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. ABSTRACT |
! R

The deactivation of Pt — Al ,Oy reforming catalyst by coking was investigated by the
4

pcrfommucc of several sels ol deactivation-regeneration experiments ina Berty CSTR.

The overall objective was the prevention of calalyst mortality. Cal.a.]ys.l, regeneration

after deactivation was by a novél methodology, introduced with a view to improving

C Othe life-time of the catalyst. The methodology, formulated from the resuils of a
14 .
systematic study of the nature and types of coke deposited during reforming of Pt -
Al Os catalyst, hinged on the prolonged removal of toxic coke on the catalyst surface

in order to delay its accumulation to a rethal level. Toxic coke had -been identified

to be responsible fo.r. the mortality of the catalyst. The prolongation of the ca.talvst

,“"H_

lifetime by this meLhodolo gy and the lesponse of Lhe catalyst in terms of coking .A’U'@,

evaluated by comparing the results obtained in :this study with previous works. Hence

several sets of multinle deactiva,tion-regeneratiogi experiments were performed in which

the oxidizable and toxic coke deposited alter Lac,h run were quantified.  The model

L

reaction, the dehydlog,(,ncm ion of cyc]ohexa.ne on 0.3%FPt — ALOs, was pellormed at @

- reactor temperature of 430°C, reactant vapour ‘pressure of 0.234 atm. and carrier gas

flowrate of 100ml/min. Catalyst regeneration consistéd of oxidation at 430°C with 2-3%

O; in N, carrier al a ﬂowmt,e of 1‘)0ml/1mn followed by proloncred reduction of coke

at 500°C in H, at a flowmlc, of riOm!/miu 1‘{ewll.s showed that the Lmnlysn resviained

v

i
* . Y !
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. The prolonged toxic coke removal in the highesit possible quantity is responsible

for the prolongation of catalyst lifetime. An improvement of more than 2 fold (22
cycles in a previous work(6) and 52 here) clearly iindica,ted the toxicity of secondary

coke and the efficiency, of this regeneration methodology.

The secondary coke is deposited in layers in confirmation of previoﬁs results (9) and

consists of several types. The number of reduéf;:s?ble cokes formed may be dependent

on the coking propensity of the reactant used.

A total of three types of coke are deposited on the catalyst surface: primary coke,

_secondary coke and tertiary coke. The tertiary coke is graphitic in nature and

cannot be removed even after very prolonged reduction.

The level of oxidizable and toxic coke with each cycle are generally characterized
by oscillations in between some fairly stable values.- The, catalyst surface is very
unstable as shown by the occurence of redispersion. This instability partly explains

the occurence of the oscillations in the amount of oxidizable and toxic coke with

cycle number.

No clear correlations exist between catalyst surface parameters. Where they do

exist, they are dependent on too many conditions. Hence the results from a reac-

| tive surface are an int;erpla,y of a lot of factors many of which may not be easily

*

. )
A Yoo .
Specifically, no correlation exist between activily and dispersion. Toxic coke is

4 .
- .
more crucial in determining catalyst lifetime than the level of dispersion.

!

. During multiple deéctivaﬁiorx-regenera.t.ion cycles, the catalyst sinters during reduc-

tion and redisperses during oxidation. :

v ' .
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active even at the 527 cycle when it was terminated whereas catalyst mortality had been

shown to have occured at Lhe 9nd cycle in a prewjious experiment in whicls protonged

Ty | N .
: ' reduction was not used The improvement observed here was a clear manilestation of
. - . :
, the success of this regeneration methodology. .
2 o o - o
% *.  The oxidizable and toxic coke values versus cycle numbers also showed oscillations 1
. it 0

_between some fairly constant values. The oscillations suggested the occurence of some
* reversible surface changes. To probe the changes, the catalyst surface was characterized

by the performance of titration experiments cycle by cycle at 430°C after oxidation and

after prolonged reduction. The dispersion of metal sites on the support, which is the
. ¥ B

surface parameter generally used as a' measure of potential catalyst activity, was the
, 1 .

parameter of interest in the surface cl*:%mra.cteriza,tiou study. Results showed the usually

i
observed trend- that the dispersions after oxidation are higher than those after reduction

and the average decline of dispersion f101n oxidation to reduction was Cdlculdttd to be

"y _ 39.25%.  Whereas the dispersion alter ox1da.t10n stayed constant for almost 6 runs before

' :‘;ﬂ , décl.i'.hiﬂg; the dispersion after reduction declined continuously from one run to another.
1 -, Unexpectedly, it was observed that the cycles with low dispersions were characterized
fa by high toxic coke removal and high 1('lf’:auct,ivation times.

«
Two theoretical models of the reaction-deactivation process were developed and the

mode] parameters estimated ma straight forward manner without decoupling the cokimg

. . : . : . ™ ; 8 . ) .
reaction from the main reaction. Thetwo models were Tomnfd to adequately describe the
VT

+ b .
% Lo LI ¢
~ the deactivation o dati. The wiodelling of the depuosilion of coke in minliifayers on
. R . .

M. o : , A Y S ' H

S . real surface was presented and the resulls showed good agreement with the experimen-
b . - - -
y ¥ . ) . N

tal results. Furthermore, a Lllcor(-::icil,l model of the effect of diffusion in l‘.i'h(.'. catalyst

.

S
. vegeneration Process was rlr-w'lopcd usmg Langmuir-Hins! helwood i\m(‘lu .
‘_ o r -
v ' - - - .
. _ From the discussion of the results e following conclusions werc drawn
| X ! : .
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8. The multilayer coking model on real surface adequately describes the'data of resid-

3
ual activity and coke content. -

L]
§
i 9. The methodology for the straight-forward simulianeous determination of hotl re-
action kinetics and decay rates without decoupling the main reaction from the
decay, used by Forzatti and Ferraris for an integral reactor data is also applicable
for mixed flow data generated in a C3TR." ,
' 10. Catalyst regeneration is adequately modelled by Langmuir-Hinshelwood kinetics.
i _
3.?' The coke and the gas consumption profiles increase and reduce respectively towards
‘.: ! . - °
the center of the catalyst due to diffusional resistances
N . | v
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INTRODUCTION

A ca.ta.lyst is a substance which iﬁcrea.ses the ra.té of a,ttainment of equilibrium of a

«lﬁ»

rectlon system w1thout causing any 'great altera,tloq in the free energy changes 1nvolved

e 1

A catalyst ¢ a.ccelerates rea,ctlon by prowdmg alterna,twe mechanism for accomphshmg the

R ‘.?
i |

reactwn a.nd this alternate path is a more rapid one. " As far back as 1836, Berzelius(1)

had ev:denoe of a ca,talytlc force in operz[mon In the reactions he studied, he realised the

substance was v1rtua.ly unchanged by the reaction. Although the concept of a catalytic
]
force as proposed by Berzehus( ) has now been discar ded, the term ca,talyms is retained

to describe all the processes in wluch the rate of rea,ctnon is influenced by a substance

]
. : 1
that remains c\hergxc;dly unaffected. :
The use oi catalysis is of paramount 'importa,nce to mordern chemistry since more

than 80% of all new Ill(lUSLlhtl uacuons mvolve catcxlysts in one way or the another.

: Catalysis is divided into three distinct fields(2).

ji.
1, heterogenous catalysis, in Wthh the catalytically d,Ct-]Ve substance is present in

¢ another phase than the p1oducts and the reactants. The chemical leactlons take

place at the interface of these phases. Typically, the reactants and products are
_ i _



3

- A nece.,sary precyr sor o Lea.ctlon 18 the ad501pt10n of

‘ gases Or liquids and the catalyst is solid.

2. meogenous catalysis, in which the the catalytic substance, the products and
ogent

the reactants are all in the same phase: usually the liquid phase.
. ! .

3. blologlcal catalysis, in which the catalytic active substance is a very large and

complex organic molecule called an cnzyme. These catalysts are closely related to

living nature and 1ts chemical processes. Their state is usually colloidal.
|

For industrial applications it is very important to separale reactants, products and cat-

alyts after %:Qmpletion of the reaction . Because of the ‘ease with which this can often be

done with heterogenous catalysts, industrial (and thus also scientific) attention has been

directed mostly towards this type of catalysis(3). Heteregenous catalysis is commonly
| +

subdivided into t%xe following groups of reactions:

1. Catalysis by metals

2. Catalysis by gggy-metallic g:ompounds, e.gioxides, sulphides and solid acids

3. Bifunc_t:igngl (group 1 and 2) -

The first step in a catalytic reaction is physical adsqrption followed by chemisorption.

the reactant on the surface of the
ai !

cata.lyst If we sy pposc, that the suliace atoms of the catalyst are capable of forming the

. | .
v of chemical bonds as an atom in the bulk, the surface will therefore have a
degree of unsaturation which is manifested’ by free energy. The process of

same numbe

saturating free

valencies is termed adsorption. In [)llySICd.l adsorption, the strength and nature of the

adsorption bonds can vary with type ¢ of catalyst adsorbates, temperature etc. thsmal

adsorption can in principle occur l;t;yween all gases and a&ll solids. Chemisorption is a



necessary condxtlon for catalysis to take place. A chemically adsorbed specie interacts

with the metal adsorba.te chemical bond in such a way that a metal-adsorbate chemical
bond is formed i.e electrons are transfered between the adsorbent and the adsorbate
they are sha.red Because of this new, chemical bond formation, molecules exhibit a

i
stronger spec1ﬁ01ty in their preference for certain adsorptlon sites, orientation, dissoci-

ation le;:c_. On pu1ely arbitrary groundsione often ‘d1v1des chemisorption into different
categories-weak when the metaLadsorba.ﬁe bond, at low pressures and temperatures be-
low ambient can be broken readily. If thﬁ bond is broken only upon heating above room
temperature then the adsoption is called strong. . -

The study of the structure of the ca,ta.lysts largely belongs to the realm of solid state
physics, g\{hereas preparation is a task fot 1norgamc chemistry. In recent years, from the

tools of physncs, a _very la,rg,(,nnumbel of‘ techniques lhave become available that permit

the mvestlgatlon of surface phenomena on the atomic scale, Most of these involve scat-

:‘

tering of electrons, a.toms ‘ions or photons Electrons that are emmited from the valence

u

shells or from the inner shells of surfa,ce atoms as a result of bombardment by electrons

or pho,t,qns _of highep energy are the probes of ultlawolet ‘photoelectron spectroscopy,

’

Augu eleciron, X-ray spectloscopy These techniques are employed to determine the

chemlca.l comp031t10n of the surlace and the oxidation st&tew of surface atoms. The mul-

i

tldxsuplmmy complex:t.y of CdtdlySIS is the main origin of the fact that inspite pra,ctlcal

'''''

application, many of the fundmnental ploblems have remd, med so [ar unresolved. The

'

. impaortance of these problens are demonstrated by the continuing rescarch dealing with.
mporLaltt o ‘ 3 L

[ : : i
Qhem(4) | !

