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APPENDIX A

CALCULTION OF CATALYST PREPARATION

A.l Calculation for the preparation of the 10V2MgTi catalyst.

The agueous solution used for catalyst preparation consists of 0.4 %
NH.VOs. The volume of this solution is designed to be 50 ml., hence NH.VOs and
H. O are weighted for 0.2 and 49.8 gram, respectively.

The amount of V in 0.2 g of NHaVOs = 116.98

0.0871

0.0871
50.9414

0.0017 mole

0.0871x181.8828
101.8828

0.15% g

Therefore, mole of V

The amount of V calculated as V20s

If the weight of catalyst is 100 gram, 10Vti would compose of 10 g of V20s and 90 g
ofTICC Thus, in this system.

eamountof .0, = 2X01ao

«139%¢
Then 2 wt% of Mg is added to the I0V1i catalyst (when the weight of V20s plus TiCs
IS calculated as 100%).

The amount of Mg in 10V2MgTi =0.02 X(0.1555 + 1.3995)
*0.0311 g
The amount of Mg(NC>s2 used = (}03112213 )6 5256.41

«0.3286 ¢



APPENDIX B

CALCULATION OF DIFFUSIONAL LIMITATION EFFECT

In the present work there are doubt whether the external and internal diffusion
limitations interfere with the propane 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.

1 External diffusion limitation

The phthalic anhydride combustion reaction is consicered to be an irreversible
first order reaction occurred on the interior pore surface of catalyst particles in afixed
bed reactor. Assume isothermal operation for the reaction.

In the experiment, 0.05% phthalic anhydride, 21% ( - was used &s the unique
reactant in the system. Because percentage of phthalic anhyaride was rather small
compared to the oxygen that it can be neglected. Molecular weight of nitrogen and
oxygen are 28.02 and 31.98, respectively. Thus, the average molecular weight of the
gas mixture was calculated as follows:

man = 0.72x28.02+0.21x31.98
26.390 g/mol

Calculation of reactant ges density
Consider the phthalic anhydride combustion 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.

PM 10 10s 26.890 10
p= RT 8.314T
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We obtained : p =0.684 kg/m3 .7 =200°C
f2=0.618 kg/m3 a1 =250°C
p- 0564 kg/m3 e+ =300
p- 0519 kg/m3 a7 =350°%

Calculation of the gas mixture viscasity

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 systemof 1and 2,

yiMi - y2lC
Mm=yl+y2®0n y2+y"a

where p m = Viscosity of the mixture

pX,p 2= pure component viscosity
yi',y2 = mole fractions

( yl2 M \ 14
14 ’

VM 2]

M, '2
M 23

A12 ~ (
8 1+

fMI

01 = (/\/;\H/V"Z '

MI, M2 = molecular weight

Let 1refer to nitrogen and 2 to oxygen
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M= 2802 aNdm 2= 31,08

From Perry the viscosity of nitrogen at 200°c, 250°c, 300°c, 350°c, 400°c,
450°c and 500°c are 0.0248, 0.027, 0.0286, 0.0305, 0.032, 0.0333, and 0.0368 cP,

respectively. The viscosity of oxygen at 200°c, 250°c, 300°c and 350°c are 0.028L,
0.03, 0.032 and 0.034 cP, respectively.

£00248Y2 2802V °
100081 3198

At 200°C : 0 - 2800 L = 0.940
31,08
(0.0281V2802
=030 ) pyg, 3198 =0

_ 07900248, 0200881~ 0mened =2 60,10 Kalm.
e T R0B080 * T2t 0 0P 26010 Rgm-sec

(o021 VIV 2800914

1*Vm 1 31.98

At 2500c o ") g 1 - 099
3198>7
_ omY%m_
=009 00273108 09

0790007 4 0215003 5o
o T L0 70 g~ OBE=28308 g m-sec

0.0286'V2/ 28,024/
0032  .31:98J

2802 12
1 3108

0032 Y 28.02N_.
0 0 BEy3L0BY o

1+

At 300° : =" =0.948



07900286 , 021008~ oo |
= (79+0200.948” 021407010 929 - 0L =2RXI0Hg/m- ¢

0.0305) 21 28,0211+
o 1400 [oed
At 350° - w098
1* 3108
ol 0034 12802 _
AZ_O'%L0.0305J' =093

