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APPENDIX A

CALIBRATION CURVE OF CARBON DIOXIDE CONTENT

'@ carbon by pulsing 100% carbon

G'C 8AIT at 110°C detector

Table Al Detected area and

temperature andé

Volume (cc.) Carbon content (mg)
0.5 0.2198
07 0.3078
. 10 0.4398
1.2 0.5277
1.4 » 0.6157
1.6 T 1809651 | 586X10° 0.7037

The asﬂn%é@%ﬁnﬂnﬁ:’w&q ﬂ;@ on the ideal gas law.

Therefore, the dafa fitted with linear gquation can b be expressed helaw

AIANNIMANIANE Y

where least square error , R* = 0,9979
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APPENDIX B _
CALCULATION OF DIFFUSIONAL LIMITATION EFFECT

In the present work there are doubt whether the external and internal

diffusion limitations interfere w th the/ pr, e dehydrogenation reaction and
the coke combustion exist ' parameters were calculated
based on the experi ‘ the controlled system. The
~ calculation is divided.d is the dehydrogenation

reaction, and the oth
1. Dehydrogenation
The propane dehyd genﬁ%ﬂ i5.c lered to be an irreversible first-

order reaction occurred on the inierior pore surface of catalyst particles in a

fixed bed reactor. Assum Fma sration.for the reaction.

In the experi ment, 20% 'g" “was used as the unique
reactant in the system Mnlecular welght of nitrogen and propane are 28 and

44, res;}ectwm uLEJma Wﬁ%ﬁwgﬁﬂﬁthe gas mixture was

calculated as

%‘rw”fﬁ%m URIINYIAY

culati ctan

Consider the propane dehydrogenation 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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PM 10x10° x312x107>

5 8314 T
We obtained : p=0.485 kg/m*  at T = 500°C
p=043 kg/m' at T =600°C

p=0.386 kefat | jat T = 700°C

ion of

iscosity of low pressure
The method of Wilke is

The simplifi
binary mixture are de

chosen to estimate the's

H , p2 = pure compon
y1, y2 = mole fraef

QWWM@E@WW’MH’]M

M, , M; = molecular weight

Let 1 refer to propane and 2 to nitrogen
M; = 44 and M, = 28
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From Perry the viscosity of pure nitrogen at 500°C, 600°C and 700°C are
0.036, 0.039 and 0.042 cP, respectively. = The viscosity of pure propane at
500°C, 600°C and 700°C are 0.018, 0.021 and 0.023 cP, respectively.

At 500°C : 2=
b =1
0.8 x 0.0
b GB+':2'>(1 : P =3x10° kg/m-sec
At 600°C : o2 =
$21 =
==
ﬂ.g){ 3 I
B D33¢P = 3.3%10° kg/m-
Ho = 08+02:41763 024 Jap— 33 g/m-sec
V27 4 \I/4
e, AUEENENTINENNT
At 700°C © Gem= ' J
® 28\ }?
amaeistlaniingnas
) 0023 (28
' =1.745 | ——|| —| = 0.608
¢z =1 0042\ 44
08 x 0042 02x0023
. X = ; = : xlﬂ-ﬂ- y
Mm = 08+02x1745  02+08x0608 0020 cP=3.6 kg/m-sec
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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 values of Dag due to the general and reliable method.

gy,

098 ‘..‘.ﬂ_—
[3.1:3— = if10°2)

The empirical correlation is

where Dg = binary diffusié:
T = temperatuge

Ma, Mg = molecular

—T'J ol
M""’_ZLE MB
P —press

o = chara ’b ristic length |,

nn=dnfmmmmu,s. Hiogriil sim
The ﬂﬂ‘ﬂu%m%ﬂ%ﬁ Ve 13| Tooa. & and o, of

nitrogen and p pane: are as follows : (Reid, 1 &SS)

- RAG A TU AN INGIAY

For C:H§ : o( CsH;) = 5.118 °A |, e/k = 237.1
The simple rules are usually employed.
oA +0g  3.798+5118

- L 20k 458
48 2 2

O,

1/2
Ean/k = (g:%] = (71.4%237.1)"? = 130.1



Qp, is tabulated as a function of kT/e for the Lennard-Jones potential.

The accurate relation is

A 5 c " E ¥ G
(T%B " exp(DT*) " exp(FT*) " exp(HT*)

nn=

kT :
where T* = T A =1.06036,B =0.15610, C=0.19300, D = 0.47635 ,

AB
E=1.03587 ,F =1.52996 ,

=3.89411

773

b e ——
Then T 1301
873

T¥* = —— =
1301
973

* = - =
£ 1301

o, — 106036 19300 " ° 0358 176474

Qp = 0.814 ; 500°@¢" Jiaa -
Qp = 0.796 ; 600°C _ZZho/\ 2/
Qp = 0.780 {£200°C

)

0.9 Bromnd]2
E[:ms— ﬂj y773%2

) 13127 % 4584 {081

At 500°C : nﬁ]lurﬂ W -ﬁﬁ?g em’/s
AN FRLMIAINNAE

At ﬁﬂﬂ“ : D(CsHs-N3) = =0.833 cm’/s

‘With Equation of T_

1x312% x4.4582 x0.796
=8.33%10”° m%s

0.98 J( ~3Inoadi2
303 - 1073)973
( 31293
1x312%5 x 44582 x 0780
=10.0%10"° m%s

At 700°C : D{CgHs‘-N:) =

= 1.00058 cm’/s

85
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Reactant gas mixture was supplied at 30 ml/min. in tubular microreactor used
in the propane dehydrogenation system at 30°C.