One of the most ln‘lpOltd.lﬂ mdustual catalytic process is reforming reactions in the
\

petroleum reﬁnery The main punpow of reforming is the improvement of fuel quality.

|
Thjs improvement is achieved by an increase in the octane raling of the fuel, to a value
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suﬁicmntly high enough to satisfy the demands of hlgh compression ratio engines(5).
Ea,rly pet.lol suffered from the phenomenon of pre '1gn1t10n leading to knocking. The
octane number of the fuel is increased not only by ‘the products of catalytic na.phtha
reformmg but also by the addition of lead compounds. The catalyts applied in reforming
rea.ctlbns have to show a high scletmty‘m the forma,tlon of aromatics and branched
alkanes a,bove unbranched alkanes since the former ha.ve a higher octane rating.
Most. widgly used reforming ca.ta]ystsi' are one of the following-a precious metal, a
precious metal on a support, or an alloy of two precious metals on a support. A catalyst

of just a précious metal alone is a monometallic catalyst while a catalyst of two metals on

a support is a bimetallic. Currently,the most, used reforming catalyst are the bimetallics,

. such as Pt:-Re a,nd Pt-Ir, which after sulphldlng show good stability and se]ethty The

|
bimetallics are prefered to the monometalhcs because of their better resistance towards

deactivation by 'cokin‘g and sulphur poxsc‘mmg. This thesxs.wﬂl be entirely dedicated

spec1ﬁ(,ally to the study of the b(,hcwloux of 0.3%Pt — Al; OJ catalysts in re forming

rea.ct.lons as model fm undelstandm& reforming catalyst behawour in general.
Reformlng catalysta in a flow of reactant fluid undergo a ;gra.dua.l loss of activity due

to sintering, poisonous 1mpur1t1es in the feed, and deposition of carbonaceous ma.terlals-

(oke bmtermg is the 4gglomu ation of active sites ma,de posmble by the mobility of the

' metal atoms caused by very hzgh run-away temperatures. Agglomeratlon leads to loss of -
|

I‘l]etal _z_~:ur,la_cc _aren zmd hence a l'ecll,lctlo‘l't m 51tes available for _1eact1011. Poisoning can be
linginted I;y claborate purificativiy of the feed belore vse and sintering can |;¢ avotded

by adequa.te tempezatme contr ol. \thmas sintering and polsonmg can be éontlolled
ol
Lokmg cannot Coke is the general denommatlon given to the forma,tlon of carbonaceous

materizls on a catalyst, surface. (_fqlgc is the end product of carbon disproportionation,

condensation, and hydrogen abstraction reactions of adsorbed carbon-containing species.

,._4“
~
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Coke formatlon g,enerally occurs via a sequence of elementa.ry reactions which in turn
depend on the type of main reaction under study, feed. composﬂ.xon type of catalyst used

and rea.ctor env1ronment(3 5). : ‘l

The eventua.l irreversible loss of catalyst activity (rnmta.l state) is a result of coking

and not even the introduction of the more[ coke- resnsta.nt bimetallic catalysts have been

able to prevent catalyst mortality due to cok1ng(3 6)

Restormg ca.talyst activity after deactlva,tlon is necessary if the catalyst is to be of
further use. Regeneration would entail the removal of the coke deposits on the catalyst
surface. The. regeneratmn method being ILJSEd n mdustry (7) involves burning off the
coke depqslts 1n an air stream-a process known as ox1dat10n This process removes only
one type of coke-oxidizable coke - research |has estabhshgd the existence of more than one

. ' l .
type of coke. The non-oxidizable type of ;coke (toxic coke) accumulates on the surface

!

and evéptua.lly ¥e_a,ds t# the mortal state o%f the catalyst (6,7).

OBJECTIVE OF STUDIES

i
i

Prolongation of Qpalyst lifetime by the development of more accurate methods of

coke remoyal requires a detailed u‘pderstanding of the step by step coking mechanism,

ot
ret

,the nature of the coke fgrms deposited on the catalyst and the operating conditions that

favour a hlgher seIectw;t,y for the d(,sn able 1eact.10n Understanding the coking mecha-

v,

nism r<>q_uu‘es the s1mulat10n of catalyst mortality in the laboratory and rnomtormg of .

the nalure and quant;ty of the col\o fonned as the catalyst progresses to mortality. In

mdustly, l]u reforming l(rltil(illH :llt performed in hydrogen atmosphere(7,8). Hydro-
r
gen converls potential coke prec ursor inolecules into harmless compounds thus reducing
nverls potential o

|
coking (8). Deactivations times in 'hx_d‘rogcn are, therefore, desirably long. Nitrogen can

i\
also serve as a reforming medivin but, cannot be used in industry. Owing to its ineriness
s e T . seE ‘}

it has no action on coke precursors.. Hence, deactivation times in nitrogen are shott,
e §ven, T -3 R

iy
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aging of the _(:a;ta.lyst as well as catalyst deterioration to mortality is rapid.

Though deactivation times in industry are desirably long, for laboratory investiga-
BTE ' B O

tions, however, the deactivation times have to be reduced drastically if several process
‘variables are to be investigated and calalyst mortality achieved. Nitrogen, therefore, for

& |
-2? reasons given a',bove is prefered to hydrogen for laboratory simulation of catalyst mor-

tality. | The uncertainty here had been whether the catalyst mortal state that would be

simulated in the laboratory can be extrapolated to the industrial catalyst where hydro-

;
‘_'1' gen is used, Laboratory reforming reactions had been carried out in nitrogen till catalyst
!f.-; f ' . mortality occured(6,7) and the results were found to simulate the industrial catalyst. In
; : that work, use was made of muitiple dea,cti'lva.tion-regeneration schemes to achieve a cat-
,‘ ‘ | alyst m_;)rt.al state m both the rnonometall'iic Pt — Al;05 and bimetallic Pt — Re— AlyOs
; N catalysts using Ecyclohexa,:me: dehydrogf;na.tion to benzéne in nitrogen. Three types of
1 ‘? coke were 1dent.1ﬁed to have been dep051ted on the catalyst surface(7) and were labelled
: —~ as ox1dlzable(pr1ma.ry) ooke, secondary (reduceable)coke and te1t1a1 y(non- 0x1d;sa.ble and
r" J\@;‘ . nomn- reduceable) coke. 'lhe a.ccumulatlon of secondar}: and tertlary coke on the catalyst
"T ' . surface were found to have been xesponslble for the mortahty of the two catalysts 1nlves-
' | tigated. It was a,lso observed that the prolongation of 1’.1‘e catalyst life may be dependent
? '_ on the slow down of the t1ansformat10n process from the no‘n toxic oxidizable coke to

’

' the more tox&c seconda1 Y and tertlary coke.

The above findings could not be said to be concluswe for two reasons. Firstly, they
were drawn from an 1nvestxbatlon ca,med out only in, 111t1ogen Secondly, the reaction
investigated-t.he dehydrogena.tjon 01' cyclohemne 1equ.11ed Just the metallic sites of the

> AROs catalyst. Hence fur Lhu work was done(9) hereby the reaction studied-the
dea,(.twatlon of Methylcyclopemtdne (MCP) on Pt - AIQO;; cata.lyst required both {he

metalllc sites a.nd the acidic sites ou the catalyst surface. Hydmgen and nitrogen atmo-

16




* minimize coking, (Jokc monitoring Loulq also suggest the Jocation of the coke.

spheu;s were used. The nature and levels of coke forms deposited on the catalyst using

both 'atmospheres were compared for several deactivation-regeneration cycles (11 in all).

gl
The resul!.s wete found to be a realistic simulation of the industrial catalyst {or the pe-

riod under, investigation and tlns confirmed the findings of the previous imvestigation(7)

“in which cyclohexane was used.