07900305, 020008 - _
- 79+0200945" hz1-+0.790. 523 =P =320cI0 kg/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- 3}32 y(10 -3)r ¥

12< 1AB*

where Dab = hinary diffusion coefficient,cmas
T =temperature,K

MadMb = molecular weights of A and B g/mol

| 7
M =2

VMy VM«y

P = pressure,bar
a = characteristic length,A
Q0 = diffusion collision integral, dimensionless
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The characteristic Lennard-Jones energy and Length, and a s of nitrogen
and propane are as follows: (Reid, 1983)

For O : @=3467°A, e/k= 106.7
ForN2:or=3798°A,s/k =7\A

The sample rules are usually employed.

cvs 3798+3467 g

'AB =

/ \I/2
Wk Eefil (7L4X106.7)12=87.28

Vk V

Qd s tabulated as a function of kT/s for the Lennard-Jones potential. The
accurate relation is

A 1 C 1 & G
D=(7  +exp(DT*)+exp(F7™*)+ exp(h t *)

where T = — A =106036,B=015%10,c =0.19300 , D = 047635 5 E =

S AB

103587 sF = 1.52996 s G = 1.76474 sH = 38%411

Then T = 13 - 5419 atao0’c

8728
T —85;?238 = 599 a 250%
T = o = 6565 a3l
T = g = 718 a3l
1060% . 019300 . L1087 . 176474

D=(ryoseo +exp(0.47635T%) + exp(l .52996T*) + exp(3.8941 IT*)
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Qd = 0928 ; 200°C
Q0 = 0813 ; 250°c
Qd = 0.799 ; 300°
Qd = 0.787 ; 350°

With Equation of Dab,
- _ [38—yg ggopy 0™
Alz00°C 2 DIN0 2= "y 29 8505, 3632, 0829
0491 md

'3.03- 20 J(10~$5233’2

6 A=V
At250°c  D(Nz-o 9= 1x 29.86905x 3.63zx 0.813
0582 m7s

38 s (10363

1X29.869°5x3.63'x 0.799
0679 m/s

At 300° : D(Nz-o 3:

‘3, OB (1096

o o 0860,
ALS0C (N0 2= ¥ 99 86006, 3632 0799

089 m2

Reactant gas mixture was supplied at 100 mi/min. in tubular microreactor used
in the phthalic anhydride oxidation system at 30°c

oxygen flow rate through reactor = 100 ml/min. at 30°c

The density of oxygen , p = _1.0>éilgfj((§%.83%)lo~3 = 1067 kg/s
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Mass flow rate = 1067A%° 066'0 0% 178x10s kg's

Diameter of stainless steel tube reactor = 9.5 mm
Cross-sectional area of tube reactor = ~(9-5x10 ) _ 7_09xI0'’5 M

16
Mass Velocity s G= 7 QQx~-s = 0025 kg/m2s

Catalysis size = 40-60 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: dXG

We obtained

AOOOV : Rep= 156 ds 1n 025V 0. 146
At250°c : Re™ + 1520 : uQ0025C 0.134
A.300°C:Re,=+ 15" A QjXft025C o0.127

At350T: Re.= (0152x" x0025C 0.119

Average transport coefficient between the bulk stream and particles surface
could e carrelated in terms of dimensionless groups, which characterize the flow
conditions. For mass transfer the Sherwood number, kmp/G, is an empirical function
of the Reynolds number, dpGlp, and the Schmit number, p/pD. The jfactors are
defined as the following functions of the Schmiat number and Sherwood numbers:
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-Kp 213
Jd Va,[y(p/pD)

The ratio (aat) 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
greater than 10, the following relationship betweenjo and the Reynolds number well
represents available data.

” 0458 .G ? 0.407
o)

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

Assume sh=0.5

At200°C ; |D=-2%(0.146)-""47= 2.004
At 250°c ; |D=-""(0.134)-°47=2076
At 300°c ; jD: -AA(0.127)'04:Y:2.122

A350° : D= %g-(o. 1907 =2.178
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A variation of the fixed bed reactor is an assembly 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

Where is the porosity of the single screen.

