particle

6.62 x l0~5 mol/s
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T h e  e s t im a te d  ra te  o f  1-p ro p a n o l o x id a t io n  re a c t io n  is  b a sed  o n  th e  id e a l p lu g -  
f lo w  re a c to r w h ic h  th e re  is  n o  m ix in g  in  th e  d ir e c t io n  o f  f l o w  a n d  c o m p le te  m ix in g  
p e rp e n d ic u la r  to  th e  d ir e c t io n  o f  f l o w  ( i.e . ,  in  th e  ra d ia l d i r e c t io n ) .  T h e  ra te  o f  
re a c t io n  w i l l  v a ry  w i t h  re a c t io n  le n g th . P lu g  f lo w  re a c to rs  a re  n o rm a l ly  o p e ra te d  a t  
s te ad y  s ta te  so th a t  p ro p e r t ie s  a t a n y  p o s it io n  a re  c o n s ta n t w i t h  re sp e c t to  t im e . T h e  
m ass b a la n ce  a ro u n d  p lu g  f l o w  re a c to r  b e com es

Fao
\— y

พ
A i____ i _

F ao( I - x )

J ra te  o f  i  in to  ไ J ra te  o f  i  o u t o f  ไ โra te  o f  p r o d u c t io n  o f  i w i t h in !
{ v o lu m e  e le m e n t }  { v o lu m e  e le m e n t }  { t h e  v o lu m e  e le m e n t

j  ra te  o f  a c c u m u la t io n  o f  i  w i t h in !  
{ t h e  v o lu m e  e le m e n t

Fao = FAo(l-x) + (rwพ)
( r wพ )  =  F Ao-F Ao(1 -x )  =  F Aox

rw =  -  = --------- — --- - - - - - -=  2 .6 5 x l0 ~ 6 m o l/s -g ra m  c a ta ly s t a t 2 0 0 ° c

rw =  = ---------- — ---------- =  1 .91X 1 0 -5 m o l/s -g ra m  c a ta ly s t  a t 2 5 0 ° cพ  0.1

rw =  *  = ---------- — ---------- =  2.59 X10”5 m o l/s -g ra m  c a ta ly s t at300°c

rw =  = --------- — --------- =  2 .65 X 1 0 -5 m o l/s -g ra m  c a ta ly s t a t 3 5 0 ° c

A t  s te a d y  s ta te  th e  e x te rn a l t ra n s p o r t ra te  m a y  b e  w r i t t e n  in  te rm s  o f  th e  
d i f f u s io n  ra te  f r o m  th e  b u lk  gas to  th e  su rfa ce . T h e  e x p re s s io n  is :
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fobs — kma111 (Cb-Cs)
1 -  propanol converted (mole) 

(time)(gram of catalyst)

where c b and Cs are the concentrations in the bulk gas and at the surface, respectively.

At200°c, (Cb-Cs) = 511°"*510■2 = 1.44X10-4 mol/m3

At 250°c, (Cb- Cs) = - ^ -  = ---- 5 , = 9.81 X  1(T4mol/m3
k m  a m  0.185x3.51xl0'2

At 300°c, (Cb~Cs) = ] f ^  = 0 1924^ 3x511°^10-2 =l-27xl0~3mol/m3

At 350° c, (Cb-Cs) = —  = — 2 65 X10 5 1 23 x 10-31110171113
k m  3 m  0.205 X  3.51 xl0‘2

From Cb(l -propanol) = 1.59 mol/m3

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.
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B2. Internal diffusional limitation

N e x t , c o n s id e r  th e  in tern al d if fu s io n a l lim ita tio n  o f  th e  1-p r o p a n o l rea c tio n . 
A n  e f fe c t iv e n e s s  fac tor , ๆ ,  w a s  d e fin e d  in  ord er to  e x p r e ss  th e  rate o f  r e a c tio n  for  th e  
w h o le  c a ta ly s t  p e lle t , rp, in  term s o f  th e  tem p era tu re  an d  c o n c e n tr a t io n s  e x is t in g  at th e  
o u ter  su rfa ce  a s  fo llo w s :

a ctu a l rate o f  w h o le  p e lle t  _  rp 
rate e v a lu a te d  at ou ter  su r fa ce  c o n d it io n s  r s

T h e  e q u a tio n  fo r  th e  lo c a l rate (p er  u n it m a ss  o f  c a ta ly s t)  m a y  b e  e x p r e s se d  
fu n c t io n a lly  a s  r =  f(C ,T ).

w h e r e  c  rep resen ts , s y m b o lic a lly , th e  c o n c e n tr a tio n s  o f  a ll th e  in v o lv e d  c o m p o n e n ts . 