S Y

In v1ew ?f the suggested linka.ée of toxic coke to the mortality of the catalyst, the
regeneration moi;hod used involved the prolonged removal of the toxic coke and quantifi-
cation of the coke (toxic and oxidizable ct%l(e)(g). However, the effect of the regeneration
method on ca,l.a,lyst life prolongation was not demonstrated as vital variables were not

changed and no work with similar eéxperimental design existed in literature for compar-

ison...
The problem \Enth the use of MCP to investigate catalyst mortality is the rap1d1ty w:th

whlch it reacts and coke on the catalyst surface. Results using MCP ha,ve abundant]y

v i

,demonstra.ted that observation(8,9). Ra.pld cokmg lea.ds to loss of vital details as it is
o

difficult to rnomtm all the changes effectwely Cyc}ohexane is a ‘slower coking reagent
Hence the recourse to use of cyclohexane in this thes‘is to mvestlga,te its deactivation of of
Pt = A!gOa catalyst Boih oxidizable (primary) and the toxic coke forms are quantified
for aevera.l deactivation- regeneration cycles. The oo](e monitoring should deterrmne the

extent. of involvement of the coke type( ), in dea.ctlvatlon and mortality while kinetic

studles would detel mine the optimal process COI'ld]t.]OI]S that would maximize yield and -

[

i
It a,ccugnulation of Lox:c coke causes.the mor uahty of catalyst as had been experimen-

tally deter mmcd(?) it stands to reason that the toxic coke must be inflicting irreversible

1
1

ha.rmfull changes on the catalyst’s su;f(u:e morphology One way of momtoung such

f
surface structural changes is tluough a cycle by cycle catalyst surface characterization
§ "1

1
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. as- the catalyst ages ted obtain the ‘catalyst surface structure profile.

' lation between coking and surface cha,ra

in reforming reactions and the eﬂects of

i
A possible corve-

cter should be able to explain observed changes

1mp lemented changes during reactions on the

state of the c,ata.lyst i

Thus, in line with our stated ob jectives the following have been done:

-

1.,

. of a long series of deact:v

fia

-

We have detelmmed the mtxmg charateristics of the available reactor, a Berty

i
(‘STR g0 as to asses its E:Llltd.blllty for the procurement of reliable data.

We have strived to achieve catalyst mortality in the Jaboratory by the performance

ation-regeneration experm]ents on Pt — AlyO3 reforming

catalyst in the course of which we have quantified the primary and secondary coke

d_eposite_gl_ cycle by cycle. Catelyst regeneratlon was carried out by a method that

hinges on the prolonged removai of secondary coke to the maximum at the appro-

priate coh:ditions. The elficiency of this regeneration method has been evaluated
4 I
by comparism with data from previous work(7).
We have carried out titration experiments by which we 'would characterize the
) | _ _

catalyst suface structure. -

1

"To ;heo!'etical]y analyze the coke structure, a multilayer coking model on real

surface has been proposed and data from the titration experiments used for the

\ model parameter estimation.

| _

i . .

| In addltloxl a generallsed theoretical model for the e‘ffect of diffusion during cata-

) l,xgg, ;eﬂg_?e;_lexjg,_t‘.lpp has been plesented Lo evaluate the 51gn1ﬁcance of diffusion during

the regeneration process. rom the experimental and theoretncal analysis, we have

_Q];_g@a_:y_ined; information which should rationalize the success of our new methodology

oo



aud explaan the state of a deactivating refor mlng catalyst. This information is de-

suable for the development of an effective method for the p1olongat10n of catalyst
R

1;1};§3m§ with predictable effects.
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after the ploneermg paients dppealed in 1949(8).

Chapter 2

+

LITERATURE SURVEY

+ -

2.1 COKING OF REFORMING CATALYST

i

The o_il-prpc_es_sing industry sta,rtéd to use metal based catalysts almost Jmmedla.tely

.' These catalysts consisted of very

finely dlapersed platinum on its support e alumma Al,Os. The moderately acidic

a,lurnma not. only preyents sintering of Pt Partlcles but also has a catalytic activity of its
;

~own. T he orlglnal idea was to combme thc, outstandmg hydrogenation/ dehydrogena,tlon‘

activity of Pt w1th a catalyst whmh can isomerize and promote dehydrocyclization, next
to some cr;;&;kgng(l(]_) he 1ea,<,tmus on allum]na are supposed to run via the carbénium
jon mechanisms, whereby the initial ca.rbemum ions are formed by addition of protons
{0 olefins and to a lesser extent, by :abstrlaction of hydride anions(11).

Later it E_L_RH_@%I:QC! that Pt could do n%ore than julst Liydrogenate and dehydrogenate

_ ‘ ] . .
(12,13). At low t;erg}'ﬁ;r_ature, bef@r}e it becomes covered by carbonaceous layers it can

catalyse hydmgenolysis, isomeriza.tién and dehydrocyclization at a high rate. When in-

P

dustrial COI]dlthllS are applied, the most important (rema.mmg) function of Pt covered

10
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by carbonaceous layers is, indeed, to catalyse dehydrogenation and other react.ions de-
rived from it, such as aromatization {an essential part of aromatization takesl place on
Pt) (13), ; '

After 1968, the reactors for naphta reforming were refilled by one of the (or the
combin.;tt.iqn of) new genera,il;i_on catalysts: the bimetallics (14). The combination Pt-Re
appEa_red‘tp be‘tfh'e most widely used, but also Pt-Sn and Pt-Ir catalyste were important.
The s_éc,oqd met.!a,llic component has, most likely, more than one function. The focus
of this review is, however, limiLed to catalysis on Pt — Al;O;. Most studies have been
carried out hsing a Pt — Al Oy reforming catalyst. |

Under practica.l industrial conditions, adsorption of hydrocarhons always takes place
in the presence of (externa.l) hydrogen(4,7,8,9). The presence of hydrogen supresses of
course, all steps in which hydrogen is split off from tbe hydrocarbon molecules or their
fra.ngnts At reaction temperature a certain fraction of adsorbed species is dehydro-
genateld too deeply, and is unreactive at that tempemture This fraction ehrmnates part
of the meta.l surfa,ce from the reaction, causing the act;ve sulfaec to be always smaller
than the total met.al surface The dehydrogena,ted species (coke) lose more and more.
hydrogen on lncrea.smg the tempua,l,u:e The thermodynarrucs of relorming reactions

are such that it is desuable to woal\ at high temperatures and ‘pressures but these are

. the COﬂd]t.lOIlS that favour cokmg(b) In the absence of hydmgen ethene can dehydro-

genate at temperatures of about 3001( so fast that the adsor bed layer conta.m gra.ph]tlc
structures(14). s

*

§
2.1.1 COKE FORMATION AND STRUCTURE OF COKE.
P B . '
As already mentioned a series of fragmentation reactions and successive dehydrogena-
tion reactions leads to the format,im‘l olf unreactive, h’ighly dehydrogenated species and
J | |

11
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these molecules may combine to form more toxic coke deposits. Further removal of this
. ; :
hydrogen by successive fragmentation (h)),drogeuolysis) and dehydrogenation leads- to a

more graphitic form of coke-(this also invclilves migration to a nucleation site where the

irreversible deposits grow). [

]
2.1.2 " Coke Logation 'and Str;ucture

Graphitic coke is very resistant to removal by hydrogen. Other mechanisms suggested
in the literature for metal site coking also indicate there are different types of coke on
surface(7,9). The routes for these coke formations a,i'e based on po]ymeﬁzation reactions
occuring on the metal surface(14,15). J. Biswas deduced(lé) that coke from long term
reformer operation is on the alumina support of the Pt — Al,O5 and that coke on the

I .
L i ‘
Pt sites was limited to the early stages of deactivation. He distinguished between two

types of coke deposits on the métal sil;:es after oxidation of the deacﬁiva‘r:ed-catalyst_; oﬁe
of the coke easily remova,blé \.viLh hydrogen and the other less readily so. He suggested
that the less readilly removable type must be graphitic in nature. |
Omoleye(7).and Osaheni et al.(9) had clearly distillguisl'led between three types of
coke deposits on Pt — ALO3 durin}g reforming with methylcyclopentane. They distin-
guished the cokes on the basis of the;ir reactivity with oxygen and hydrogen. On oxidation
of a dea,lcti_y(a!;ed_ catalyst, one coke type was removed as carbon dioxide was given off, on
reduction with hydrogen a second coke type was ideniified in the formation of metﬁane.
Dsaheni et al.(9) reasoned that s.ilx?ce the coke reducltion profile did not level off to zero
in the amount of methane formed, a third type of coke, resistant to both oxidation and

reduction must be retained on the surface. The three identified coke were thus labelled

oxidizable coke(primary coke) reduceable coke(secondary coke) and non-oxidizable and

non-erucqalile (tertiary) coke. They further suggested(9) that the cokes are not formed

b : .
J | 12
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indepedently but by a transformation of one coke form to the other and postulated the
following sequence : Owidizable coke—sTozic coke— graphitic coke. Osaheni et al. also

observed that the reduceable coke (secondary coke) occurs in layers and that the layers

represented reduceable coke of varying resistance to reduction with the most resistant

occurihg on the 'ca.talyst-coke interface. The most resistant coke was suggested to be
graphitic in nature J. Barbier(17) carried out a tempera.ture-pi ogrammable oxidation
of coked Pt — AlO; catalyst and revealed the existence of two ox1dat10n states repre-
sented by two peaks; one at around 300°C and the other at400°C. Many materials are
known to catalyse the gasification of coke and this includes several metals. He explained,
on the strength of evidence from previous work(18), that the low temperature combus-
tion w‘as due to the presence of coke on the metallic sites and the high ternpera.tu.re

combustion was due to coke on the alumina sites. He further explained the existence of

L + . . r . ‘ ) ' ) . . )
two oxidatian states by suggesting that either platinum catalyses the oxidation of ca,rbqni

or that coke deposited on the metal is diﬁ’efent from that deposited on the alumina.-

-

$2.1.3 | Nature of catalyst and amount of Coke

£

Much of what is known of metai crystallite structure is due to the p10nee11ng work

~{rom ;_}_]q ‘Igbq;'g,_t,qry. of G. Son'lorjm(lg). The activity of plat.mum based catalysts is

dependent on the sﬁgf;;p__c crys.ta‘llite configuration(16,19,20). Hence, the influence which
. \ . . . .
ca‘rboggtnggQ;_qgg Idyﬁ.rs have on :the hydrocarbon reaction is also dependent on structural
factors. The mnetal *c__agqllyst ;Iis normally dispersed (I)n:'Lhe suppoft as small crystallites,
usually in the size range of 8 — 100A units in diametér(lﬁ,?ﬂ). Crystallite corner atoms
have a COOl'dli'I'_l_g'i!-fgi_QIl number of 4, edg(; atoms GorT7 a.;‘nd atoms on the face of the plane

8 or 9. Corner, atoms predominate on the surface of extremely small crystallites while

large crystallites éoqgi?jtj entirely of face atoms. The eléctron deficient character of corner

13
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atoms makes these atoms morc e_xdtivc for certain reactions.