Hencesk PG (), 2

vV A

A N
km 0.4586 Re-oa7 SC-23
£*p

Find Schmidt number, S¢ @ Sc= 0

At200°C : SC~ 260X10 =774Xlos

0.684x0.491

35
At 250°c : Sc= 0%18?@05?2 =7.87x10~5

At 300°c : Sc= 0 564X0°679=7-51x10-s

5

At350% : Sc= UMY - 686 X107

0.519x0.899

Find km: AtZOOOC, km= Z004xD. 023 (7.74 X 10~5)~2/3 =42.57m /s

0.684

At250°c,km: POTEXD.02 (7.87 X 10%5)~2/3 = 45.73 m /s

0.618
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At 300°Ckm = 32-120%&025“’ (781102 =51.48m's

At 350°c, km= "2.178x0.025

v 0519 )(6 86x10'5 23 =62.61 M/

Properties of catalyst

Density =0.375 g/ml catalyst
Diameter of 40-60 mesh catalyst particle =0.152 mm

Weight per catdiyst particle = —(%:192X '06“') X 0315 65 % 10 yparticte

External surface area per particle = ;r(0.152x 10-s). = 7.26xI0-7 m2particle
126%107 _ 2
680 X 10 1052 m /gram catalyst

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

. aMooXioe ™
(Ixioh 50

8.314(273 + 30)
oxygen molar feed rate = 0.21x6.62x10'5= 1.39x10-s mol/s
phthalic anhydride conversion (experimental data): 5 %.. 200°c

20 Y. 250°C
45 %.. 300°C
12 Y. 350°C

Molar flow rate of gaseous feed stream =6.62x10° mol/s

The estimated rate of phthalic anhydride 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
steadly state so that properties at any position are constant with respect to time. The
mass halance around plug flow reactor becomes
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Fao () w () _, Fao()

{rate of i into volume element}- (rate of i out of volume element}
+ (rate of production of i within the volume element}
= (rate of accumulation of i within the volume elecment}

Fa): Fao(l-x) + (rV\NV)
(WW) = Feo- Fao(1-x) = FAo= Fhox

W= Feox 13 1(0}'1“ 021 — 4 w5 X105 mol/s-gram catalyst at 200°c
woFex 1 'Q('S <0555 27150 %, 0s mol/s-gram catalyst at 250°c

Faox 139« 1%; 08 - 175,

wo P 13 1001‘” 085 - 1 5 x10, mol/s-gram catalyst at 350°c

W 10> mol/s-gram catalyst at 300°c

At steady state the external transport rate may be written in terms of the
diffusion rate from the bulk gasto the surface. The expression is.

Rs = kmam(Co-Cs)
phthalic anhydride converted (mole)
(time)(gram of catalyst)

where Ch and c sare the concentrations in the bulk gas and at the surface, respectively.

At2oo-c. (Cth) = kr/T\Hn = 4045 X100 =9.03xI0'7 mol/ims

42.57x1.052
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At 250°c. fCh-G) = k(?an = 475]3)(1652 = 149%10s mol/ms

At 300°c, (Cth) = krAran = B1'48¢1 B52 =2.17x10s mol/ms

° Col=-MA- = 1 = 6 3
At 350°c. fCh-Ccl e - B B5) 1.79x1Gs mol/m

Consider the difference of the bulk and surface concentration is small. It
means that the external mass transport has no effect on the phthalic anhydride
oxidation reaction rate.

2. Internal diffusion limitation

Next, consider the internal diffusion limitation of the phthalic anhydride
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:

actual rate of whole pellet I
rate evaluated at outer surface conditions 1S

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

Where ¢ represents, symbolically, the concentrations of all the involved components
Then, m= rs= f(CsT9Y

Suppose that the phthalic anhydride oxidation is an irreversible reaction A->B
and first order reaction, so that for isothermal conditions r = f(CA) = kK]|CA Then rp=

Ki(CAs
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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 ppkiCAper unit volume, where Rpis the density of the pellet. Hence, the
balance may be written, omitting subscript A on c,

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

(\-4;zrzD, ‘jCJ dot:-Dc? -4nx1 ATfK,C
) /

r+Ar

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

dZ dC kxppC
d. dr De

At the center of the pellet symmetry requires
Nozoar=o

and at outer surface
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C=cSalr=rs

Solve linear differential equation by conventional methods to yield

1SSinhfXs -
¢ L A r)
Cs  rsinh3js

where () is Thiele modulus for a spherical pellet defined by 4s =" kl')ﬁ

Both Deand k1 are necessary to use rp=pki(ca)s- Decould be obtained from the
reduced pore volume eguation in case of no tortuosity factor.