Propane flow rate through reactor =30 ml/min. at 30°C

10x10° x312x107°
83 +30)

=1.238 kg/m’

The density of propane , p =

F |
Find Reynolds number, Re, , whichis we ‘7:".. /n as follows:

We obtained m m

(ﬂ2143< ~ x0022)

A "‘“ﬁummwﬁ‘ﬂmm

¥ (0214x107 x0022)

"‘“’“ﬁ HIaTHN AT INg1ay

A:TU{J“C Re?_ (0214 x107 x0022) = 5
36x107°
Average transport coefficients 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, kmp/G , is an empirical function
of the Reynolds number, d,G/p , and the Schmidt number, Wp®. The j-factors are

defined as the following functions of the Schmidt and Sherwood numbers:
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k
o= ;’;"(““‘] WDy

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

p = density of flud
eg = void fraction af the
@ = molecular diffusivi

Assumeeg = 0.5

At 500°C : jp = i

0.458

A0 mﬁiﬁ@w BRINYINT

A vanatmn of the fixed bed reactor is am, essembly of screens or gauze of

SRRAL R VRN TiAla X T TV Y THn

screens h%.s been reported by Gay and Maughan (1963). Their correlation is of the

At 600°C : jp =

form b=

where € is the porosity of the single screen.

Hence, kn, = [ )(ufpm}



0458G a2
=( )Rg-u.mar g 2/3
EpP

: 1946 x 0,022 9
Findka: At 500°C, ko { X ](0,91 1)72/3=0.102 nvs
0.485
2021x u 022
At 600°C, ki = [ ](&921)'1"3 =0.109 m/s

Density = 3.2 g/ml ca 3
Diameter of 60-80 mesh (iata]yst parucle 0.214 mm

Weight per mi@«uﬂ g
Wmmﬁmﬁ‘wﬁw g

= "439 x10”7 27.51%10° m’/gram catal
T el A m ca
523x10°° I
Volumetric flow rate of gaseous feed stream = 30 ml/min.
: 30x107°
(1x10%) 22210~
60

=1.98x10"° mol/s

Molar flo te of feed stream =
ey e OO 8314(273+ 30)

88
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Propane molar feed rate = 0.2x1.98x10° =3.97x10° mol/s
Propane conversion on Pt catalyst (experimental data) = 40%

The estimated rate of propane dehydrogenation 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 leng thy(y ). Plug flow reactors are normally operated

at steady state so that properties at an /| constant with respect to time. The

Fao

{ratcofiintn } { nulelﬂiln}

volume element '

B {mte of accumulation of
the volume element

Fao = Fao(1-X) + (W)
(ruW) = Fao - Fao(1-%'=

|
F 397 1 04
Ty = “"”x o = 1588107, mol/s-gram catalyst

A s:eaﬂ W IDHNIWEIIN Tawe e st

diffusion rate fmm the bulk gas to the'surface. The.expression is:

AR ANNFHNBINNYIA Y

Pmpana conversion (mole)
(time) (gram of catalyst)
where Cy and C, a:e_;he concentrations in the bulk gas and at the surface, respectively.

S T
Kmdm  0109x275% 10~

From C, (propane) = 2.76 mol/m’

At 600°C, (C,- .}— =53x10" mol/m’
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Consider the difference of the bulk and surface concentration is small value. It
means that the external mass transport has no effect on the dehydrogenation reaction

rate.

Next, consider the internal diffusional limitation of the dehydrogenation

reaction. An effectiveness factor, 1, was defined in order to express the rate of

terms of the temperature and

concentrations existing at the.outer su 1981) as follows:
‘ e

n= rate evaluatg

The equation for
functionally as r = f{C,

the involved components. ]

of catalyst) may be expressed
1{:&11}'. the concentrations of all

Suppose that IE opan jation 1s ﬁ irreversible reaction A—B
and first order reaction, sa; that for isothermal mndtt:nns r=f(Cs)=k; Ca.

Then r, = "kﬁuf.l'} Wﬂqﬂ'ﬁ’w&l’]ﬂ‘j
AR (114 MR 41 Rt v

At steady state the rate of diffusion into the element less the rate of
diffusion out will equal the rate of disappearance of reactant within the element. This
rate will be ppkC 4 per unit volume, where p; is the density of the pellet. Hence, the

balance may be written, omitting subscript A on C,



Cs

Figure B1 Reactant (A
spherical cata

e %"ﬁiﬁﬁ“ﬁﬁ“ﬂ“ﬁ%’w Taliy)

mammmmum'mmaa

C=C, atr=r,
Solve linear differential equation by conventional methods to yield
- r
™,
Cs  r sinh3,

where ¢, is Thiele modulus for a spherical pellet defined by ¢¢ = 3D
c

st-order reaction on a

klpp

o1



Both D, and k; are necessary to use r, = nk; (Ca), . D. could be obtained from the
reduced pore volume equation in case of no tortuosity factor.
D, = (" Dag)
At 500°C , D. = (0.5) (6.79x10%) = 1.7x10°*
At 600°C , D, = (0.5)* (8.33x10”) =2.08x10"
At 700°C, D, = (0.5)* (10x10) =2 54107

Substitute radius of catalyst pe \\\\ -,l,l_ ¢ 10" m with ¢, equation

_ 010710~ R/ 5-vke catxa200(kg / m°)
- 2407 1

s

b = 0442k
Find k from the
L
Y odw

where r, = kC,

RN
wrpdiapiamingnae

k
WL —297X00 WA/ 66))~0.00735 m¥s- kg catalyst
01x10 " (kg) x 2.76(mol / m~)

Calculate ¢, : ¢ =0.4424/0.00735 = 0.0379

For such small values of ¢, it was concluded that the internal mass transport has no
effect on the rate of dehydrogenation reaction. Therefore, Coke could be formed on
the surface of pores.
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2. Coke Combustion