It is knéwn' that the carbonaceous deposites are most easily 'forméd on sites with
the highest coordination number on metal atoms, such as those at the foot of steps and
flat surfaces.(16,19,20). In contrast the atoms on edges, corners and other efposed low
coord_inated sites are less covered by carbonaeceous layers. This is because of higher
coke ,q_lea?ning rates there as well as steric influences. The lesser susceptibility of small
particles to self-poisoning than large ones has been studied in more details with Pt (21).
With Pt, in almost all expeunwnts with n-Hexane in the {eed, a hlghel activity for small
particles is observed(Zl) A. Sarkany(22) also confirmed the structure sensitivity ol the
formation of carbonaeceous deposits over a group of monofunctional Pt — 510, catalysts
of va;rymg dispersions.

Sompr_jgi(lQ,Z‘_O) had demonstrated the structure sensitivity of cyclohexane dehydro- -
genation by providing data showing that the dehydrogenation of cyclohexane to benzene
occurr only on _stgpped platinum SLix'faces'at an appreciable rate at low pressures and
that qhe rate ig constant as long as there are steps on the surface. Literature has been
revievived shgggigg Itha.t meta) particles of varying size certainly differ in their propensity
to form- metal:to-single-carbon atom Tnultiple bonds(8). The smaller particles of various
metals show a lower activity m mulLi})]e bond formation, than the large particles.

M. Boud_gn;g(_?ﬁ)l suggested that ;all‘ reactions might not be equa,lly sensitive to the
geometric arpglg%@lh@nm in varioqg_.x_j]etal surfaces or-to the differencees in the elec-
tronic structure of sites with (liffﬂ.rf:pL coordination. Boudart divided the reactions into
structure-sensiﬁye and structure insensitive. The opeiational criteria for structure sen-

sitivity, according to him is the specific activily (the rate per unit surface area) or the

- TON(turn over numbers (rate per siLe). TON’s should differ by more than a factor of

5-10 when the dispersion, D, varied suﬁ&cient]y.

14 .



R
i

2.2 IﬁEORETICAL DEVELOPMENT

It sh_ou!tqi have been poss:ble to use a catalyst contmuously for a long time as long as
the cataiyst s mechanical properties remained mta,ct were it not for coking. With the
forrmda.ble difficulties in physically following the progress and nature of coke accumu-
lation qn;;trg;am, modelling becomes an attractive i;llternatwe for the prediction of the
state of ph;: deactivating catalyst from knowledge o.f_ the chemistry of the coking reac-
tions. This si:ction on theoretical development will d‘_iscuss efforts by various researchers

to model coking and the p'rogres:s so far. This part will be discussed under the following

truncations: |
H10n8 |
|
1. Dehydrogenatlon of Cyclohexane
1
‘ I

2. }fggnhies model

3. Levenspiels’ model

a .
4. Ivgggel of F‘rqgne‘.t\ .
5. nggl!g and Asua

6. Cooper and Tzimms model

o

7. Klingmann and Lee
o "_P.-'“i "

1

It should he :']ariﬁvd that the enumerated authors are not the only ones in the literature

with models dssoma,ted with their names. Mention is made or discussion of other relevant

models is done under the enumenated ones. They have, however, been enumerated for

the wide r_e\g;g)gg and applications thclr models have atiracted in the literature.

DEACTIV:ATION AND AQTIVITY,MODELLING.

15



Even though there are examples of catalyst deactivation resulting purely from the

physical cove:age of the active metal sites by coke m(ilecules, there are still doubts as

e
(,r..*.‘
e _ to whether electronic factors affect coking or dea,ctlva.tmg catalyst. Agrawal et al.(24)

stated that, if deactivation 1s due to reduction in the: number of a,ctwe sites then the

l‘

o
. ( 1 ',
)‘; kinetic behaviour should remain unchanged with deactivation and the reduction in the

w

‘rate constant w111 then be attributed to the fra.ctmna,l reduction in the number of the

active sites. However, if the deactivation is due to e]ﬁctmmc factors, the value of the

; kinetic para.meters would be expected to change on deactlvatlon and this will provide a -
| l .
. new insight into deactivation mechanism. !

As early as 1949, Voorhie(25) succeeded in obta,mmg an empirical relationship l?e-

tween the actlvxty of a catalyst and the time of reaction. Ever since then, quite a number

of researchers have come up with one formof a model or another. Wojiechowski(26) re-

!‘ ¥ lated activity of a catalyst to both time and tempera,tme of reaction. Babier et al.(27)
]

found that the overall activity of Pt — AlOs catalyst decreased as the coke deposit per

i

,%’J © unit mass of Hlatjnu':fn increased. They also reported {Lat the activity of unpoisoned
Rl | _

. metal in the midst of béisoned ones is the'same as that of an uncoked and unpoisened
: s R < l .
s Y metal. The effect of the coke deposit level on the activity of the catalyst form the basis

of the empirical eg_u__ation derived by various authors like Froment and Bischofl (28) and

Dumez and Froment (79) They lmu shown the need to relate activity of a coked cata-
e

lyst throngh an ‘emp__g!'neql equatmn to the coke content and to relate the coke content to

the properties of the catalyst (composition of reaction mixture, temperature and time)
through a continuity equatlon.
.

i

l

|

+

K .

[ ! The significance or not of the chlorine content of the
o

& catalyst w1th 1egauds to its effect on catalyst activity has been a matter of contention.

J""-‘
i Nora Flgp_h el a,l;(30) studied the influence of the chlorine contcnt on the behaviour of

: catalysts for n-heptane reforming and showed that after 24 hours of continuous operation
F | k B |
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or abgu} 1000ml of n-heptane processed,lthc initial chlorine content of the catalyst did
not ,ché,uge and so il was nol. necossary to add chlorine to maintain its concentration
on tlhe catal;c;t The samé conclusion was noted to have been reached by Svajgl(31).
The activity and selectivity tests by Nora Figoli et al. (30) showgd that 0.8-0.9% Cl on
the cata.lyst was convinient for the catalyst stability for the conditions under which they
worked, Parmaliana et al. (32) in their contribution, noted that the chlorine content
influences, not the formation of coke, but the nature and mechanism of the formation of
ca.rbonaceous residues contubutmb to coking and that even without the chlon!ne content,
the catalyst will still coke, They, however, in their analysis, show the chlorme content as
the determining factor controlling catalyst regenerability, which ipso facto, the ca.talyst
lifetime.

Copger aﬁd Trimm{33) also gave a model relating activity to the coke content of

the catalyst Other researchers like Szepe and Levensplel(34) Levenspiel(35), Wolf and

Peterson(36) and Corella a.nd Asua(37) Omoleye and Susu( ) gave models that relate

the activity of thp_ ,cg.t_alyst directly to the reaction conditions.
-\ "y B TR ‘Ily . . .

[

2:2,1 Qghyggggqnatiron of Cyclohexane

The Lhyrog,cnauon 0[ cyclohexane to benzene has been chdsen as the reaction of study.

The ]mechamsm of the Iea.Ct.IOII on Pt-Re was studied by Susu, Enoh and Ogunye(38).
i : :

'lhey postulated the followmg reaction scheme:

o . ._ CGH12(gas) . 'C'BHG(gas)
k lT k_y ko T k-

A step2 ka(siep3 ,1
CGH12(ads) o p)CBHIO(ac:de) -l CsHe (ads)

1, Step 1is i_;he adsorption of cyclohexane on to the catalyst surface:

S
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i

2. Step 2 is the surface conversion of adsorbed cyclohexane 1o adsorbed cyclohexenc
U .

3. Step 3 is the conversion ol adsorbed cyclohexene L0 adsorbed benzene while
T F R ' .

4. Step 4 is the desorption of adsorbed benzene to free gas molecules.

The rz{te expressmn for each step represented by La.ngmuir-Hinshelwood‘ra.te equation

is shown bglgw for four separale rate determmmg steps:

Step
kl(chIQ) (21)

T(CsH1z) = (1 N (g_f_(f:]_ﬁ_)) ( i + _2_ N 1)

of adsorbed cyclohexane to adsorbed cy

ko K1 (CeH12) L(2:2)
(CoH) + Csl2lH /(K3 +1) |

Step2: Surface conversion clohexane

2 - r(CﬁH;Q) = 1.+ K
. 1

Step 3; Conversion of adsorbed cyclohexane to adsorbed benzene

QK]KZCgHm .
I\lf\z CaHn . (2'3)
) + + (CGHG)/IX.,

T(CeHia) = _
Catal = 7 4 K (CoHae

i
.

