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APPENDIX A

THE KINETIC PARAMETERS OF RATE CONSTANTS

The kinetic data of dehydrogenation of ethylbenzene to styrene by Ahdalla et
al, (1993, 1994 and 1994a) are used in the models. They observed this reaction in
conventional packed-bed reactor experiments with a commercial catalyst composed
by Fe.U. doped with K.O. The properties of commercial catalyst are shown in Table
A-l.

Table A-1 Properties of commercial catalyst.

Properties Value Dimension
Pellet size 0.2 Mm
Packed-bed void fraction = 0.5

Pellet density 1500 kgcat/m-3

The six reactions taken into consideration are listed as follow:

cbhichh3 _— C6HSCHCH2+H 2 (A-1)
cbhBchlchd 12 COHB+ C2H4 (A-2)
cbhschlh3+h2 19 cBh5h3+chd (A-3)
JHD +C HA A 2C0 +4H, (A-4)
h 2o +chd E CO +3H, (A5)

h 2 +co © 5 o, +H, (A-6)



The rate equations are given by:

R, = k((peb "PsPh/R-eb) (A-7)
r2 (QPEB (A-8)
R, kiPnBPH (A-9)
R. k4PHOpH (A-10)
R5 = ksPnoPMET (A-11)
R< k6(PT/T 3koPco (A-12)

The rate constants of these reactions are given by:

(. expla, - (j / RT) (A-13)
and

= exp( 9/ rt) (A-14)
where:

AF0 a+hT +cT2

a 122725.157 ki/kmol

b -126.27 kJlkmol K

c = -2.194 10"3k]/molK2



n

The kinetic parameters of rate constants for the six reactions obtained are
given in Table A-2

Table A-2 Kinetic parameters
Commercial catalyst

Reaction No.
A, E,
1 0.851 90891
2 14.00 207989
3 0.56 91515
4 0.12 103996
5 -3.21 65723
6 21.24 713628

The kinetic with surface oxidation of hydrogen

The rate expression for the surface oxidation of hydrogen through the
membrane as follow; (ltoh etal., 1997)

roxidation = 0.00418 -exp(- 9580 it )- p02Ph 21sep [mol/m2s] (A-15)



APPENDIX B

CHARACTERISTICS
OF THE COMPOSITE PALLADIUM MEMBRANE

The characteristics of the membrane employed in this thesis work is taken
from form Abdalla et al, (1994). The membrane is a ceramic-hased membrane with
separative layer of palladium coated at the outer part of the membrane. The
characteristics of membrane have been shown in Table B -1.

Table B -1 Characteristics of composite palladium membrane

Inner diameter of ceramic support 0.025  [m]
outer diameter of ceramic support 0.029  [m]
Palladium layer thickness 0.00001  [m]
Total length of membrane 0.15 [m]

Permeation rate

The permeation rate of hydrogen through the composite palladium membrane
was found to obey the half pressure law by Sieverts. Consequently, the permeation
rate of hydrogen read:

(04 ).5 0.5
O, = _f-l:p;lg,l( ~Phy g (B'l)

with the permeability coefficient of hydrogen through the composite palladium
membrane,(xn, related to the diffusivity of hydrogen, pn, and the concentration of
dissolved hydrogen, Co, in the palladium. It holds:

- (B-2)

a
H /n(l/)\/ﬁ

where Dh and Co for the pure palladium are determined as a function of temperature
according to:



pn = 2.30x 10~7. exp‘\/-Zi?Too

c0=3.03xi02¢ T~"(B
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APPENDIX C

CONVENTIONAL PACKED-BED REACTOR MODEL

A schematic representation of the conventional packed-hed reactor used in the
development of the mathematical models is given in Figures C-I and C-2. Two
conventional packed-bed reactor models were considered namely models with and
without radial effect. Details are discussed as follows.