1 % O; in He was used as an oxidizing reagent in the coke combustion system,
Molecular weight of helium and oxygen are 4.003 and 31.999, respectively. Then, the
average molecular weight of gas mixture is

Mus = 0.01x31.999 + ﬂ,QQXtL 3,=4.283 g/mol
ForHe :o(He)=2551"°A a/k=10.22

Oan =
ean’k =
Qp is tabulated as' tioh of KBle for the Lennard-Jones potential. The
accurate relation is
B A
" (T%B
kT ,
where T*=—— A= ]%)D D=047635,
EAB

E=1.03587,F=1 5299‘,&‘“ 1.76474 , Hi= 3.8941

AUEINENS
mﬁ@ﬁmmﬁwmé’ ¢

=26.438 at 600°C

Then T* =

T*

33.02
973
* = =
T 3302 29.467 at 700°C
1.06036 0.19300 1.03587 1.76474

~ (1%)015610 T exp(047635T*) ' exp(152996T*)  exp(389411T%)
Qp = 0.648 ; 500°C
Qp=0.636; 600°C



Qp=0.625; 700°C
With Equation of D g,

098 ]( S s 313
303~ 107°)773
[ 4283%° :

At 500°C : D(0,-He) = =4.525 cm®/s

1x4283% % 3.009% x 0648

At 600°C : =4.610 cm’/s
AL700°C : T 5469z el
Gﬂ.snuxtureof()xygenw&smp of 30 ml/min. and 30 °C

Therefore, molar flow rate of {

Vf.—"_‘w A

Molar flow rat 98 @ 10° mol/s

% 8314(273+ 30

[EL 1.98 X 107 mol/s
Caluulaxe the ﬂ ﬂ mpmperﬁer

ol ﬁNﬂiﬂJ wm Ngaa e

: 3.5 I/1
The totaliconcentration of gas mixtu RT3 314(5m+273} 6 mo

The concentration of oxygen component : C, = 0.01 x 15.56 = 0.1556 mol/l
=4.9792 gram/l
=4.9792 x 10? kg /m’
Refer to the experimental data from TGA which shown the weight of coke burning on
Pt catalyst :  Weight of regenerated catalyst = 11.56 mg
Weight of coke =0.711 mg = 6.15%
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Observe the rate of coke combustion based on TGA data:
T =506.1"°C, Sample weight = 11.74 mg, time = 96.5 minutes
and T =496 °C, Sample weight = 11.76 mg, time = 94.50 minutes

(1176 -11.74)mg coke
(2 min)(11.56 mg ca!a]yst

Then, o = =8.65 % 10™ kg coke/min.-kg catalyst

2
§

Using the values of kp, = C: gives r,pg= ﬂ:—zDe ACs

(TAPs}obst- -
De,C3 Yo

l.Forg =<1, -q—I{
2 Ford==1,n=1/¢ q;at is strong pore fﬁusmn limitation .

ﬂUEll’JVlEWlﬁWEﬂﬂ‘i

FobsPp
DesCs 9

l62x10- [111 fs)xw?mxm Y (kgfm) ‘
= 7.277 x 107 (dimensionless)
Regarding of the small values of ¢ , it clearly shown that the coke combustion
system occurred without the significant internal diffusional limitations.



APPENDIX C

Pt-Sn/Al,O; CATALYSTS

Platinum and tin present a ¢ Jex’ situation since a number of alloy
compositions are possible, dep ndi ‘ : S ratio. The phase diagram in
figure C1 shows that as i0 1 s.it. should be possible to form a series

Temperature, °C

Atomic Pércent Tin

f umwmm Ak}

mmmmm WELAAL], s 10

from methodsﬂmtmkeamumdu'ectmsureofthe chemical or physical state of the
Pt and/or Sn present in Pt-Sn-alumina catalysts. They are as follows:

Temperature-programmed reduction (TPR), one of the indirect analysis
methods, yielded data that suggested that Sn was not reduced to zero-valent state.
Lieske and Volter (1984) reported, based on the results obtained from TPR studies,
that a minor part of tin was reduced to the metal, and this Sn(0) combined with Pt to
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form "alloy clusters" but the major portion of the tin was reduced to only Sn(Il) state.
They also reported that the amount of alloyed tin increased with increasing tin content.

X-ray photoelectron spectroscopy (XPS) studies permit one to determine the
chemical state of an element but the data does not permit one to define whether Sn(0),

. Furthermore, the major Pt XPS peak
coincides with a large peak

‘the aluming ort. Thus, XPS can only pmwde to
indicate whether an alloy i ible: it cann to prove the presence of a Pt-Sn

alloy. 7"

Davis has indic: the/ .
XPS studies. Furthermo i 1988y t}ﬁ?«.a portion of the tin in Pt-Sn-

if present, is in the form of a Pt-Sn

formation was obtained-from M&ssbauer s ‘ever, many of these studies were

at high metal loading and even then a cumptex spectrum was obtained so that there

i “"“FT‘HWWW FRIEEY-
,n m,’mmﬂ?ﬁmmz o112 N

amount of Sn. Tin was observed in forms whose isomer shifts were the same as SnO,,
SnO, SnCls, SnCl,, Sn(0) and PtSn alloy when alumina was the support. If it is
assumed that the Pt/Sn alloy corresponds only to PtSn alloy as was found to be the
case in X-ray diffraction (XRD) data to be described below, one obtains the results
shown in Figure C2. For lower Sn:Pt ratios (5 or less) little difference is observed in
the extent of alloy formation and the distribution of the oxidized species for a low and
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high surface area alumina support. In this respect, there is general agreement with data
observed in some of the earlier Méssbauer studies. The M&ssbauer data in Figure C2
show a similar trend in the extent of alloy formation for the alumina supported
materials; the fraction of Pt present in an alloy phase increases with increasing tin
concentration and only approaches complete alloy formation at Sn:Pt > ca 5.