T h en , rp=  ๆ ๆ . =  ๆ f (C s,T s)

S u p p o se  th at th e  1-p ro p a n o l o x id a t io n  is  an  irrev ers ib le  r e a c tio n  A - > B  an d  

fir st ord er  r e a c tio n , so  th at fo r  iso th erm a l c o n d it io n s  r =  f (C A) =  k ]C A. T h e n  rp =  ๆ k l
(C A)s

For a  sp h e r ic a l p e lle t , a  m a ss  b a la n c e  o v e r  th e  s p h e r ic a l-sh e ll v o lu m e  o f  

th ic k n e ss  Ar. A t  s te a d y  sta te  th e  rate o f  d if fu s io n  in to  th e  e le m e n t  le s s  th e  rate o f  
d if fu s io n  o u t w i l l  eq u a l th e  rate o f  d isa p p ea ra n ce  o f  rea c ta n t w ith  in  th e  e le m e n t.  
T h is  rate w i l l  b e  Pp k jC A p er  u n it v o lu m e , w h e r e  Pp is  th e  d e n s ity  o f  th e  p e lle t . H e n c e ,  
th e  b a la n c e  m a y  b e  w ritten , o m itt in g  su b scr ip t A  o n  c,
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Figure B 1  R ea c ta n t (A )  c o n c e n tr a t io n  v s . p o s it io n  fo r  fir st-ord er  r e a c tio n  o n  a  
sp h e r ic a l c a ta ly s t  p e lle t.

dC  ไAm D e -^~  
dr

dC  ไ
h

- 4 m D e — -
dr /r + A r

=  -4 ;z r 2Ar k [C

T a k e  th e  l im it  as Ar - »  0  an d  a ssu m e  th at th e  e f fe c t iv e  d if fu s iv ity  is  in d e p e n d e n t  o f  
th e  c o n c e n tr a t io n  o f  reactan t, th is  d if fe r e n c e  e q u a tio n  b e c o m e s

d 2C  1 2d C  k , P pC =  0 
d r 2 +  rdr D e

A t th e  c e n te r  o f  th e  p e lle t  sy m m e tr y  req u ires  

^  = Oatr = 0 

an d  at o u ter  su r fa ce

c  =  C 3 at r =  rs



9 4

S o lv e  lin e a r  d iffe r e n tia l eq u a tio n  b y  c o n v e n tio n a l m eth o d s  to  y ie ld

r, s in h  3d>, —
c  r  r* J
Cs r sin h  3^ ร

w h e r e  (เ) ร is  T h ie le  m o d u lu s  for a  sp h e r ic a l p e lle t  d e fin e d  b y  <j> ร =  fr-

B o th  D e an d  k l are n e c e ssa r y  to  u se  rp =  r /k i(C A)3 . D e c o u ld  b e  o b ta in e d  fro m  th e  
red u c e d  p o re  v o lu m e  e q u a tio n  in  c a s e  o f  n o  to r tu o s ity  factor.