Step 4: Qggqrption of adsorbed benzene

| KoKy KaKa(Cufa)
(HQ) - ] (24)

T(CeHa) T (1 4 Kl(CsHu)(l ¥ Ixz/Hg " J%u))

n hydrogen carrier and hence the

They ploposed tha,t the second step is rate controlhng i

oveldll mte express:on for the disappearance of cyclohexa.ne is given by:

ko KiCHi . 5)
(1+K1CeH12+19f{LjEJ(H§/K3+1)) '

s were fo;.md 1o b‘e 87.9 and 121.3K J-mole for

- T(CaHn) =

7

- l- . -
.y l;ydlogeu carrier the aclivation energe
¥

K respectively. T he order of ‘;'eactio.ri with respect to cyclohexane

1< 5531{ and > 553

was first ggdgl‘, !
' i
also ploposed a Langmun I]inshelwood equation for 4 single

Lch]yoga and I‘oyota(39)
or for benzene and hy(hogen They

(..l.lUl] w1t.110ut any berims m the denominat

.

' 31§p 1o
te 1e4



explained that the terms for benzene and hydrogen are negligible compared to the other

terms in the denominator. Hence the rate equation was reduced to:

_, _ K1 K3(CeHia) F | (2.6)
Cell2 (1 +I(1(Cﬁjlr12))

t

In agreement with the above results of Susu et al.(38), Somorjai et al.(40) identified
cyclohexene as an intermediate in the dehydrogenation of cyclohexane to benzene and

found the conyersion of cyclohexane to adsorbed cyclohexanc to be the rate determining

step.

=
4

Various authors have develol_ﬁed models in the area of catalyst deactivation and oth-
ers have have cfarr__ied out experiments on the basis of which they have developed models
to explajn their results. Thesv models will be reviewed and compared to put in focus

’

the need for the model(s) that would be developed by this author in the next chaptet.

ot

The expeuments done will be reviewed separately so as to d1st1ngulsh clearly the var-

ious Jnet.hodologles that have b(.c,n employed by different researchers to study catalyst

Ay . | i
w ' dea.ctnatlon and the effect of the various process variables on activity. t

o - "’ .
| AC TIVITY MODELLING . [

The usual framework WJL]un wlich activity modelling is done is based on the principle

e,

:
S ~ of separability in which the effect of activity can be factored out(41,42,43). Thus, kinetic

dependencies, which are time- independent, and activity dependencies, which are not,

are separable (Butt(43), Szepe and Levénspiel(35)). Modelling based on seﬁarability
+ . has been severely criti€ized l;eu'ticuiariy because of a feature that is unique to coking-
a the formation of multilayers(41). There is also theoretical and experimental evidence to
show that assumption of separable kinctics is questionable(43). Most 1'17:(‘)(1(2]5 describing

5,\?1 the deactivation of the catalyst by coking are based Qn etther of these principles. Below
Ak . .
is'a review of these models. i

- -
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'2.2.2 Voorhies Model

Voorhies (?ﬁ)ig.credited with the first and the most commeonly used correlation in catalyst

deactivation, The overall coke concentration C., was related to the time, t, by the
T v ; .

) F

equation: 7 )
) !

. _ C.l= A" (2.7)
where n Q.l_]d A are constants. This cor{'elation has very limited predictive value as
the constants A and n vary not only wi[:hI the reaction scheme but also with the space
velocity emiployed in the reactor. When used to model the coke deactivation in the

hydroisomerisation and the cracking of normal paraffins using modernite bifunctional

. catalyst, _Eberly et al.(44) found that the cionsta,nts depended on the reaction conditions-

n varied from 0.29 to v.049. Even thoughE the model can predict the coke content with

respect to the time of deactivation, it is not a rate law from which mechanism of coke
M oA ;

i

4 |
formation can be de_n;éyed and cannétl be used to study the kinetics of deactivation.

2.2.3 Leyenspiels Model

™

For the conversion of reactant A to product R, Levenspiel(35) proposed the following
FOH AR e : i : |

reaction pathy for the deactivation based on the separability approach :

¥

"A-R+ P (2.8)
| |
A p it parallel reactions ' (2.9)
t
' A= 1t~ P series reaction (2.10)
A —- R . ' (2.11)
A —  Plsideby sidereaction) - (2.12)
20 ’ |
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Wherc;i P is coke. The rate equations for the main and the coking reactions are given by

Conditioné;

1. Actw:ty mdependvnt concentration n’ =0
é(f

2. 1st orde% ledctloq n=1

RN

21

Caahia T c- b

'Reaction rate = Fy(muin stream temp) x F3(main stream concentration)
x Fy{actwity of the catalyst)
N - -Ra = kCj (2.13)
Ra = koexp (2 E)c (2.14)
A = p RT /-4 )
- Deactivation rate = [y(main stream temp) x Fy(main stream conc)
Ty '
x [ (present state of catalyst)
~da
—— = k,Cia® 2.15
a - | (2.15)
Therefore l
. —da :
= kg, 2.16
W b (2.16)
For parallel and consecutive reactions.
l ‘ Asp —R-P| (2.17)
 —da |
' E— = kd(c,q + Cﬁ)nad (2.18)
~ Since C'y + (i"!‘g: Iy a gonstant lor specific concentration
ezfl'-— = kqa® (independent rate of deactivation) (2.19)
“-—:". "



: . 3. lst order of deactivation d =1 ,
t B A i
: p ;

w

1. For reactions performed with batch solids and batch fluids

a = a,exp(—kqt) (2.20)
Cao K,
= — ~kgt ' 2.21
. In C. KdV(l exp (—kqt)} | ( )

2 For reactions performed with batch solids, mixed constant flow of fluid

|

f% a = agexp(—kgad) (2.22)
3 . C | |
I - In ( "") 1 = Inkr— kgt (2.23)
! . Ca
: wlegz}. !
4 ) o W4
l B FAo
| 5 .
. 3. F:Cng u:gctlonb qu‘formed with batch solid, plug constant flow of fluid
Q . ‘ - a = a,exp(—kqgt) (2.24)
ks .
| InIn(Cpof/Ca) = InT'k—kgt (2.25)
s
4. For u.dt.tmnb pufo1med w1th batch solids changing fluid ﬂow and keeping C4
hxeg:l_j-
f Inr = kgt + ]'n. (CAO Ca) (2.26)
5 k(,,;
wherej yn? qugj l!ov\; rate is varied to keep the final concentration of reactant con-
- !1 sta,nt';_.'

|
| .
5. For reax.t.lon:; pcl formed wltlubatch solid, plug flow changing flow of fluid keeping |
=

‘%’j‘ O 0ut ﬁx?d

22




Int' = kg + ]n;?hz%m (2.27)
A .

The above methods for the predictions of the activity of the catalyst with respect to the

time of deactivation can be extended to any reaction order n and deactivation order d if -

e

activity ig concentration independent, 1.e n!'=0 . '
A x
Conc}ipions .
K

1. Activity mmade independent of concentration by.keeping concentration of the reac-

flant Ca conétant. ‘
2. nth grder of reaction
; D ;
3. d™ order of deactivation ',
For parallel deactivation in a mixed reactor, ‘
: R TR, i
ANy R . (2.28)
| |
—rp='kCla=kia (2.29)
“dg I n' _d ' d -
—= = kyCh a® = kya (2.30)
dt-
where C'y 13 I\LpL cot tant, From the equ%a,tion above,
r [ b n};" || I
4= = O + Cot (2.31)
‘where: :
C . — C d—1
Cy = (Ca : 4) (2.32)
k ".
d-1 :
C. = (Cao kaA) (d— 1}k (2.33)
Cao ' .
Cor 2 WS | (2.34)
FAo :
. ' 23
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For the zeroth order of deactivation: |

1 — kgt k (2.35)

T’=CAa—CA+CAo—CA

1st order of deactivation:
B

. Int' = ]nEAok Ca) + kqt (2.36)

b3

2nd order of deactivation:

T’ = GAO - CA + (CAo CA)kdt (237)

&
Cw

3¢ order of deactivation: -
L BT Fa

K - C""k, (C’“’ - Ca)’ K dt (2.38)

With the right order of deactivation d, a plot of 7%-1 vs t will be linear in accordance

3 i with! equation 2.31. While Levenspiel’s model is based on sound theoretical principles,

[
it ca.nnot l%e qsed in this work due to the following reasons;
e ‘ “ g
i
-

* P

1. The 'ra.té equation is based on a simple reaction system while the rate of dehy-

_‘;v" . ﬂj

&

At

AAAAAA

d"rogena.mtlon of cyclohe}\ane on Pt — AlLO3 is best described by the Langmuir-

oy

Tyt L
o

Hmshelwood equation

Lo e
. 2. In most cases, the activity of deactivating catalyst is dependent on the concentra-
tion of the reactant. Levenspiel’s method of keeping the reactant concentration

constant during deactivation, for such cases, is difficult to attain in reality. A time

consuming experimental scheme is necessary (¢ atlain this condition in the labo-

)

ratory. A series of experiments are performed al various space times 7 with each

2is, experiment serving as a data point at a given® reactant concentration, C,,in order

: il ) H
to obtain a single model of the set conditions,
L AT .

4 .

; ’ . i- ’ 24
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3. L{’hlle Levenspiel’s model will give information about the orders of deactivation

and g;:q.étion, it will not provide any information about the number of active sites
A

b,
Lrd

inyolved in the main and the coking reactions.

]

4. Furthermore, the model does not take into consideration, the mechanism leading to
g:'i_t_a_.aﬂc__t—iﬁtion. Hence, all information in the types of coking that have been observed

in catalyst deactivation is lost. !