i :
Figure C2 Amount 5-\] tm calculated to be presmt as PiSn alloy versus tin:Pt ratio:

mmwwm § 7 St
B mmmsm HBAANENAY e

fnnnannn occurs to a much smaller extent than it does on a material prepared by
impregnation with the chloride complex of the two metals. Since most commercial
catalyst formulations are based on tin-alumina co-precipitated support materials, it
appears that the studies using Pt and Sn co-impregnation techniques, while interesting,
are not directly applicable to the commercial catalysts.
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A catalyst prepared by impregnating a Degussa Aluminum Oxide C (a
nonporous alumina with a surface area of 110 m*/g) with an acetone solution of
Pty(SnCl)z  was characterized by X-ray Diffraction (XRD). A sample of a catalyst
containing 5 wt.% Pt was reduced in situ in the chamber of an XRD instrument; thus
the material was not exposed to the atmosphere prior to recording the X-ray
diffraction pattern. The X-ray diffraction patterns match very well, both in position and
With the 5 wt.% Pt catalyst, a small

fraction of the Pt is prese talline P{ But line Pt was not observed for the

0.6 wt.% Pt catalyst. It is imilar r e PtSn alloy are obtained for a
catalyst that contains o "6e%1%, Pt} and with e Sn/Pt ratio as the 5% Pt
elo

it alloy formation with a

intensity, the pattern reported for |

present in an X-ray "amo sf forrd & d’ stulated to be present in a shell layer
with a structure similarto w ;A series of catalysts were prepared to contain
1 wt.% Pt and Sn:Pt ratios ing rom &g, 8 using a low (110 mza"g) and high

e
o

(300 m*/g) surface area alumina/ XRD stiidies indicated that, irrespective of the Sn/Pt
ratio, the only crystalline phase detected by XRD was PtSn (1:1). The XRD intensity
H

of lines for the SnP§ alloy phase incr n:Pt ratios, indicating the
presence of unalloyed Pu i e samples co o, ﬂ oading.
a5 |

Li etalafl J“m - cture (XANES) and
extended X-;ﬂhﬂﬁmn t r mm: series of Sn/Pt on
alumina or silica samples. Th ' iﬁpfﬁﬂgrﬂoy formation,
e SRS Al

An electron microdiffraction technique was employed to identify crystal

structures developed in two Pt-Sn-alumina catalysts. One catalyst was prepared by co-
precipitating Sn and Al oxides and then impregnating the calcined material with
chloroplatinic acid to give a Pt:Sn = 1:3 atomic ratio. The second catalyst was

prepared by co-impregnating Degussa alumina with an acetone solution of
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chloroplatinic acid and stannic chloride to provide a Pt:Sn = 1:3. Pt-Sn alloy was not
detected by X-ray diffraction for the co-precipitated catalyst although evidence for
PtSn alloy was found for the co-impregnated catalyst.

Pt-Sn-Alumina Structure ( Davis, 1994)

equ the above catalyst characterization
data and the published data that has

The relative distribution of b

ed because of space limitations.
cies depend upon a number of
factors such as surface 3
Sn/Pt ratio, etc. Furth
precipitated” catalysts g

or reduction temperature,
"co-impregnated” and "co-
should be considered

separately.

For a "co-impregnfiteg c:agﬂﬁgséﬂ ~or the dominant fraction of, both Pt and Sn

‘the following discussion they consider

the role of only the support suifad&.ﬂ'eq,.’ he metal concentration and the Sn/Pt ratio.
First consider the cagé-of a series of ¢ :3133,.‘::5' loading but with variable
Sn/Pt ratios. - c

D )

Their vi m o it oahemati jeted in Figure C3. The
indirect and ;@ tecfloki fmm it is present in a zero
valence state m lusters that are
larger :ﬂm&:ﬁﬁ mﬁﬁl ﬁﬁ m of the state of
Pt in the -Sn—-alumma catalyst involves determining the fraction present in each of the

three states. Furthermore, both of the direct methods for determining the Pt/Sn alloy
composition, XRD and TEM, indicates that only the PtSn = 1:1 alloy is formed. Thus,
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— Pt (atomic)

Pt——3— Pt clusters

* PtSn alloy

Figure C3. Schematic Gfip! +fow (1:1) PU/Sn alumina

x ,,@bum NPT o s
TR T R

metalhctm It appears certain that the ratio of the oxidized to Sn’ will vary with
support surface area and Sn/Pt ratio. For a number of reasons we favor a "surface
layer" of a tin compound that resembles tin aluminate, whether the oxidized tin is

present as Sn** or Sn*". Even at 10 wt.% Sn on alumina, XRD does not detect any
three dimensional tin compounds, including SnO,. Furthermore, for most of the
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techniques utilized to determine the chemical compounds containing tin would not be
able to distinguish between the tin oxide and a corresponding tin aluminate.

Even if the tin does not actually form a species corresponding to a surface tin
aluminate compounds, the oxidized tin is widely dispersed, the anion associated with it

must be an oxide anion, or possibly 2 oride ion if the catalyst still contains this

pecific afE compound containing either Sn*‘or
Sn*', the actual structure in aleminate widely dispersed over surface.
Thus, we only conside: " tin: a surface spegies for the oxidized tin that is
or resembles a tin alumi ' that is essentially all presents as PtSn = 1:1 alloy.
Thus, '

For the :.-;

increases with increasing Snﬂ’t until, for a gwen Pt loading, further increases in Sn/Pt

does not pmdmm - “ 5 ‘ ; o
ailoy occurs d adide Shd chrm o

m ﬁ'gme the limiting

s‘uﬁm aiﬁ ﬁl’iﬂiw he Sn/Pt ratio

needed to attain the limiting value.

iting amount of PtSn
he support. The lower



APPENDIX D

DATA OF TPO EXPERIMENTS

Table D-1 Data of figure 5.2.