A. Plug flow model

dz

VEBEAT

<_;

Figure C-1 Schematic diagram of mass balance of plug flow model for conventional
packed-bed reactor

Model equations of the conventional packed-bed reactor are given by the mole
and heat balance equations of the component i between z and z + Az are expressed as
follow:

Mass balance

M. wmt +acazpgi =0 (C-I)

7411t



&

Energy balance
ZIX M, -1 |z442] + 1m-razussTS +AcAzpez {rt X4//*,,.) =0 (C-2)
then;

AoozpeVi (C-3)

2faiCpi ) A =y $2an(rs-r) +A -v4ix/W8i,)

Dimensionless form:

Eq. C-3 to C-4 can be converted to a dimensionless form by basing molar flow
rate of species i and bed length with initial molar flow rate of ethylbenzene, total bed
length and initial feed temperature, respectively.

(C-5)

MLpl)— =c2(fss-f) + c3E(ri xAHRIi) (C-6)

The dimensionless and constant terms are helow.

c _ PcAnh
= Mt0
c2— sS2iM0
3=  IQpc
MT’: M1 fz_T_ le—
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B. Radial flow model

i ""*‘A/'

—

Figure C-2 Schematic diagram of mass balance of radial diffusion model

Mole balance
Mole balance on component i in the conventional packed-bed reactor segment

between z and Z+ AZand r and r + Ar with rate of formation, r1
then partial differential equation will be obtained:
£1 = Xj_ t ,a2, _J_dm1 : )
at r ar ! ar é Qz ™A QZ + PCI‘I (C 7)
In this case, the diffusion in z-direction and convection in r-direction ignored, then
a general partial differential equation at steady state condition is;

1 dM] 14¢j , dZC1, . . . _
ne @ e gt 4P ) + Pri (C-8)

i - = - _N7-= M .].
For fixed-bed reactor Ac = nry and c. 1 M RT



T

A general partial different equation (PDE), Eq. C-8, and substitute Cjis used to
apply on conventional packed-bed reactor system, PDE and its boundary condition
are;

dMi pT 1! d M,,duMl ;
0z —Derhc R ir HM SRR AT jTy) P-Apf

Boundary conditions:

at:  Z=0: c1=cm forailr
r=0 ; 20 forallz (C-9)
dr =g
R aCi -0 for all z
dr

Heat halance

According to mole balance, partial differential equation and boundary
condition for heat balance in the conventional packed-bed reactor is;

cn QT i=nr

Ar dz rodr

A1) +PcUnxAHX])

Boundary conditions:

at: z=0; 1:1) for all r
LU JKORN. g forallz  (C-10)
=()
r=1/ Rygdr UssVss-T) forall z

dr =y



18

Dimensionless form

The set of partial differential equations in Eg. C-10 and Egq. -11 were
converted to dimensionless form.

Mole balance:
15 (Mi}is2 Moo
ROR'M jT' dR2
Boundary conditions:
at . L=0; = = (0<AE<1)
720 ; jr# :0:0 (0<Z<1 ) (C-II)
172=1 g = 0 (0<z<l)
Vi =i
Energy balance:
Ldtm dzT :
= +
iz =6 o = crl{ rixAHRL)
Boundary conditions:
At: L1=0; r=1(0<?<1)
R=0 E.-0 (C-12)
aR
R=1; - 27iLAer§; = 2nixLUss{TR=\ - T 55)
The dimensionless and constant term in Eq. C-12 and Eq. C-13 are ;
| =M. S = ' *o
MI MM}r,O T = -l- T 1 I M.r y
_ DerAJgPr _
A= Fectens SRR
c Aeh A 0

6 Z(CpM,) | TP 0z (c, M)



APPENDIX D

MEMBRANE REACTOR MODEL

A schematic representation of the membrane reactor used in the development
of the mathematical models is given in Figures D-I and D-2. Two membrane reactor
models were considered namely models with and without radial effect. Details arc
discussed as follows.

A. Plug flow model

c oM
m Z-4i7 1Z+AZ

Figure D -l schematic diagram of mass balance ofplug flow model

Model equations of the membrane reactor are given by the mole and heat
balance equations of the component i between z and z + Azare expressed as follow:

Shell side:
. M, - AR o)

M ,S




Z (wicn[rg-tizyylt2nrAzUjTs- T2+ 200AZUHT - Ts)

+ (Az)HI1Qh + AJAzpcZ(Ri XAHRL) (D-2)
then;
d(:/l] = Poeyde il — <2y (D'3)
Mm& LN = Shas(r®-rs)tCMmz(r7-rs)
+ HEQH+PcAsl(R | xAH Rii) (D-4)
Tube side

Similarly, the following equation for the tube side could be obtained:

" (D-5)

4MC LA T =-u, 20 rr-rs)+//fe, (D-6)

when Ac =Hn -r])
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B. Radial flow model

-
-
\

Figure D-2 Schematic diagram of mass balance of radial diffusion model
The same balance is similar in fixed-bed reactor and included permeation term.