D e =  ( s s2D ab)

A t 2 0 0 ° c  , D e =  ( 0 .5 ) 2 ( 3 .0 1 x l 0 ‘5) =  7 .5 3 x 1 0 ^
A t 2 5 0 ° c  , D e =  ( 0 .5 ) 2 ( 3 .6 2 x l 0 '5) =  9 .0 4 x 1 0 ^
A t 3 0 0 ° c  , D e =  ( 0 .5 ) 2 (4 .26x lC T 5) =  1 .0 6 x l0 '5

S u b stitu te  rad iu s o f  ca ta ly st p e l l e t , rs =  0 .0 7 6 x  10 '3 m  w ith  (j) ร eq u a tio n

x _  0 . 0 7 6 x l 0 ‘3 m  I k (m 3 /  ร -  k g  ca t.) X 1 1 2 5 (k g /m 3 ) 1̂ 4 0 ^
* '= 3 ~ {  7 .5 3  X 1 0 ~ * (m  /  ร) ’ a , 2 0 0  c

0 s  =  O .3 1 o V k  (d im e n s io n le s s )  a t 2 0 0 ° c  

fïA =  0 .2 8 3  V k (d im e n s io n le s s )  a t 2 5 0 ° c  

(j)3-= 0 .2 6 1  Vk (d im e n s io n le s s )  a t 3 0 0 ° c

F in d  k  (a t 2 0 0 °C )  from  th e  m a ss  b a la n c e  e q u a tio n  arou n d  p lu g - f lo w  reactor.

_  FAodx
r w =  d w

w h e r e  rw =  k C A
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k c « ( i - x ) - ^ i

พ ,  i 0f - L d x
kCAo 0 1 - X

พ - —  [-taO-*)E‘ = ^ -  (-๒(0.9))KLJào KâJAo

k = ^ (-'n<09))
2.65X 10"6 (m o l/s )

k ะ= --------’ . โ ;  \  — 7— r-(- ln (0 .9 ))
0.1 X 10 3 (kg) X 1.59(mol /  m3)

=  1.76 X  10'3 m3/s-kg catalyst

Calculate <f>ร: ^ 3= 0.310 Vl.76x 10~3 =0.013 at200°c 
< f) ,=  0.286V 2.12xl0‘2 =0.042 at250°c 
^ 3= 0.261 V 6.52xl0-2 =0.067 at300°c

F or su ch  sm a ll v a lu e s  o f  <เ> 3 it  w a s  c o n c lu d e d  th a t th e  in tern a l m a ss  tran sp ort h a s  n o  

e f fe c t  o n  th e  rate o f  1-p ro p a n o l o x id a t io n  reac tio n .



APPENDIX c

GAS CHROMATOGRAPH
C l Operating condition

F la m e  io n iz a t io n  d e tec to r  g a s  ch ro m a to g ra p h s, m o d e l 1 4 A  an d  1 4 B , w e r e  u se d  
to  a n a ly z e  th e  c o n c e n tr a tio n s  o f  o x y g e n a te d  c o m p o u n d s  an d  lig h t  h y d ro ca rb o n s, 
r e sp e c t iv e ly , 1-p ro p a n o l, p rop an a l an d  fo rm a ld e h y d e  w e r e  a n a ly z e d  b y  G C  m o d e l  
1 4 A  w h ile  m e th a n e , e th e n e , p rop an e an d  p r o p en e  w e r e  a n a ly z e d  b y  G C  m o d e l 14B .

G as ch ro m a to g ra p h  w ith  th e  th erm a l c o n d u c tiv ity  d e te c to r , m o d e l 8 A  w a s  
u se d  to a n a ly z e  th e  c o n c e n tr a tio n s  o f  C O 2 an d  C O  b y  u s in g  P ora p ak  Q S  and  
M o le c u la r  S ie v e  5 A  c o lu m n , r e sp e c tiv e ly .

T h e  o p era tin g  c o n d it io n s  fo r  g a s  ch ro m a to g ra p h  are d e sc r ib e d  b e lo w :

GC model Shimadzu GC-14B Shimadzu GC-14A Shimadzu GC-8A
D e te c to r FID F ID T C D
C o lu m n V Z -1 0 C a p illary P ora p ak  Q S  an d

M o le c u la r  s ie v e  5 A
N itr o g e n  f lo w  rate 6 0  m l/m in 2 5  m l/m in -
H e liu m  f lo w  rate - - 2 5  m l/m in
C o lu m n  tem p era tu re

- in it ia l 55°c 35°c 80°c
- f in a l 65°c 140°c 80°c

In je c tio n  tem p era tu re 100°c 150°c 130°c
D e te c to r  tem p era tu re 150°c 150°c 130°c
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C2 Calibration curve

T h e c a lib r a tio n  c u r v e s  o f  m e th a n e , e th e n e , p rop a n e , p ro p e n e , 1-p ro p a n o l, 
fo r m a ld e h y d e , p rop a n a l, C O  an d  C 0 2 are illu stra ted  in  th e  f o l lo w in g  fig u res .