Time (min) | T(C) CO2 CO2 fsec., [ areas | Carbon(mg) | COg-s AreaCOL/g
0 50 : 0.00
5 2938.41 440762
10 2182.82 768185
15 2434.68 692625
20 327423 856337
25 3777.96 1057828
30 4449.59 1234133
35 6464.50 1637115
40 9738.73 2430485
45 15447.65 3777957
50 24514.74 5094358
55 #41557.53 9910840
60 B3954.60 18826818
65 | 13264826 | 32490429
70 239690.38 55850796
75 488447.85 109220733
&0 103490832 228503425
85 15.88 I46098630
20 | Tiﬂ.ﬂ 375742998
95 123623145 3170315333
100 £ 13 391963026
105 1087631.81 369673081
110 605 201 100.5 ° 986700 3.947E-01 1687487 165676002
115 630 n 13.5 17100 6.840E-03 2266.77 2ET1247
120 655 35 17.5 4650 1.860E-03 293841 TR0TTR
125 630 62 3L0 7275 2.910E-03 5205.19 1221539
130 697 9 47.0 11700 4.680E-03 7891.73 1964538
Total area = 1.489E+07 Total area = 2.50E+09
Carbon (mg)y= 5.9556 5.9556
Sl = 6.62 6.62
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Table D-2  TPQ data of 90 mg. coked Pt-Sn catalyst, 6 hr and 600°C propane reaction

shown in figure 5.3

Time (min) | Temp.(C)| CO2 area| O2area | CO2area/sec | Integral area | Carbon(mg) |

0 50 0 17480 0

5 81 0 18505 0 0 0

10 103 25 174141 1875 7.50E-04
15 126 26 3825 1.53E-03
20 157 4500 1.80E-03
25 182 5775 231E-03
30 206 7350 2.94E-03
35 230 9825 3.93E-03
40 256 15075 6.03E-03
45 281 24750 9.90E-03
50 305 41325 1.65E-02
55 330 69225 2.77E-02
60 358 128400 5.14E-02
65 382 227850 9.11E-02
70 405 398100 1.59E-01
75 431 786000 3.14E-01
80 458 ;:lrmlmzs 6.44E-01
85 482 1L 2326950 9.31E-01
90 so6 | T2 | 3ess 85860 T 2535450 1.OIE+00
95 s34 ol , 1729 648 5 1 5175 1.03E+00
w | 2 T Eld| V03 T SARES 1T hsars | Lommc
105 ss0. | 17720 3658 8860.0. 26485 1.06E+00
110%) [180606) A) 1387 1) s6k

us &’ 61 1.03E+00
120 657 12689 | 7373 6344.5 2221200 8.88E-01
125 680 28 17146 14.0 953775 3.82E-01
130 700 23 17138 1.5 3825 1.53E-03

Total CO2 area=| 2.44E+07
Carbon (mg)= | 97717 9.7717
%C = 10.86 10.86
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Table D-3  TPO data of 35 mg. coked Pt-Sn catalyst, 6 hr and 600°C propane reaction
shown in figure 5.3

Time (min)| Temp.(C) | CO2 area | O2 area | CO2 area/sec |Integral aruJ Carbon(mg) |
0 50 0 14084 0.0
5 80 11 14100 5.5 825 3.30E-04
10 99 15 .;:mlsl 7.5 1950 7.80E-04
15 125 14 ol 14 i 2175 8.70E-04
20 156 ] 18067, | T 2175 8 70E-04
25 181 ';[r P 2550 1.02E-03
30 205 691 | 13?_?5_ 3375 1.35E-03
35 230 174] L s 4575 1.83E-03
40 255 { iges 19\ 23,0 6675 2 67E-03
45 280 13805 | 4 sy | 10275 4.11E-03
50 304 3 ]Eii}'?i,- \ss}; MY 16200 | 6.48E-03
55 329 4 Iigﬁs'--‘ 44 108 0 25725 1.O3E-02
60 358 Soof | avins (e 45150 | 1.81E-02
65 380 - 77250 | 3.09E-02
70 405 135300 | 5.41E-02
75 430 251100 | 1.00E-01
80 458 530250 | 2.12E-01
85 480 973425 | 3.89E-01
90 505 97 6175 | o 48620 1336125 | 534E-01
95 @b 9 | B il ] ) 5 | i i‘ﬁams 5.86E-01
I 1 FY | — B L
100 5802 10976 ssbg_s 5420 tssagis 6.24E-01
105~ he [ ~Ea2 ] : Pl 7199857 5.99E-01
uutmiq I“iﬁni gl | db o ! | L u;ﬁ 5H 2.73E01
115 630 46 13871 23.0 10500 4.20E-03
120 656 44 13868 220 6750 2.70E-03
125 680 39 13840 19.5 6225 2 49E-03
130 696 43 13819 215 6150 2 46E-03
Total CO2 Area=| 8.66E+06
Carbon (mg)= |  3.4640 3.4640
%C= 9.90 9.90