Shell side:
Mass balance

OM: C-p 10 Ms 2 Ms
a7 TP A R el At gl A W ERd T RACR,

Boundary conditions:

at:  z=0: Mf=MI forall r
r=r) for all z (D-7)
= org for all z

dr M ST



Heat halance

I >Ry
Boundary conditions:
at: z=0 Ts = Tr for all r
r=r12 : -~ - HI1Q, forall:z
or Inr2
a7
o UITS-Ts) for all z

Tube side:
Mole balance
ax - D-AY RN Ry v 1T 70 4 412
at:  1=0; Mf = Mf, forall r
e PFD dér (Aﬁrﬂl: 0 & 20 forll z
a Mt forall z

r=0; o (Ggrfer) =°

82

(D-8)

(D-9)



Heat balance:

Boundary conditions:

at: 7:=0 TY=J1 for all
1=l - -C = U.(xT-Ts)+~Hoforallz  (D-10)
- al _
=0 i =0 for all z

Dimensionless form:

The set of mass and heat equation for fixed-bed and membrane reactor can be
converted to a dimensionless .
Plug flow model

Shell side ;
" a!'%('FaZ(gh CD1)
=as(TS- ) +ed(f - rs)+asz(RIXaHRD*G/*  (D-12)

Tube side;

T = (0-13)

) A r o= (JT-TS)+a,HIQ, (D-14)



Radial flow model
Shell side:

aMBs _ ( Mi :
oL 1s+R2dR Wt +&‘PSZ irTS ) ta R

Boundary conditions:

a tL=0;:

M) = Mifl (0</r <)
_qn. S M, |

120 - DL e o e ~ iy Q0 (O<h<l) CDY)
1 Mr(ML ) =

(0</o<I)
Energy balance:

or 1 dTS d2TS .
<AL " * S Rs+R2Rs + dRs2 +aSMRIXAHR))
Boundary conditions:
== T =1

-, dfs
Rs=0; ORS-asl <JT-Ts

(0<R*< 1)

)*4 52nr20'|'0| Qv (0</o<l) (D-16)
5= 1; g;?w 5 (™ (0</ox1)



Tube side:
M, _
~dL =l R1dR1 m 't
Boundary conditions:
at; L= Mi = M L
Rt= 1 =
RT1 AR gy o7 20D
Rz 0 * (JE ) =0
M T
Energy balance:
arf -y lar? ax7

"al = 2 7%+ a2

Boundary conditions:

At: L=0; ——
N _
= gR'r = T s) + aT3-2-A—.10\—
17r=0 aT =0

(0<R‘<1)

L </n<l)

(0</o<l)

(0<R' <)

7-QH (0 <0<y

(0<10<V)

(D-16)

(D-17)



The dimensionless and constant terms are below.

W‘S: M’ :Mi T :JpS
"“ Ko " o I °

a\:Pf'ACA) aZ:K @= s2w,l0; aA= m2nrJ0

)

= To >
W0 az 2 Jo

Aclc .a h =
- ]_QD = al=

Tr

The dimensionless and constant term in radial flow model are :

—S M —
Mr2-"2); AL = T2 -0 =
K,0
=S S = Tt - T
T = s 2 |ONGKOF 1s =S 9 L=l
T:

Rs = rl Rr 1\ D r2 )

tik ) 'y 2 Ay
‘ Dlrxnlops . 7 t
’1 K@A’&Sq@ ? a2 - PC( /\), " |(/\ C

crrnp~rf (1CV); I



aT\ =

D

XnlQPT
fod.((A

ijp L

i3 4
4 Am
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APPENDIX E

PHYSICAL PROPERTIES DATA

Physical and thermodynamic property data for organic and inorganic
chemicals are of special value to engineers in the processing and petroleum refining
industries. The engineering design of process equipment often requires knowledge of
such properties as viscosity, heat capacity, enthalpy, thermal conductivity, diffusion
coefficient, and others.