Area ๙  peak

Figure C l T h e  ca lib r a tio n  cu rv e  o f  m eth a n e
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Area o f peak

Figure C2 T h e  c a lib ra tio n  cu rv e  o f  e th e n e

Area of peak

Figure C3 The calibration curve o f propane
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Figure C4 T h e  c a lib r a tio n  c u r v e  o f  p ro p en e

Area of peak

Figure C5 The calibration curve o f 1-propanol
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Figure C6 T h e  c a lib ra tio n  c u rv e  o f  fo rm a ld e h y d e

Area of peak

Figure C7 The calibration curve o f propanal
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Area of peak

Figure C8 T h e  c a lib ra tio n  c u rv e  o f  C O

Area of peak

Figure C9 The calibration curve o f C 0 2
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C3 Samples of chromatogram

formaldehyde
4.06? 

T 7  4B3
- ะ า 7 -  r-Ocrf-

r % ; วิ ë il

propanai
- 4 . 5 4 8

V1-propanol

Figure CIO S a m p le  o f  ch ro m a to g ra m  from  G C -1 4 A

■ ะรุ-----e - leg-----------9-942- methane
\ 3-482

ethene / propane
7 - 9 8 ?

propene

Figure C l l  S a m p le  o f  ch rom a to gram  fro m  G C -1 4 B
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air

^  1 ■ 7g5

----- ----- 5 .0 8 8  C 0 2
h 20

จ.???

F ig u r e  0 2  S a m p le  o f  ch ro m a to g ra m  fro m  G C -8 A  (P o rap ak  Q S  c o lu m n )

14. 518 C O

o2
■ 4 . 1 58

N 2
ร.  89

F ig u r e  C 1 3  S a m p le  o f  ch ro m a to g ra m  fr o m  G C -8 A  (M o le c u la r  S ie v e  5 A  c o lu m n )



APPENDIX D

DATA OF EXPERIMENT
Table D1 Data o f figure 5.18

Temperature
C O

%C3H8
conversion

%CH4
selectivity

%C2H4
selectivity

%C3H6 
selectivity

%C02
selectivity

300 0.2 0 0 11.4 88.6
350 0.7 0 0 8.9 91.1
400 1.2 0 0 10.5 89.5
425 2.2 0 0 10.0 90.0
450 3.5 0 0.1 9.4 90.5
475 6.3 0 0.2 8.0 91.9
500 10.2 0 0.4 7.4 92.5

Table D2 Data o f figure 5.19
Temperature

_____ C o
%C3H8

conversion
%<วแ4

selectivity
%C2H4

selectivity
%C3H6 

selectivity
%C02

selectivity
350 0.1 0.0 0.0 22.1 77.5
400 0.8 0.0 1.2 21.6 78.4
425 1.4 0.9 1.4 22.6 76.6
450 3.0 0.7 1.6 23.9 78.2
475 4.5 0.5 1.4 23.4 78.2
500 5.3 0.5 1.4 22.8 76.1

Table D3 Data o f figure 5.20
Temperature

(°C)
%C3H8 

conversion
%CH4 

selectivity
% c2 แ 4 

selectivity
%C3H6 

selectivity
% C02

selectivity
350 0.4 0.0 0.0 17.6 81.0
400 0.8 0.5 1.5 19.0 81.2
425 1.4 0.9 1.8 18.4 79.0
450 2.6 0.7 2.0 19.0 79.2
475 3.4 0.5 1.7 18.4 79.4
500 5.4 0.5 1.6 19.6 79.1
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Table D4 Data o f figure 5.21
Temperature