Table D-4 TPO data of 8.7mg coke from digestion shown in figures 5.4 and 5.5

Time (min) | T(C) | Co2 CO2 fsec, Integral area | Carbon (mg) CO2gs | AreaCOVg

0 50 0 0 0 0.00

5 80 0 0 0 (1] 0.00 0

10 9% 0 0 0 0 0.00 0

15 125 12 6.0 il 0.0004 1641.09 246164
20 156 . 4513.01 923115
25 181 9573.04 2112907
30 205 20650.42 4533519
35 230 38155.41 BR20875
40 255 56070.68 14133913
45 280 70840.51 19036678
50 304 79729.77 22585542
55 319 B7798.47 25129236
60 358 101200.73 28349881
63 380 99012.61 30032001
70 405 122945.21 33293674
75 430 16410930 43058177
80 457 246574.22 61602527
85 480 366510.76 91962747
90 505 59010968 | 143493066
95 530 88687399 | 2215475%)
100 5 1 1193758.38 | 312094855
105 szl 133571292 | 379420694

o
1 ma W ﬁﬂjs 416427341
115 —¢ ] 1 01 | 402108804
120 636 1245 622.5 773550 0.3094 170263.40 | 211577911
125 680 34 17.0 95925 0.0384 4649.76 26236974
130 697 27 13,5 4575 0.0018 3692.46 1251333
Total area = 9140175 Total ares= | 2.50E+09
Carbon (mg) = 36561 3.6561
%= 4202 42.02
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Table D-5 TPO data of 5.1 mg coke from digestion shown in figures 5.4 and 5.5

Time (mim) | T{C) Coz2 CO2 sec Integral area | Carbon(mg) CO2ig-s Aru(.'.‘wh
0 50 0 0 0
s 81 0 0 0 0 0 0
10 98 0 0 0 0 0 0
15 125 0 o il 4 » 0 0 0
20 156 17 R LA 5. 10E-04 3944.68 591702
g *
25 181 35 Dol 1.56E-03 8121.40 1809913
30 206 75 . 3.30E-03 17403.01 3828662
35 229 129 15300 . 6.12E-03 29933.17 7100427
N —
40 256 228 (26715 . LOTE-02 52905.14 12425747
|... g ‘
43 280 s Y uszboz | esarsa 17577037
50 304 323 6F5 T 45150 |\ I'SIE-02 75413.03 20953221
. 7 \
ss 329 n 0 ALy 522 209E-02 86318.92 24259792
60 358 442 .0 ||k g1080 44E-02 102561.72 28332096
1 ~ 3
65 380 429 2148 | sa2s 261E-02 99545.20 30316039
P B
70 404 | 524 Shaig @* 286602 | 12158901 | 33170132
75 430 686 Aat s ) 4 ) A - 3.63E-02 159179.51 42115278
- o - "
80 457 | (1084 512.0 237609.06 | 59518285
- -
83 480 766.0 355485.43 88964173
ey = -t
90 504 2533 ) 12665 | 1.22E-01 S87757.56 141486449
- —
95 530 | 4135 2067.5 100 2.00E-01 959485.80 | 232086505
J’c&. % B
100 SF Q ¢k 11y W'] @)ﬂ | Aoy “f 145210692 | 361738908
|
105 5 l d | sz J 4.0'51!0! i 167997030 | 469811583
110 605 | 7638 38190 ¢ 1115850 446801 | 1752226 | 517843883
F [ r [
115 19083 | 334276963
120 1| ese 24 120 149250 5.97E-02 5568.96 69263969
125 680 15 75 2925 1.17E-03 3480.60 1357435
130 697 20 10.0 2625 1.0SE-03 4640.80 1218211
Total area = 5387100 Total area/y |  2.50E+09
Carbon (mg)= 2.1548 2.1548
%C= 4225 4225
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Table D-6 TPO data of 2.9 mg coke from digestion shown in figures 5.4 and 5.5

Time (min) | T{C) CO2 C02 faec. Integral area | Carbon (mg) COigs AreaCO2g
0 50 0 0 0
s 80 0 0 0 0 0 0
10 98 £ 0
15 124 0 0
20 156 4234.66 635198
25 180 8469.31 1905595
30 205 17785.56 3938230
35 229 31901.08 7452995
40 256 54203.60 12915702
45 280 66625.26 18124330
50 304 7848230 | 21766134
55 329 90621.65 | 25365592
60 358 10389024 | 29176783
65 380 i02761.00 | 30997685
70 404 12478121 | 34131331
75 429 16317543 | 43193496
80 457 24532776 | 61275479
83 480 369544.35 | 92230817
20 504 62390605 | 149017560
95 529 | 3723 9 18615 444975 1L.78E-01 1051041.73 | 251242166
100 o | EM_J 1585173.06 | 395432217
105 3.61E-01 181243295 | 509640901

) o
110 a $ﬁ§llf' ar@.lso 507396533
130 . b £ 1 6H 268180792
120 635 18 9.0 59175 2.37E-02 5081.59 33411439
125 680 13 6.5 2325 9.30E-04 3670.04 1312743
130 697 17 8.5 2250 9.00E-04 4799.28 1270397
Total area= 4427775 Total area= | 2.50E+09
Carbon (mg)= 1.7711 L7711
HC = 61.07 61.07
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Table D-7 TPO data of 5 min. coked sample shown in figure 5.8

Time [th_T[C} CO2 area | CO2 area/g carbon i:nz area/sec | Integral area | Carbon(mg)|
0 50 0 0.00 0.00
5 81 3l 25203.25 15.50 2325 9.30E-04
10 98 20 16260.16 10.00 3825 1.53E-03
15 125 21