Viscosity of gas
The correlation for gas viscosity as a function of temperature is given by the
equation shown below

A=  +BT+C,T2)x10-7 (E-1)
Table E-1 Viscosity of gas
Species A B ¢
Ethylbenzene -4.267 2.4735E-1 -5.4264E-5
Styrene -10.035 2.5191E-1  -3.7932E-5
Benzene -0.151 2.5706E-1 -8.9797E-6
Toluene 1.787 2.3566E-1 -9.3508E-6
Methane 3.844 4.0112E-1 -1.4303E-4
Ethylene -3.985 3.8726E-1 -1.1227E-4
Carbon dioxide 11.336 4.9918E-1 -1.0876E-4
Carbon monoxide 35.086 5.0651E-1 -1.3314E-4
Water -36.826  4.29E-1 -1.62E-4
Hydrogen 21.758 2.12E-1 -3.28E-5
Oxygen 44.224 5.62E-1 -1.13E-4
Nitrogen 42.606 4.75E-1 -9.88E-5
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Viscosity for multicomponent gas mixture are provided by Bird et al., (1960)

Ay ~ | IX’j‘,hA<’i>,, (E-2)
in which
1 ML HIT2 M4
<*J>,:H(|+th) [1#60) ;i (E3)

Diffusion coefficients

Fuller-scherttler-griddings present correlation of binary diffusion coefficients:

KBR A0 TR 'vj + M]
Dy = = / = (E-4)
P[(E v Y+ (o V V}
Table E-2 Diffusion coefficient
Species 1V, Species 1V,
Ethylbenzene 132 Carbon dioxide 26.9
Styrene 127.38 Carbon monoxide 18
Benzene 90.96 water 13.1
Toluene 111.14  Hydrogen 6.12
Methane 24.42 Oxygen 16.6
Ethylene 40.92 Nitrogen 18.5

A binary diffusion coefficient is the usual starting point for the calculation of
ordinary diffusion in multicomponent gas mixture.

I-X | i
D,i,ri ~ IF2D; E9)



where

The effective radial diffusion coefficient can be described in the following
correlation (Itoh etal., 1994).

1/Pe, = 0.4/(Re/,Sc)0.8+0.009/{1+10/(Re/iSc)}
for 0.4 <Rep< 500, 0.77 < Sc < 1.2

Dim= diffusion coefficient of gas mixture, m2s
D er = effective radial diffusion coefficient, m2/s

y 1,y 1= mole fraction of components i and j
Pe,. = Peclet number, udp/Der

Sc = Schmidt number, ///(pD 1m)

pud,

M

= velocity of gas, m/s
dp = particle diameter, m

Re, =

(E-6)
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Thermal conductivity
Pure component

a1

The correlation for thermal conductivity of pure gas component and solid

catalyst are given by Carl L. Yaws (1999).

(E-7)

(E-8)

[(m K)

A=A +BT+CT2
Table E-3 Thermal conductivity
Species A B c
Ethylbenzene -0.00979  4.0572E-5 6.7289E-8
Styrene -0.00712 4.5538E-5 3.9529E-8
Benzene -0.00565  3.44E-5 6.9298E-8
Toluene -0.00776  4.4905E-5 6.4514E-8
Methane -0.00935  1.4028E-4 3.318E-8
Ethylene -0.00123  3.6219E-5 1.2459E-7
Carbon dioxide -0.012 1.0208E-4 -2.2403E-8
Carbon monoxide 0.00158  8.251 IE-5 -1.9081E-8
Water 0.00053  4.7093E-5 4,9551E-8
Hydrogen 0.03951  4.5918E-4 -6.4933E-8
Oxygen 000121  8.6157E-5 -1.3346E-8
Nitrogen 0.00309  4.75E-1 -1.1014E-8
Gas mixture and effective radial thermal conductivity
1 = Z ”y,/l,
= 72:1:}/,['1,/

am= thermal conductivity of the gas mixture, /(m K)