_____ (°C)
%C3H8

conversion
%CH4

selectivity
%C2H4

selectivity
%C3H6 

selectivity
%C02

selectivity
350 0.2 2.3 0.0 12.0 85.7
400 0.9 0.3 0.0 12.9 86.8
425 1.6 0.0 0.5 13.2 86.0
450 2.8 0.0 0.8 12.8 86.1
475 3.5 0.1 0.9 13.2 85.7
500 5.0 0.0 1.2 12.7 86.1

Table D5 Data o f figure 5.22
Temperature

_____ (°C)
%C3H8

conversion
%CH4

selectivity
%C2H4

selectivity
%C3H6 

selectivity
% C02

selectivity
350 0.2 0.0 0.0 30.9 69.1
400 0.8 1.4 0.0 27.9 70.7
425 1.7 0.6 0.6 26.5 72.1
450 2.8 0.5 0.6 28.5 69.0
475 3.9 0.8 0.8 27.0 72.0
500 5.7 1.1 0.1 27.5 71.9

Table D6 Data o f figure 5.23
Temperature

_____ (°C)
°/oC3H8

conversion
%CH4

selectivity
%C2H4

selectivity
%C3H6 

selectivity
% C02

selectivity
300 0 0 0 0 0
400 0.2 1.0 0.0 22.1 76.3
425 0.4 0.7 0.0 24.3 74.9
450 2.4 0.5 0.0 26.3 73.2
475 3.3 0.4 0.0 28.6 71.1
500 3.9 0.8 0.6 27.9 71.3
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Table D7 Data of figure 5,24
Temperature

(°C)
%C3H8

conversion
%CH4

selectivity
%C2H4

selectivity
%C3H6

selectivity
% C02

selectivity
350 0.5 0 0.0 23.1 76.9
400 1.8 0 0.0 25.2 74.8
425 2.6 0 0.0 30.2 69.8
450 3.5 0 0.0 31.4 68.6

475 4.6 0.2 0.3 35.5 64.2
500 6.5 0.3 0.6 40.8 58.5

Table D8 Data o f ïgure 5.28
Temperature (°C) %C3H6 conversion % c3H^O selectivity % C02 selectivity

300 0 0 0

350 0 0 0
400 2.3 73.1 22
450 4.2 72.6 23.6
500 5.8 71 26.1

Table D9 Data o f figure 5.29
Temperature

(°C)
%C3H7OH
conversion

%C2H4
selectivity

%C3H6 
selectivity

%c h 2o
selectivity

%C3H60  
selectivity

% C02
selectivity

200 63.0 0 0.3 1 8 47.0 41.8
250 99.7 0 11.4 8.1 5.5 54.1
300 99.9 0 14.0 4.4 1.7 60.5
350 100 0 20.9 2.5 1.2 63.3
400 100 0.3 22.8 1.6 0.8 70.3
450 100 0.8 26.6 2.0 0.7 67.8
500 100 2.6 28.4 1.3 0.5 63.6



107

Table DIO Data o f figure 5.30
Temperature

C O
%C3H7OH
conversion

%C2H4
selectivity

%C3H6 
selectivity

%c h 2o
selectivity

%c 3h 6o
selectivity

% C02
selectivity

200 5.5 0 0 15 96.9 15
250 35.2 0 0.7 5.0 87.8 2.7
300 95.8 0 4.2 11.2 16.1 56.7
350 99.7 0 9.8 4.9 3.6 66.9
400 99.9 0 20.9 1.4 2.5 67.9
450 100 2.3 31.1 0 1.8 60.3
500 100 8.7 33.0 0 1.4 56.1

Table D l l  Data o f figure 5.31
Temperature

C O
%C3H7OH
conversion

%C2H4
selectivity

%C3H6 
selectivity

%c h 2o
selectivity

%c 3h *o
selectivity

%C02
selectivity

200 5.5 0 0 1 7 94.6 3.6
250 48.7 0 0.6 6.6 82.7 5.4
300 95.4 0 2.2 11.8 18.3 62.7
350 99.7 0 6.2 4.7 0.9 83.8
400 99.9 0.1 16.8 1.2 1.5 80.0
450 100 0.5 23.8 0.6 1.1 71.8
500 100 5.3 30.1 0 0.9 60.6