10.50 3075 1.23E-03

20 156 12 956,10 4 6.00 2475 9.90E-04
ﬂ‘-,’; -"\._ e -
25 181 0 b 00 000 900 3.60E-04
m— - T ——
30 205 17 382114 50 1275 5.10E-04
35 229 27 d5103 |\ 13,30 3300 1.32E-03
s % “r
40 256 50 410 Y 25.00 5775 2.31E-03
45 280 faseos |\ azso ™ 10125 4.05E-03
50 304 ! 3820 |\\ 0500 17550 | 7.02E-03
S E L WA
55 329 260 mg};v%L 13000 30675 1.23E-02
S e 2 | 1
60 358 4 3I666G6.67 0l & 122550 53325 2.13E-02
65 380 581 4723837315 77400 3.10E-02
70 405 878 SR N4 439.00 109425 4.38E-02
75 430 1215 SZTEOI 83 Ll e 607,50 156975 6.28E-02
e T o
80 458 1887 153414634 | o043 ()| 232650 9.31E-02
rg - w— — J_
85 480 | s X j 324900 1.30E-01
90 505 2471 08943.09 5.500 1 368700 1.47E-01
2 L |
95 530 360 29268293 180.00 212325 8.49E-02
L [
100 55 7 Idd 4. W 32850 1.31E-02
105 5 1138.2 100 d 7800 3.12E-03
26 21138.21 £13.00 3900 1.56E-03
: |’I }gl Eiq_a‘;la L11E-03
12 9756.10 6.00 1725 6.90E-04
15 12195.12 7.50 2025 8.10E-04
130 697 15 12195.12 7.50 2250 9.00E-04

Total CO2 area=] 1670325

| Carbon(mg)=_|  0.6681 0.66813

%C= 0.74 0.74




Table D-8 TPO data of 15 min. coked sample shown in figure 5.8

110

Time (min)} Temp.(C)| CO2 area| CO2 area/sec Integral area ’Clrbon{EdCﬂzfg Carbon
0 50 0 0.0 0
5 82 16 8.0 1200 0.00048 11738.81
10 98 16 8.0 2400 0.00096 11738.81
5 125 15 %17 2325 0.00093 11005.14
20 156 25 | ‘ifi‘i;!y 1 2850 000114 | 16874.54
25 182 f 0.00117 11738.81
30 205 0.00102 13206.16
35 230 0.00153 24211.30
40 256 0.00321 54292.00
45 281 0.00519 | 72633.90
50 305 0.00816 | 126925.90
55 330 0.01386 | 21203228
60 358 0.02655 | 437270.73
65 380 0.04398 | 638297.87
70 405 0.06906 | 1050623.62
75 430 0.11139 | 1673514.3]
80 458 0.16818 | 243947175
85 481 0.22521 | 306823184
90 505 0.29529 | 4153338.22
95 531 3424 17120 . . | 681375 0.27255 | 2512105.65
100 558 91 @ 0.1062 85106.38
105 5 3, 065 0.00426 19075.57
110 606 17 s v = 0. | 1247249
115 Wl 4 ?il mmﬁ' 10271.46
120 1 657 0 0.0 1050 0.00042 0.00
125 681 0 0.0 0 0 0.00
130 697 0 0.0 0 0 0.00
Total CO2 area=| 3.41E+06
Carbon (mg) = 1.3630 1.3630
% C= 1.51 1.51



Table D-9 TPO data of 40 min. coked sample shown in figure 5.8
Time (min)| T(C) | CO2 CO2 /sec Integral area I'C.lrbon (mg) CO2g-s | Area CO2/g

0 0| o 0.0 0
5 g0 | 13 6.5 975 0.00039 | 2.55E+03 | 3.83E+05
10 9 | 12 6.0 1875 0.00075 | 236E+03 | 7.37E+05
15 125 | 14 7.0 0w 950 0.00078 | 2.75E+03 | 7.66E+05
20 157 | 16 go. ! % 0.0009 | 3.14E+03 | 8.84E+05
25 182 | 23 = E& - s ~of 0.00117 | 4.52E+03 | 1.15E+06
30 205 ¥ Bom ’:lwlss 5.50E+03 | 1.50E+06
35 230 ~|..0.00228 | 943E+03 | 2.24E+06
40 256 0.00378 | 1.53E+04 3.71E+06
45 281 0.00597 | 2.38E+04 | 5.87E+06
50 305 000957 | 3.89E+04 | 9.40E+06
55 330 001635 | 6.82E+04 | 1.61E+07
60 359 ) 00324 | 1.448405 | 3.18E+07
65 381 8 13.05? 18 | 2.30E+05 | 5.62E+07
70 405 - 255750/ 0.1023 | 440E+05 | 1.01E+08
75 | 430 475050 | 019002 | 805E+0s | 1.87E+08
80 458 | 6393 3197.0 d 786825 W73 | 1.26E+06 | 3.09E+08
85 481 | 6 ', " 95.5 s 1.26E+06 | 3.77E+08
9% | s05 | 76207} 38100 042033 | 1.50E+06 | 4.13E+08
95 530 | 9264 | | 46320 1266300 050652 | 1.82E+06 4.98E+08
100 558 qup? e?qﬁ 9600, | 0 | 037584<] 6.41E+05 | 3.69E+08
P P 2 LU AL LY B AL A P e
110 606 | 48 240 ¢ 16950 0.00678 | 943E+03 | 6.66E+06
115 ¢ jg:_ ﬂ 1800 Er um 8298403 | 2.36E+06
120 9 657 | 33 165 4875 0.00195 | 6.48E+03 | 1.92E+06
125 680 | 30 15.0 4725 0.00189 | 5.90E+03 | 1.86E+06
130 697 | 33 16.5 4725 0.00189 | 6.48E+03 | 1.86E+06