De= (£2 Dab)

At 200°C. De= (0.5)2 (0491) =(.123
At250°. De= (05, (0582) = 0.146
At300°, De= (05, (0679)= 0.169

Substitute radius of catalyst pellet, rs= 0.107x10s mwith “equation

0107x 10sm  k(ms/s-kg cat) X375 10%(kg/m3 ¢ o,
3 0.123(m2/s)

¢ = 1.97xI06Vk (dimensionless) at 200°
(s = 1.81xI0'6Vk (dimensionless) at 250°c
(s = 1 68X:0s VK (dimensionless) at 300°c

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

where rw= kCA
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Thus, kc'= 'A T

kCAO(-¥) =

AN

Cio g

FIn(l-Yros =1 A = (n(0.7)

= . AL N
kCA kCh

k== (- (07)

K- 0.1%20 ¥ (Kg)k6.0B(mbudn H™ (7))
=819 x 105 ma/skg catalyst

Calculate s ¢s=1.97x 106 V0.92xI0~4 = 1.78x1 G- at200°c
A= 181 X106V0.92x10'4=2.28x1 0; at250°c
A= 168x10s7 9271 = 1.02x10s at 300°C

For such small values of * it was concluded that the internal mass transport has no
effect on the rate of phthalic anhydeide oxidation reaction.



APPENDIX ¢

CALCULATION OF SPECIFIC SURFACE AREA

From Brunauer-Emmett-Teller (BET) equation [Anderson J. R. and co-worker

(1989)]
p) e @
Where, p  =Relative partial pressure of adsorbed ges, PIPo
Po = Saturated vapor pressure of adsorbed ges in the condensed
state at the experimental temperature, atm
p = Equilibrium vapor pressure of adsorbed gas, atm
= Gas adsorbed at pressure p, ml. at the NTP/g of sample
= Gas adsorbed at monolayer, ml. at the NTP/g of sample
C =Exp[(He-H)RT]
Etc = Heat of condensation of adsorbed ges on all other layers
H, =Heat of adsorption into the first layer

Assumec  then

P
(-p)  nm
= (L-p €2
The surface areq, , of the catalyst is given by
=9 m (C3)
From the ges law
v _ 4 <Cl)

Th
Where, Fo =Pressureat0°c
p, =Pressureatt’c
Th = Temperature at 0°c =273.15K
Tt =Temperature att°c =273.15+tK



V' =Constant volume
Then, pb =(27315/ T «pt =1 am
Partial pressure

Flow of (He +N2)~ Flow of He
- | Flowof I-?e+N2 | ®

= (3am
For nitrogen gas, the saturatedl vapor pressure equals to
P = Llam
then, p = PP =0311  =0.2727

To measure the volume of nitrogen acsorted,

f

N, 1 ml/1 atm at room Desorption of N, area
temperature area
1 273 15
7h \* . /gy of catalyst G)

Where, S =N..ml, atmatroomterrperaturearea
. =Desorption of N: area

= Sample weight, g
T =Roomtemperature, K

Therefore,

1 BB
T (-p)

75



m= fLxix*x0.7272

Whereas, the surface area of nitrogen gas from literature equal to
$ = 4373 m2iml of nitrogen gas

Then,
2 X 1 X 273-,|+5 X07272 X434'5

-t 2Dy gy i

(vA)

C)

76



APPENDIX D
CALIBRATION CURVES

Hame ionization oetector gas chromatographs; using Chromosorb WAW
column used modkl 9A to analyze the concentrations of phthalic anhydrice, maleic
anhyarrice, acetic acid, ethylbenzene, toluene, and benzene.