2.2.4 The model of Froment

Froment, (28) developed two models for catalyst deactivation by coking, one describing

P

- catalyst gl.e,a.'ctiyation by purely site coverage and aﬁoi;]:er describing the deactivation by

both active site coverage and pore blockage by coke. | .
Site coverage ‘

B PR “‘ "‘:h-':. :
o

For a single site; If the conversion of A to B is rate controlling for the reaction:

A=RHB : (2.39)
The rate equation is given by:
K —'."‘-"".."". R i .
] .
; C.B ’
w = kkaCs(Ca——7) 2.40
TA A!CS‘CA f( ( )

N a . M lu H ) )
The irreversible adsorption of the coke precursor C is represented by:

C +i S—CS L (241)

i
1

The total number of sites is given by: \

re
Ll

Ci=Cs+ Cas +Crs + Ces (2.42)

!

|
K ‘25
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but tCTf'“" ? CaK4Cs and Cys = KgCyCs Hence:

C
G = Cs(1 + KaCa+ K5Cs + ) (243)
5
Substituting 2.43 into 2.40 and rcarranging
- k,CiK4(Cy — Cp /K
. — = ’Ct A(CA B/ ) (244)
14+ K4Ca+ KgCp + Ces/Cs
Ci—Ces . Ca—CaIK .
—rp = ————k,Ci i — 2.45
e C, AT KLCy + KpCa) (2.45)
Equatiggi_ 244 is non—separal')]c while 2.45 is separable with '
Ci—Ccs
o Fes 2.46
- (246)

being the [gg.ftion of the active sites, for the main reaction. For an m4 sites of the main
5T SR .

reaciiqgl the _a,C_tivitl,y of the catalyst is given by:
STy .
+ s ] _ T’;A
b= (Ci gcs) .z  '(247)
t .

0< ¢4 1, Uthe .ggkc precursor is formed by a reaction parallel to the main reaction
K :‘:~ s TR LT ) k.s"- :

ie "
AS-CS
the rate equation lor Lhe coking reaction is given by:
Rty U SR _
ke Coil a.Ca 9 48
?.C ;T— 1 ir-s - ( .4 )
¥ +;{&ACA+ABCB
! ! :
' .
or I b
| .
Te = rad, (2.49)

and 1if the preq
A )
Twk T
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h

-
v = Afcca]‘ibff’cc/ﬁf_ (2.50)
1 .+ .KACA + ]\&CB
or ? |
re =rofe . (2.51)

Followmg t,he same procedure as in the main reacﬁlon and for m* site of the coking

reacﬁlc-)n“ eactlon the coking activity is given by
Mp f
4 = G Cos) C (2.52)
N
| .
0<¢.£1, The rate of coke formation rg and the rate of fractional site coverage, 3, is
s . ‘ |
. givenby: - o |
. - % | 53)
oz Ty 2.
Sl A !
Froment(1980) related the activity, &, tc!; the rate of fractional site coverage rs by the
PATERE e
equation: |
. ; ba=dc (2.54)
. | \
R ! ‘ .
o = exp ( / rjdt). | (2.55)
a
a.nd fm dnffew;;hal ope1 ation:.
$a = ¢c (2.56)
and \
‘ da = exp (—ryt) (2.57)
|
f

| 22 5 The Model of Corella and Asua

Hu mml: | u! (,ou | .md /\sua( 37) is based on a parallel coking reaction system wln(h

for a ;19_;} slmple reaction, they represented by: f !
A+B — R4V (2.58)

27



A+B — S+V (2.59)
i 4
1L ) i
f‘,»‘* . A+6B8B — 4U +4V ! (2.60)
& ' B
r (n+h)A — P (2.61)
3
f -
X éﬁ\ or fq§ simple reactions represented by Froment equation:
i A = R+S (2.62)
o | M - P (2.63)
| | |
‘:* Reaclions 2.39 to 2.61 and 2.63 are the main reactions while 2.61 and 2.63 are
| e 5 :
i’ the coking !TG&_CUODS.' M is the substrate causing deactivation and it is adsorbed on the
._f cata.lys't_ﬁgugche. Corella and Asua (37) represented the rate of activity decay by:
! i g ' . nth
; :d_a _ (kinetic term)(Pressuvctm;m) o (2.64)
/ - _dt «  {chemisorption term)

with the 01del of ded.ctlva.tlou (l 5: ven by:

'5' e : <= d=(m+h—1)/m (2.65)
,;'\?}, *In this stul]y{, Ll}(‘: {.f)l«é precursor M is the same as A, the cyclohexane molecule. The
| different m"-;fi{!?.‘,-llisl%l,ﬁ of the model of Corella and Asua(37) are given by: Me,éllanism
; 7 ©d-1: - |
| » M is adsqg;lg;,{t:_gl i!; t}l;. coking reacfion the same way it is adsorbed in the main reaction.
4 + 5 udaurphon step MS | | (‘2.66j .

»

‘ nM, + M coke precurao:_format-;on stf‘p P.S, (2.67)
F éé:: | _’ PLSi=P, S,l;-—] 451 (coking sequenre step) (IQ-GS)

When coke precursor [urmation step i;»:_ rate controlling:

28
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!

For b =

= : kg K pg P
1m _ _ d M _M dt) 2.69
e s ( /U (1 + KaPs+ KnPr+ (M — 1)K5Ps) (269)
For h # 1
:} w,‘::,\ ‘ _ ) nth
zda _ mh L4k Ky Pt _glmh=1)/m (2.70)
“ dt (14 K4Ps+ KpPr+ (M - 1)KsPs)

The order of deactivation, d = (m+h —1)/m
Mg}(_:!}g:lism d-2:
L 3 . ' .
M is adsorbed in a different way in the main reaction as MS, and adsorbed. in the

coking reaction as M + S. This indicates a different energy of adsorption.

M + s Ki‘(udso:;tiortstep} MxS , (2.71)
nM, +AM*5 & PlSh(cokéi‘precursor formation step) (2.72)
where: | | '&

: Ky = gs“"P; C(2.13)
{cd = ﬁ | | (2.74)
PS=P5), '{—“‘,-P;,Slch(coking séqﬁence step) : (2.75)

When the F?l\‘} precuLsor form‘atizqrzx ._sf;ep Eis the ra,teflcontrolling for the h # 1 i
a“""JZ:’;‘ = —"(1 - h) [ | kalCy. PR dt +1 (2;-76)

o T LR o (T4 KaPa + KnPr+ (M — 1)KsPs + Kn. Pu) -

A summaty of the different mechanjsms a:nd the corresponding deactivation funclions are
e R RO .

T h i

tabulated. 'I'he models of Corella and Asua (37) are very comprehensive and informative.

A lot of deactivation parameteis useful in analyzing the specific mechanism of catalyst
R A A MR T - T j

deactivation can be obtained from them. However, some of the mechanism will be diffi-
s . i -
o . . L .
cult to use due to insufficient information on some of the constants, like /s, necessary
[ L K B
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to model the cata.lyst deactivation. The assumption that h is both the number actlve

,.L,..

sites mvolved in the controlling step of the deactivation reaction as well as the number
Sy R

of a.dsorbed rea,ctant molecules involved in the rate controlling step of the deactivation

”* .
reactlgq ])1__.<;§upposes that one adsorbed reactant molecule occupies only one aclive site.

This iz}ss?ugnl;tlon may not hold for molecules that are adsorbed in the dissociated forms.
An e):_(.a.;-'}}ple_ 13 methane which is adsorbed in the forms: CH, — CHj and Iig Hence,
one Te!‘.l}éné‘ca.n be adsorbed on 1,2 or even 3 active sites. Owing to the complexity of
the n‘iéghg,nisfn, Corella and Asua limited the test of their model to the d-1 and d-2 in
their‘!w'or_lf_c on isobutene. The d-1 and d-2 mechanisms are likely to be Mequate for the

description of the deactivation of Pt — AL Os.

The different mechanism and deactivation functions are found on Table(T).




B

g

W"“" ik

I

L llL\i

in the nun;lber of coked sites formed by:

2.2.6 Model of Cooper and Trimm

Following Fljorhent.s general analysis of kinetics of coking, Cooper and Trinun (33) derived
a dea,ci.i\_z_a_tion model where the deactivation function was related to the rumber of coked

sites on the catalyst. From Froinent(28) the main redction is represented by:
: " L 1 * !

\, b = )
Ax rate contll’”i'“g step .B * (278)
B« = “B + * | @)

The col\mg side reaction may involve either Axor Bx and will result in the total number of
active s .ntes C, bemg reduced by the number of coked sates Ck. For the coking mechanism

of the .",5599:

i ,

hA* "5 C + nA—Coke (2.80)
F

Coopex a.nd I‘nmm (33) represented the 1a{e of loss of active sites with respect to incréase

Fl

w’ ’ )

- = Q'CT . (2.81)

L

and the rate Qf gpl\e iouna,tlon with respect to time for the A** site mechanism by:

ﬂF e
dC’k _ F(ICAC)'Ch
dt (1 + K;Ci)*
1
Therefore I\J iy the ndsm ption coefficient and C; is the conc of species j.