Total area= | 6361275 Total 2.50E+09

Carbon  (mg) 2.5445 2.5445

%C 2.83 2.83
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Fresh Pt-Sa catalyst #1 Sample 1
Av. Pore Dia(A) dVidlogD (oc/g-A) g D Vobume{cc'g}
201 0.220 1.307 g
pLk] 0325 1.408 0.029
34 0.370 1.497 0030
9.5 0.407 1.589 0035
502 0.490 1.702 0.052
65.8 0.535 1822 0.064
93 0.485 1.957 0071
1135 0.415 | 2063 0048
141.2 0.350 215% 0.037
175.8 0.280 2256 0.031
236.1 0.235 2387 0.035
286.1 0.200 2473 0.019
355.1 0.17% F _ 1 f %ﬂ g 0.018 2.574 0018
4523 0.140 13 0.017 2689 0.017
594.4 atle U 659.9 0.101 1774 o 0018 2819 0.015
8076 ~ D057 ~ 4 12 2970 0.012
1183.5 3 ﬂﬁf b |;3g 10 3.175 0.010
20342 B ou4y 3308 0.012 Total volume = 0.524
Total vedume = 0.521




Table E-2 Pore size distribution data of fresh Pt-Sn catalyst

shown in figure 5.11
Av. Pore Dia.(A) | dV/dlogD (cc./g-A) logD | Volume(ce/g)

20.1 0.220 1.303
25.3 0.325 1.403 0.027
314 0.370, | 1.497 0.033
39.6 0.039
50.2 0.046
65.8 0.060
89.3 < 0.068
113.5 0.047
141.2 I 0.036
175.8 ; 0.030
236.1 2373 0.033
286.1 57 0.018
355.1 550 0.018
4523 5 0.017
594.4 0.015
807.6 012
1183.5 fi g 0.010
2034.2 W o ,31}3 U 0.012
wlmm: = 0521

ammmmummmaﬂ

ﬂ‘UEJ’JWEJWTWEﬂﬂ‘i

113



Table E-3 Pore size distribution data of coked Pt-Sn catalyst
30 minutes propane reaction shown in figure 5.11

Average pore diameter(A) | dV/dlogD (cc./g-A) | logD | Volume(ce/g)

204 0.215 1.310
25.7 0312 1.410 0.026
315 1.498 0.029
388 0.034
496 0.048
67.6 0.069
89.5 0.063
110.3 0.042
138.5 0.039
178.5 0.035
234.7 0.032
306.8 0.026
406.9 0.021
559.0 0.018
828.0 0.016
14709 0.013
0.511

ﬂumwﬂmwmm
’Q“mﬂﬁﬂim URIINA Y
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Table E-4 Pore size distribution data of coked Pt-Sn catalyst

60 minutes propane reaction shown in figure 5.11

Av. pore dia.(A) dVthD {nch-A} log D Volune{m‘ﬂ
20,6 0.200 1314
26.0 0275 1.415 0.024
319 0. 1.504 0.026
393 0.031
49.7 3 1696 0.041
65.8 y 0.057
90.7 ) 0.066
113.1 0.040
142.9 L 0.036
185.5 . 0.032
2453 215307 0.029
323.3 ATe< Ay & 0.023
4318 0.1 A o 0.019
600.4 dosz "~ 778 0.016
914.5 sy 0.014
16444 (<R 0.011
O AT 0.465

‘o

L

AUEINENINYINg

MIANTN NN INGINY
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Table E-5 Pore size distribution data of coked Pt-Sn catalyst
180 minutes propane reaction shown in figure 5.11

Av. pore dia.(A)| dV/dlogD (ce/g-A) logD | Volume(ce/g),
211 0.224 1324
26.5 0.275 1.423 0.025
325 0299 N | sy 0.025
39.8 0.36¢ \'\\Mf v 0.029
50.7 450 705§ 043
69. go——jy [1.839°
911 ‘/ﬂfﬂ@?ﬁ\\ 5
124 BTN N
141.1 06 / /) @‘2}%\‘\
1815 off /1] T aBsg | \oow
2382 .45 7 ‘ﬂﬂ‘\
3116 o128 £ 2F< 4% | oo
4128 0.142 L= oaie. | oo
565.4 0100 =1 278 0.017
840.7 0.065. A= 427 3 Sahrany. 0.014
1501.3 LS,- ;;,—-::'_‘,x_

Y N Vo
| R— 0

J
ﬂuﬂ’J‘l’IEWﬁWEJ'm‘i

’QW]%NT]?EU UAIANYIA Y
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Table E-6 Pore size distribution data of coked Pt-Sn catalyst
360 minutes propane reaction shown in figure 5.11

T

Av. pore dia.(A) dV/dlogD (cc./g-A) log D vohme{cd_g

21.9 0.240 1.340

273 0.270 1.436 0.024
33.3 0.290 ) 0.024
406 0.340 ‘ 0.027
51.0 0398 1.7 0.036
67.1 11 0,046
92.1 052
1144 3 2) 032
143.6 212 A ghsT, 030
184.5 0. s 266, \ 28
2422 0 Baren 025
318.4 ofs3 ff 249 0.020
4216 ] AN 0.017
576.0 0.000 FEEEd e 0.015
$57.8 0.055. 723N 2 0.013
1576.3 om0 |

AUEINENINYINg

IR TUUMINYIAE
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Table E-7 Pore size distribution of Pt-Sn catalyst treated
in Ar at 600°C, 6 hr, shown in figure 5.12

Av.pore dia.(A)| dV/dlogD log D Volume (ttjﬂ}
19.8 0.175 1.297
252 0.290 1.401 0.024
31.0 0366 oM 0.030
38.2 0.408° \\JM// 0.035
49.0 0.50 [ 1656== 0049
66.9 ' ,../ m 0.072
90.2 S804/ | 1955 s 0070
116.3 Mfﬂa“k\\\ 0.053
140.9 gosf /| Eﬂl&“\ 0.034
178.9 lllﬁ?ﬁ\\\ .
233.6 ff l Fo _
305.4 e "’
403.9 GlEe:
550.9 -
7847
1169.4

ﬂumwamwmm
QWW@\?H?ENNW]'MEJ’]GEJ
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