Axc = thermal conductivity of solid catalyst, assume equal to MgO,

Aer = effective radial thermal conductivity, /(m K)

y 1LyJ=mole fraction of components i and |
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C=fitk M Ofk /1) g £9)
= [8(+A, )f
where is monatomic value of the thermal conductivity.
Ay €xp(0.0464r,,)- exp(- 0.24127ry] (E-10)
A.exp(0.0464rj-exp(- 0.24127;)]
and A is defined by the following equation.
(E-II

The effective radial thermal conductivity is considered to consist of two
contributions, the first static and the second dynamic (i.e., dependent on the flow
conditions), so that (Froment, G. F. and Bischoff, K. B. (1990))

A (E-12)
A
% 2T € (E-13)
2m J + B K
JK
i, A ]
« 02T "y (E-14)
where sr is the emissivity of the solid and ars is radiation coefficient for the solid.
(E-15)
14 fa,dp AN S Naud
y o B-1 B+
o K )
1+ ) 1+ adl-B 2, 28
K ¢~ yK
(E-16)

b = 1.25 for spheres
Kr = pCpDe (E-17)



Table E-4 The property data of gases by Robert C. Reid, John M. Prausnitz and Bruce E. Poling (1988).

No. Species M Th Pex 102 vex 106 Acentric  Dipmx 103
gimole  (K) 2 KPa  m3mol  factor Debye

1 Ethylbenzene 106.17 409.4 617.2 361 374 0.304 0.59
2 Styrene 10415 4183 6482  40.0 352 0.261 0.13
O Benzene 7811 3532 5622 489 259 0.211 0.00
4 Toluene 92.14 3838 5918 411 316 0.264 0.36
5 Methane 16.043 1117 1906  46.0 99 0.011 0.00
6  Ethylene 28.054 1695 2824  50.3 129 0.085 0.00
7 Carbon dioxide 44.010 1947 3042 738 94 0.228 0.00
8  Carbonmonoxide  28.010 817 1329 349 93 0.066 0.11
9 Water 18.051 373.2 6471  220.6 56 0.345 1.85
10  Hydrogen 2016 2039 332 13.1 64.2 -0.220 0.00
11 Oxygen 31999 902 1546 504 134 0.022 0.00

12 Nitrogen 28.013 7735 1261 339 90.1 0.040 0.00
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Enthalpy of formation

The correlation for enthalpy of formation of the ideal gas is a series expansion
In temperature:
AH1L, = (4 +B,T+C.T2) X102 (E-18)

Table E-5 Enthalpy of formation

Species A B C
Ethylbenzene 58.099 -1.1129E-1  5.3183E-5
Styrene 167.879 -8.0354E-2  3.7418E-5
Benzene 101.403  -7.2136E-2  3.2877E-5
Toluene 14.320 -9.5998E-2  4.7011E-5
Methane -63.425 -4.3355E-2  1.722E-5
Ethylene 63.053 -4.1076E-2  1.6598E-5
Carbon dioxide -393.422  1.5913E-2 -1.3945E-6
Carbon monoxide -112.19 8.1182E-2 -8.0425E-6
Water
Hydrogen
Oxygen

Nitrogen
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Heat capacity
The correlation for heat capacity

CA=A +BT+C T2 (E-19)

Table E-6 Thermal conductivity

Species A B c
Ethylbenzene -20.527 5.9578E-1 -3.0849E-4
Styrene 71.201 5.4T6TE-2 6.4793E-4
Benzene -31.368 4,746E-1 -3.1137E-4
Toluene -24.097 5.2187E-1 -2.9827E-4
Methane 34.942 -3.9957E-2  1.9184E-4
Ethylene 32.083 -1.4831E-2  2.4774E-4
Carbon dioxide 21421 4.2315E-2 -1.9555E-5
Carbon monoxide 29.556 -6.5807E-3  2.013E-5
Water 33.933 -8.4186E-3  2.9906E-5
Hydrogen 25.399 2.0178E-2 -3.8549E-5
Oxygen 29.526 -8.899E-3 3.8083E-5
Nitrogen 29.342 -3.5395E-3  1.0076E-5
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