L '-I—"? "““"'

(2.82)

Cooper qnd ,I,,,‘_lj!!"_ll,’l,.l.'l(33) gave a table of deactivation fuunction for various orders as

shown in Table 2.1, “Lhey, however, did not specifically define Lhe exponent n but it is
clear from ths coking rate controlling step equation that it is the number of [ree reactant

molecules reacling xvi_th the coke precursor to form a molecule of coke. The same n was
P - R T

referred to as the order of coking reaction in the table of deactivation above.
L SO !

it ' i
g
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=dC. Dual Site

dCy.

a (1 - CY1Ck) =:¢1 (1 - ‘;’404)2 = ¢4

i
|
. , |
single site |

aC. | exp(—Cy) := o exp(—;20150k) = ¢

cr_Cf (1t 030’:)-1:'—' ¢a | (1 +‘C'3560k)-2 = ¢6

Table 2.1: Deacl‘tiva,tion fungctions by Cooper and Trimm(33)

The above models in the lable cannot be used in the above form as the required
Y !

variable-the number of coked sites C, cannot be monitored.

a7

2.2.7 Model of Butt(43)

i |
The main reaction type:

A+S=B+S | (2.83)
and the poisoning reaction type, where: ‘

L+8=L.S (2.84)

where L, is the poison on site, S. Butt described the following diffusion and reaction

i

equations;
DR g%’l —pKACaS = O o (2.85)
o, ac ' .
D,V =L — pKCLS = 0 (2.86)
i di
i 32
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E A w
with the following initial and houndary conditions:
S=1 t=0 allr
F: Cai=Cuo Cr=Ct t>0 r=R
o s = 2 = g t>0 r=0 (2.87)
= T DuVCs— pKsCa=0 t=0 allr
} J 1
: DLV, — pK,C=0 t=0 alr
; ; The rate of activity loss is given by:
: - . . ";_':" .
N N . { )
H«’ " 2 —Kp.CiS L (288)
i With the use of Wheeler-Robells(45) analysis based on the fixed bed ion-exchange (ad-
. E; sorption) theory of Bohart and Adams(46) and the parallel poisoning reaction controlling,
B L e
o Butt obtained:
1. B C
- -~ =1 = 2.89
: 5= Ch, (289)
~~ and:
Co/Cy 1 ~exp Wﬂr—g !
L (2.90)
1 = 1+exp gﬂexp(z) 1
m where
K,L
Nr ==
§ . For the first order reactions, conversions obtained from concentration gradient equation:
f o
! -};%%l-—— K€ was given by;
. o I
; . mlL — ——('l/L)/ k,Sdz (2.91)
! ¢, o
Y . 1
' Substituting for both S and %1— using equation 2.89 and 2.90 for parallel poisoning and
] “Ps
* intergrating yields:
Tt C K _ 1-4¢
| et hiE{j = -}i]n (1 — exp (-—%0—)) + exp (NT - (—9:—)) (2.92)
g - ‘ .
33
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228 Klingman and Lees’ Multilayer Coking Model
I -
Kllng,man and Lee developed a model that took mto acount the multlla.yu deposition of

!
- coke on the catalyst surface. The Justlﬁclatlon for tlhs was founded in the Lnowh_dﬁe,that
| coke_ deposﬂ;ed on the cata,lyst sutface exceeds multilayer coverage(43). They represented

multilayer coke by a series of irreversiblé elementary surface reactions (adsorption steps)

thus: |
P+S — P.S Monolayer coke (2.93)
: f
P+PS -5 (2P).S . (2.94)
L i ! )
P+PS 5 3PS (2.95)
P+ (nP).S — [(n+1)P).S - (2.96)

The first step is for monolayer coking, since one molecule of coke precursor adsorbs onto

a vacant site S to form monolayer coke. Multilayer coke forms, as shown, when the
. v 3 1 .

_precursors deposits onto a mono or multilayer coke. The net rate for the coking steps

Tt

were obtained as: . » *

Ry = kpccpcv - kp,: Cpscp (2.97)
Rops = ky, Cpscp — &y, C2pscp (2.98)
R.’Sps = kchipst - kpscSpst ! - (299)
and in the g,%ngrg:l_ case:
SRRy Ty
. Rn;ps = kp(n-l)c(n—l)pscp - kpu Cnﬁscp (2100)

where C, iy the concentration of coke precursor,C, s the surface concentration of vacant
P o S :

sites, and .Cf'"ys ,_(ﬂ = 1- 2,3,...N) is the surface concentra,tion of active sites occupied by
* !

monola,yel n=l iilld multilayer n > 1 coke. N is the total number of coke layers. The

-.‘,""
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‘regardless of the number of coke layers. Total number of catalysts sites:

-
authors assumed the rate constants for the formation of all multilayer coke to be the
same,::

kg = kpy = kp, = kp (2.101)

This assumption involves the hypothesis that the affinity of coke to precursor is the same

i

N
Co=Cy+ Y. Cops+2_Ci, L (2.102)
n=1 1 )
For the main and coking reaction occuring on the same sites
- N ' ! .
Cey =Y. Cups | (2.103)
n=1

where v is the fraction of catalyst deactivated. Thus, we have

C(1 =) =Cut+ 3 Ci O (2104)

" From knowledge of the multilayer coke distribution the following relationship between

[
.

coke content and the fractién of catalyst deactivated was obtained:

T G = Sl | - (2.105)
n=l -
= (Cps .J'(.l—._/"*()l—_,rj)fzw(l ~f) N 11——f;’ (2.106)
where:
‘ C. = 1sthecokecontentin weight per unit sur face area (2.107) .
; g = themonolayer cokeweight per site (2.108) -
i
{ e N = the Lotal number of coke layers ' (2.109)
) f = thecoke distribution factor ' (2.110)

The following relationship was also obtained:
DA T R LAY

s o NN
N —Q—t:’}’[l if - ] —ffNJ v (2.111)
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- , .
where @ = C,q is the weight of coke required to-cover all active sites with one layer of

coke. For infinite layer the equation reduces to:

Co o ¥ . (2.112)
Q@ 1-f
. From, aboye we have:
TRy C. v ] :
BT NI — (2.113)
| Q" [ Kol —7)
wherf’:
i . - K
.- _ - . 2.114

where K, = lumped multilayer parameter. Now the residual activity remaining after

deactivation, A, Is given as:

j |
A=1—n (2.115)

Hence the fractional activity is related to the coke content as follows:

C. Al
o= A)[HKA] | (2116)

For a finite number of layers the relationship between coke content and the fraction of

catalyst deactivated is given by: . '
) " L~ f ‘ Fp(l "'T)
= : 2.117)
[Ty e

1
o

The distribu;_ip_n f_a_ctor {for infinite layer ines‘sentiaHy the same as for finite layer. The

results obtzum (! by umwiumg, infinite layer can dcscnhc the initial stages of coking when

the fraction u{g;.;q!n!ysl, (lc:;u;l.ivel.t,cd v, is relatively small, Hence rewritting equation 2.116
S LA S

R

assuming, of conLse, let A=1-7. K]mgma,n and Lec evaluated the model parameters

“‘using the actlwty data of Dumez and 1101nent(29) The model 2.118 predictes a straight

gi-'
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i
§";—~ :z'hne where Q is the monolayer coke coverage and K, lumped parameter. The
I“"""

model adequa.tely predicted the experimental coke content data in the earlier part of

deactwatlon after which it was obvious that it required the more realistic ﬁmte layer !

4 -

result to descr:be the relationship over the entire activity of interest.

Klingman and Lee’s assumption of surface homogeneity is an idealisation, as most
: ! . )

-

solid (_;ata,lys!:s'oonta,in cracks, and non-uniform pores within which the major fraction
cy

of the surface area resides(47). It is this heterogeneity that gives the catalyst s“urface
varying enexgxes of adsorption. It would then be interesting to evaluate the effect of
1[,norm[, thL assumption of surface homogeneity on multilayer coking ic 2.101. This

will be gigyelop_ed in the next chapter.

2. 3 EXPERIMENTAL DEAGTIVATION STUDIES

";.;{ o

2.3,1 Effect ?‘ Coke Accumulation{on the dehydrogenation

R
v . . I:’

Activtity of Pd-Sn-Silica

1t is usyally known that the active sites of metallic‘:ca,talyst would be covered by coke

gradually from '_s:t:(:)_n_ge_l_i to weaker sites. Accordingly, with the increase in coverage by

.x

coke, the activation energy of the reaction might be expected to increase and the pre-

exponential factor might be expected tq decrease. [ To examine the above hypothesis
PR o - o | .
I
Masai(48) mecasured the activation energy and thé pre-exponential factor during the

course of deactivation over several Pd-Sn-Silica catalyst. They(48) studied the dehy-

t
|

drogenation of cyclohexane to benzene using a conventional fixed bed reactor at- normal
' i
pressure. The activity of the fresh catalyst was stabilized by successive reaction and

regencration until the conversion was reproducible. Kinetic measurements were carried
e .
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out at low convers:on to minimize the effect of dqactwahon l"or the measurement of

actwat]on energy, coke was accumulated at the same temperature. 1|1ey found that the

ratq equation was of zero order with respect to cyc]‘ohexane on all the catalysts.
Although theé amount of coke on othfer ca,ta.lystijs was below measureable levels, the

»

acti:\(j ty of these catalysts was recoverediby the usual regeneration method. Calcination
~ ¢ |

in the flow of air diluted by nitrogen ahd subsequent reduction in the flow of hydro-
| ‘ g q

gen(32) The authors concluded that the decrease of the pre-exponential factor with

mcred,smg process time is most likely thel result of the increasing coverage of active sites

by coke. The desorption-of benzene was considered to be the rate determining step of

the dehydrogenation of cyclohexane overi Ni and Pd.
|

| !
2.3.2 On the “Dehydrogenat;ion Reaction of n-Butane deacti-
vation of Alumina-Chromia catalyst

An exR§1jjme1}taa,l study on the dehydogenation reaction of n-butane to n-butene with .
alumina-chromia catalyst was performed using a differential reactor(49). N-butene pro-

duced, and coke deposit on the catalyst were continuosly measured and the mechanism

-

of the reaction of dehydrogenation of n-butene and coke deposition investigated. i Accord-
) ; ' :

ingly, they found that there are two types of active sites effective for dehydrogenation

reaction: Lewis acid sites and Brgnsted acid sites, and that the coke deposition takes

place only al the Lewis acid sites. The rate equation of these reactions were obtained.
_ . |

) - “ . . . {
Otake et al.(50) also studied the same dehydrogenation reaction and concluded that the

reaction scheme for coke formation is:

T N
n — bulane = butene <5 coke
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and obtained the rate equation for n-butene production and coke formation as:
Sy
Y

. . ry = k10 Po, Hyo ‘ (2.119)

! C
! — —_— i
whg;gfgﬁ =1- &

; re = ke PoyH, (2.120)

Accgrding to their results the rate of coke formation is not affected by the coke deposit

on ‘the (_:'i;ta.lyst whilé the rate of n-butene production is lowered by it. Otake et al.{50)

! . :
defined the overall effectiveness factor which contains both the effect of pore diffuston

a.nd that of the deactivation ol the caﬁa[yst. It is given as £y = Ey,. Toel et. al(31)

performed a similar experiment for the dehydrogenation reaction Of;/ n-butane and
obtamed dlfferent results from those of Otake et. al. Otake, for example, 1epoated that

the ‘.ﬂ’ectlve diffusivity decrease with coke deposit while Toel et al.(52) obtained different
results The followmg points are raised. |

o
1. If the dehydlogendtlon of n-butene and coke, formation take place at the same sites

in the %a,t,g,_lys_tz it is qtlnestxondble that t‘1e coke deposit affects only the dehydlo-

geﬁ_p_@_,tgi_gu reaction.