Table D12 Data o f figure 5.32
Temperature

C O
%C3H7OH
conversion

%C2H4
selectivity

%C3H6
selectivity

%c h 2o
selectivity

%c 3h 6o
selectivity

% C02
selectivity

200 4.4 0 0 1 9 96.4 1.5
250 30.0 0 1.4 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 71.5
400 100 0.6 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 1.3 59.0



108

Table D13 Data o f figure 5 33
Temperature

(°C)
%C3H7OH
conversion

%C2H4
selectivity

%C3H6 
selectivity

%c h 2o
selectivity

%c 3h 6o
selectivity

% C02
selectivity

200 1.5 0 0 1 6 98.5 0
250 13.2 0 0.7 1.5 81.0 15.9
300 99.7 0 17.1 6.8 8.0 66.8
350 99.9 0 22.6 2.6 4.8 64.3
400 100 1.3 23.7 1.5 4.0 63.5
450 100 2.7 28.8 0.9 2.7 61.3
500 100 4.8 36.5 0 1.5 56.8

Table D14 Data o f figure 5.34
Temperature

C o
%C3H7OH
conversion

%C2H4
selectivity

%C3H6 
selectivity

%c h 2o
selectivity

%C3H60  
selectivity

% C02
selectivity

200 6.0 0 0 1 4 96.9 1 1
250 39.0 0 1.2 3.8 92.8 1.9
300 98.8 0 10.9 4.8 14.0 63.7
350 99.6 0 11.4 9.3 5.4 69.0
400 99.8 0.4 15.9 1.5 4.1 77.4
450 100 1.0 19.3 0 2.4 75.7
500 100 2.8 27.8 0 0.2 70.1

Table D15 Data o f figure 5.35
Temperature
____(°C)

%C3H7OH
conversion

%C2H4
selectivity

%C3H6
selectivity

%c h 2o
selectivity

o/oQHôO
selectivity

% C02
selectivity

200 10.0 0 0.1 2.1 96.5 0.7
250 72.0 0 2.8 14.9 68.0 8.4
300 97.8 0 16.8 8.7 17.9 47.8
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 9.4 41.6 0 5.8 39.8



Table D16 Data 01f figure 5.36
T em p era tu re  (°C) CO conversion

2 5 0 0.0

3 0 0 0.9

3 5 0 2.3

4 0 0 3.9

4 5 0 5.1

5 0 0 8 .8
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คุณสมบํ^นการออกi เดชนซองตัวเร่งปฏิกิริยาวาเนเดียมแมกนีเi ยม 
ออกไซด์บนตัวรองริบไทเทเนืยมออกไซด์

นางสาวระพีพรรณ เล็กเลิศสุนทร, ผศ.ดร. ธราธร มงคลศร ี
ภาควิชาวิศวกรรมเคมี คณะวิศวกรรมศาสตร ์
จุฬาลงกรณ์มหาวิทยาลัย กรุงเทพๆ 10330

บ ท ค ัด ย ่อ

การทดลองได้ทำการคืกษาผลของการเต ิมแมกนีเซ ียมลงในตัวเร ่ง 
ปฏิกิริยาวาเนเดียมออกไซด์-ไทเทเนียมออกไชด์ที่มีต่อคุณลมบัตการออกซิเดชัน 
ของวาเนเดียมออกไชดํโดยใช้ปฎิกิริยาออกซิเดชันของโพรเพน ผลิตภัณฑ์หลักที ่
พบคือ โพรพีน และคาร์บอนไดออกไซด์ จากการคืกษาพบว่าลำดับการเติม 
แมกนีเซียมและปริมาณแมกนีเซียมที่เติมลงไปมีผลต่อคุณสมบัติของตัวเร่ง 
ปฏิกิริยาดังกล่าว นอกจากนี้ยังพบว่าค่าเสือกเกิดของทั้งโพรพีนและคาร์บอนได 
ออกไซด์มีค่าค่อนช้างคงท่ี ไม่เปลี่ยนแปลงตามอุณหภูมิ แสดงว่าเลันทางของ
การเกิดโพรพีนเป็นคนละเลันทางกับของการเกิดคาร์บอนไดออกไซด์
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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 V20 5/Ti02 catalysts were prepared to study 
the oxidation property o f vanadium oxide. The propane oxidation 
reaction was used as a test reaction. Propene and C 02 were found 
to be the main products. It was found that the sequence o f Mg 
introduction to V^O/TiCb system and Mg content have some effects 
on catalytic performance o f catalysts. Moreover, it was observed 
that the selectivity to propene and C 0 2 o f these catalysts were 
independent o f temperature. Consequently, the pathway o f propene 
and C 0 2 formation may be different.