Using Porapak-Q and Molecular Sieve 5-A column, respectively, used gas
chromatograph with the thermal conactivity detector, model » A, to analyze the
concentration of CO: AND CO

The calibration curves of phthalic anhyorride, maleic anhyoric, acetic acid,
ethylbenzene, toluene, and benzene are iflustrated in the following figures.
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Figure D1 The calibration curve of phthalic anhydrice
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Figure D2 The calibration curve of maleic anhyarice
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Figure D3 The calibration curve of acetic acid
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Figure D4 The calibration curve of ethyl-benzene
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Figure D5 The calibration curve of toluene
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Figure Ds The calibration curve of benzene



Table D1 Data of figure 5.3

TR owon v Mg
200 5 4 3
250 20 13 9
30 3 22 4
30 1 3 A
400 8l 60 o7
450 b6 67 6
50 81 I 1
550 & 8l 8

Table D2 Data of figure 54
o (Q) Phthalic anhydrice conversion (%9
10V2MyOTi 10VAMgOTi- 10VBMGQTi

200 3 2 2

250 4 4 3

30 16 (i 1

30 18 63 4

400 & b 6

450 & a 10

50 b6 Y/ 13

550 % % 8

APPENDIX E

DATA OF EXPERIMENTS

Phthalic anhydrice conversion (%

Ti0;
4
17
83
o)
6l
69

[
8

blank

3
16
28

A
4
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Table D3 Dataof figure 5.5

o () Phthalic anhydrice conversion (%
i 6VAMOTi 8VAMOOTi 10vAMGOTI 12VAMOTI - 14VAMGOTI - 16VAMYQT

3

250 3 4 4 3 4 3
30 13 12 b 12 19 I
30 3 | 63 i 4 3
400 6l 59 b8 & I8 a7
450 10 74 9 & b6 6
50 ik 8 Y/ & T 10
550 I & % & % ik
Table D4 Data of figure 5.6
Temp () Maleic anhydrice conversion (%
10V2MgOTi - 1OV MyTi Ti0; blank
200 3 2 2 3 1
250 ; 5 4 5 :
30 16 [ ; 1 4
30 18 4 3 45 %
400 8 [ 13 16 3
450 & I & & 62
S(D 86 80 78 84 68
550 % 8l I & 69
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Table D5 Data of figure 5.7

Tor () Maleic anhydride conversion (%9
Y VoMot 10VAMGOTI 10VBMGOT

200 3

250 4 4 3
30 16 b !
30 18 63 i
400 84 88 66
450 & a 10
50 b R 13
550 % % 8

Table D6 Data of figure 58

Torp () Maleic anhydrick conversion (%

6VAMOOTI  8VAMOTI  10VAMOTI 12VAMGOTI 14VAMYOTI 16VAMYQT

200 2 2 2 2 3 2
250 3 4 4 3 4 3
30 13 12 b 12 19 1
30 3 | 63 i 4 3
400 6l 5 b9 & 5 a7
450 10 74 a & T 6
50 i} 8 Y/ 8 T 10
550 74 & % & ') n



Table D7 Dataoffigures 5.9, 5.10, 5.11

Benzene Toluene EthylBenzene

T () Bk WMGOTI Blark \MOTI Bk VMO
250 0 0 0 0 0 0
S(D 0 0 0 0 0 10
I
4‘00 0 3 5 6 10 20
B B ¥ D % B L
0 8 L 8 4 B
5 %5 B %K PR

Table D8 Data of figure 5.12

Tor () acetic acid
N Bk WO TiO?

200 8 ].3 12
250 1 2 19
30 b 46 3
350 8 % B
400 % % %
450 % % %
500 % % %
550 % % %



VITA

M. Pongsakom Tongsang was bom in  bonrajchatanee on April 28, 1977,
He gracuated high school from Benjamamahargj School, bonrajchatanee on 1993
and received his Bachelor degree of Chemical Engineering from the Faculty of
Engineering, Knonkean University in 1997,



	REFERENCES
	APPENDICES
	APPENDIX A CALCULTION OF CATALYST PREPARATION
	APPENDIX B CALCULATION OF DIFFUSIONAL LIMITATION EFFECT
	APPENDIX C CALCULATION OF SPECIFIC SURFACE AREA
	APPENDIX D CALIBRATION CURVES
	APPENDIX E DATA OF EXPERIMENTS

	VITA