Keywords: Propane oxidation, Mg-doped V205/Ti02 catalysts
1. Introduction

Supported vanadium oxides are widely used as catalysts for many hydrocarbon 
oxidation reactions. The activity and selectivity o f these catalysts depend on the 
supports. The acidity-basicity o f supported used can control structure o f vanadium 
oxide species on the support surface, leading to different catalytic properties. On 
acidic support such as T1O2 anatase vanadium oxide prefers to insert oxygen atom(s) 
into hydrocarbon molecules. This catalytic system has been used in several partial 
oxidation o f  o-xylene to phthalic anhydride and butane or butene to maleic anhydride. 
In contrast, v205 supported on basic support, MgO, presents different catalytic 
properties. It is known that vanadium oxide reacts with MgO to form new V-M g-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 o f water from reactant without insertion any oxygen atoms 
into reactant. This V-M g-0 system was found to be active and selective for oxidative 
dehydrogenation o f butane [Chaar et al. (1987)] and propane [Chaar et al. (1988)]. 
Furthermore, Bhattacharyya et al. (1992) have investigated the effect o f T i0 2 added to 
V-M g-0 catalyst for the selective oxidation o f n-butane to butadiene. They proposed 
that the catalyst 24V-M g-0 incorporating T i0 2 provided not only higher activity but 
also better selectivity.
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In this research, we tried to deposit Mg on V205/Ti02 catalyst to investigate 
the oxidation property o f vanadium oxide. The effect o f sequence o f Mg introduction 
and the Mg content on V205/Ti02 were obtained.

2 . Experimental
2.1 Catalyst preparation

The V205/Ti02 catalysts were prepared by the conventional wet impregnation 
using pure T i0 2 ( Farmitalia Carlo Erba) as support. The T i0 2 powder was added to 
an aqueous solution containing an appropriate amount o f ammonium metavanadate, 
NH4VO3 (Farmitalia Carlo Erba).

Fives series o f Mg-V205/Ti0 2 catalysts were prepared. The first three type 
samples contain 5 wt% vanadium oxide (calculated as v 20 5) and M/V atomic ratio 
equal to 1/1. The difference betweem them was sequence o f Mg introduction. The 
first type o f preparation, T i0 2 (anatase) was added to an aqueous solution o f  
NH4VO3. With stirring, the suspension was evaporated to dryness, followed by 
calcination in air at 550°c for 6 hr. Mg was then introduced onto the sample by 
impregnation from a M g(N 03)2 solution, evaporating and calcination in air at 550°c 
for 6 hr. This sample was denoted as 5VM gTi[l/l], The second type o f sample, 
denoted as M g5V T i[l/l], was prepared by the same method o f 5VM g/Ti[l/l], but 
magnesium was first introduced to pure T i0 2 and then vanadia was deposited on Mg- 
doped T i0 2 support. For sample denoted by the symbol co-5VM g/Ti[l/l], the titania 
was added to an aqueous solution containing NH4VO3 and Mg(N03)2. The 
suspension was dried and then the resulting solid was calcined in the same above 
condition.

The last two type samples, 5VM gTi[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 T i0 2 and then Mg was deposited on calcined V205/Ti02 sample. The steps 
o f preparation were the same as that o f 5V M gTi[l/l] catalyst.
2.2 Catalyst Characterization

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

All samples were characterized by FT-IR using Nicolet model Impact 400. 
Each sample was prepared by mixing and appropriate amount o f 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 gas was analyzed using gas 
chromatograph Shimadzu model 14B equipped 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 o f all catalysts are illustrated in Fig. 1. Only 
diffraction line o f T i0 2 can be observed. It can be seen that v 20 5 peak cannot be 
detected. That means that the amount o f vanadium oxides on T i0 2 surface may be 
not enough to be determined by XRD or the vanadium oxides did not form a v 20 5 
crystal structure on the T i0 2 support. In reality it is known that, at low V loading, 
vanadium oxide possibly form only thin layer distributed on the surface o f titania. 
[Nieto et al. (1990), Bond et al. (1991)]. In addition, Magnesium oxide peaks were 
not found on all catalysts. It may be due to the magnesium content loaded is much 
less

Figure 1 XRD patterns o f all catalysts 

3.2 Infrared Spectroscopy,
Figure 2 shows IR spectra o f all catalysts. All spectrum are similar and show 

strong absorption IR bands at 580 and 680 cm-1 that belong to T i0 2. 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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Wave number (cm 1)

Figure 2 IR spectra o f all catalysts 

3,3 Catalytic Test

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

The selectivity as a function o f temperature is demonstrated in Figs. 3 to 7. It 
can be seen that, for catalysts with Mg/V atomic ratio equals to 1/1, 5VM gTi[l/l] 
(Fig. 5) presents the highest selectivity to propene, while the selectivity o f C0-5VMgTi 
[1/1] (Fig. 3) is lower, and that o f M g5V T i[l/l] (Fig. 4) is the lowest. From these 
results, it can be suggested that the sequence o f Mg loading on V20 5/Ti02 catalysts 
has an influence on catalytic performance o f these catalysts.

Figures 6 and 7 illustrate the effect o f Mg contents on the performance o f  
5VMgTi catalysts. It was found that propene and C 0 2 selectivity o f 5VMgTi[l/2] 
(Fig.6) and 5VM gTi[l/l] (Fig. 7) are similar, while that o f 5VMgTi[3/2] (Fig. 5) is 
slightly increased

On V-M g-0 system, the propene selectivity rapidly decreases with increase in 
temperature [Thammanonkul (1996), Kanokrattana (1998)]. In contrast, for Mg- 
doped V205/Ti0 2 catalysts, they have the benefit o f  constant selectivities, being 
independent with temperature. If propene is further oxidised to form C 0 2, the 
selectivity to propene should decrease while that o f C 0 2 should increase with the 
increase in temperature. Therefore it may be suggested that the pathway o f propene 
formation is not the same as that o f C 0 2 formation
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—* -% C H 4  selectivity 
- » -% C 2 H 4  selectivity 
—6 -% C 3 H 6  selectivity 
- # - % C 0 2  selectivity

Figure 3 Catalytic property o f co-5VM gTi[l/l]
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- * r - C 3 H 6  s e le c t iv i ty  
- O - C 0 2  s e le c t iv i ty

Figure 4 Catalytic property o f M g5V Ti[l/l]
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—♦ — % CH4 selectivity 
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Temperature, ° c

Figure 5 Catalytic property o f 5VM gTi[l/l]

- 1* - C H 4  s e l e c t i v i t y  
- » - C 2 H 4  s e l e c t i v i t y  
- A - C 3 H 6  s e l e c t i v i t y  
- * - C Q 2  s e l e c t i v i t y

Figure 6 Catalytic property o f 5VMgTi[l/2]
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—* - C H 4  s e l e c t i v i t y  
- » - C 2 H 4  s e l e c t i v i t y  
- A - C 3 H 6  s e l e c t i v i t y  

C 0 2  s e l e c t i v i t y

Figure 7 Catalytic property o f 5VMgTi[3/2]

4. Conclusions

The influence o f Mg deposition to V205/Ti02 system on catalytic property o f  
catalysts in propane oxidation reaction:

1. The sequence o f introduction o f the magnesium additive to V20 5/T i0 2 has 
some effect on propene selectivity. Catalyst with the highest selectivity to propene 
is 5VMgTi catalyst as compare with the Mg5VTi and co-5VMgTi catalysts.

2. The propene and C 0 2 selectivity o f all catalysts were independent of 
temperature. Thus the pathway of propene and C 0 2 formation may be different.
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