Lt

2. If both ;_jeg}qgidns take place at different active sites, the deposited coke shou'ld affect

" only the coke formation.
The purpose of the work were to elucidate the "mecha,nisms of the reactions of dehy-
drogenahon for n; buta.ne and coke deposntlon W1th the deactivation of alumina (‘111011'118.

cata.lyst aqg Lg'gbt,z‘m!in the reaction rate equatlons._ Toei et al. used a microbalance which

enabled them to measure the increase in coke weight with time on-stream.

39



(5}

‘. Order of deactivation | Single site(h) DualVSité(h)

0o, . | = rol1 — a1Ce) & | 7o = roll = asCa)?

};‘1 E ry = r,(exp (—ang).) r‘t = 1‘,,(¢xp(—-2a505)) l \‘
i_? | - | - re = ro(l + asc'k)"‘j‘ 7y = 1rof1 + eCr)7?

Ta.ble 2 2 Deactivation functions by Cooper and Mechamsms by Cooper a,ud Trimm
'n

".’:'

2.3.3 The coking of Pt-alumina Ref(jrming Catalyst.

Cooper and Trimm(33) studied the kinetics of coking of a Pt — Al,Os catalyst by the
dehydrocyliza,tion dehydrogenation, dehydroisomeriéation, and isomerisation of Cg hy-
drocarbons between the temperatures of 450°C and 550“6' under 10 bar pressure. The

reactlons were carried out in a tubular 1ea.qtor suspended from one arm of a microbalance.
!

- The regulgg were ana.lyzed using the general coking scheme.

¥

e

) A+*ir—-‘- A x - (2121)
As I8 Ba (2.122)
Br.= Bix (2.123)

i
! :
Cooper a,nd 111111111(33) obta.m(,d the modelhng equations shown in the Table 2.2.
o . D ; | .

w ;

Generallys i
= Ted (2.124)

+

‘where ¢ is, Lhc activ,itsy, of t.he coking reaction since the variable used in this modelling

is the numbel ul coke (I alt,vb The qmmhty of coke in mg deposited on the catalyst with

respect to thb 1rme on; btledn] was momfo:ed for each hychoccubon reaction at various

temperatures :'l-he quant,lty of col\c deposited per gram of catalyst was p]otted agatnst

-the time on- st1ea.rn f01 <,ach reaction, At var 10us coke levels, the slope = —L was determined
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-and a table of rate of coking versus coké content was ob

7Tempe1'a.ture Reaction Co'introlling step
450°C Ax* —)C’—»C’lg_')ke
500°C f} *x—=C+ 2"{1-—>Coke
) 550°C A% —C + §A—Coke

Table 2.3: Effect of temperature on Rate controlling Step

tained. The modelling equations

Lo

of the table were tested. with each set of data and the modelling equation that best fits

the data was deterrmned for each 1eact1on

From the results, Cooper and Tr1mm(33) found that one molecule of cyclohexane
-
reacted with one adsorbed coke precursor molecule during the reaction of benzene and

cyclohexane. Hence, they concluded that the mechanism of reaction of benzene on

Pt = AIzoa catalyst was By molecular condensation on the metal function of the catalyst.
Thls 1mp11es that a simple site exponential form activity decay can best describe the coke
forma.tlon due t6 the dehydrogenation of cyclohexane and hydrogenation of benzene on

Pt : AlOs catalyst The d(,d(,twatton function was given by

¢ =exp(—aCk) ' o (2125)

where € is the number of coked sites. The rate controlling step was represented as:
JE S R .
1

& Ax —=C + A=Coke : (2.126)

Cooper aud JLrimm showed that temperature has a significant ¢ elfect on the mechanism
of coking and the dea,ctrva.i.uon function of the catalyst. The rate controlling steps var ied

with tempudtme as s demonstrated in Table 2 .3 for the deactivation of Pt — AlyOs for

. o

the n-hexane u,ac,tlon Since Coope1 and Trimin used the direct qoantity of primary -

t ' ,
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coke g_(-:,posit_egl on the catalyst to model the deactivation of the catalyst, the deactivation |

~

functlon obtamed is apphcable to the primary coke formation reaction. The presentation |

!

of 011]:,r s1x modellmg equations a.nd the failure to show the procedure of development

of. such equations limit the models appllcablllty. Cooper and Trimm(33) did not only .

fail to mention this relationship in their paper but also assumed exponent m {number

of active sites involved in the rate controlling step of the main reaction) to be unity in

their model development. Hence, the six modelling equations presented are applicable -

to a single mechanism of the main reaction .

g

2.3.4 Isobutene Oxidation on Active Charcoal by a Parallel

Reaction

Model Development
Corella. and Asua(37) :ihow'ed that a method of studying the deactivation of catalyst
when the distributioin of the product changes with time. The study was carried out on
the oxnda,txon of 1sobutene to methylacrolein on a 5%H gCl, — active charcoal catalyst
at 0. 95 atmosphere in an isother mal and differential fixed bed reactor at 220°C, 200°C,

and 1§0°C . The model proposed for:ma.in reaction was represented by:

T ‘ A+B — R+V (2.127)
A+B = S+V (2.128)
A+6B — 4U+4V (2.129)
where:
A = Isobutene ' (2.130)
B = Ozygen C(213D)
42 :
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R = Mehtylacrolein (2.132)

U = Carbondiozide ' (2.133)

V = Water (2.134)
| : - i

""The mechanism of Catalyst deactivation by coking was represented by

S
e AT i'{
N

-

(n 4 B)A—P (2.135)

where n E@_D-be 0,1,2, and h can be 1,2 due to the improbability of three body collision.

TR I ' . ,
For the parallel main network, the kinetics of deactivation was represented for each’of
19 pan !

, . i
the products by : i !
out ‘ | ! ‘
. e I 1
't ThRe — (7‘}{0)0&] (213‘6)
—d . :
. = (P, Ta (2.137)
' TSe = (TSo)oa'Z (2138)
o d
= a(P, T)es (2.139)
e = (TU0),45° (2.140)
! I |
Generally, for reaction j:
N . -
e
v, = (r;)q; (2.141)
la, |
S0 = (AT L (2142)
ol !
here iy the possibility thal wy £ 1y # g Delining yield of product R as:
BoATT s
moles of R obtained '
Yu=Yp= 2.143
ok moles of A fed ( )
The actiyily, was gi;/_e;; by :
M CE B i
@ = — B = Y/ Y, (2.144)
(R o '
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For the differential reactor system and d; =1
ST
) = | L l
a; = aj,exp (—/ 1,&0_,;(}’,-,1")1115) . (2.145)
a; = ajoexp(—oi(Fi, T)t) _ (2.146)
a;, = l(initial activity) [ (2.147)
Ina; = —,(P,T) T (2.148)
If d; 7’—‘ I : |
) (a7 = 1) = (1= d;)os( P Tt (2.149)

To determine the value of d;, the data of the activity versus time, t, 1s required.
.;.Ff'_.--'!r,i'l' -
r H ' - . . L]
For tl;q %};j;l product R, consideration has been given to the four different kinetic

equations from two out of the six different mechanisms depictecll in Table(7). The tests
N3 g 2 |

were limi?_qd to the d-1 and the d-2 mechanism. The same approach was used for the
second leggigqt S. For the third product U, its deactivation equation was represented by

the emfiiri_ca.l equation of the {ype: |
S
—da
| o dt

= Poa( P, T)ag’ (2.150)

For the differential operation, when dj = 1, after intergration of the above equation the

following was obtained:

vty = =t Py T = kigy P31 (2.151)

when dy # I: 4

W™ | = (da = Tk, PY C(2.152)

£ Y

Data Colléctign_

In order to identify the influence of each reactant in the deactivation order d;, Liwo

separate sets of experiments were done keeping thie pressure of one of the reactants
v T ‘-’,J“ -

E

44



W

constant and varying the pressure of the other reactant.
. “7' EhY - . :
!

Sample:Data Analysis for the product R.

A table of the yield of R, Y; and the time on stream t,-was obtained at each temperature.
TR i ) L
Y, was plotted against t, and the activity ?1&_ was obtained at various times on stieam.
R ro .

Ina = I;: % ;:vés then plotted against t as in equation 2.149 to verify the value of d or

h. At 220°C with the assumption that d = 1 a graph of Inavst was linear ijndiciating

that d = h = 1. This was confirmed also at 180°C' and 200°C. The same Iesult was

obtaingd'1:gg§:;j§}ess of which of the two reactants was held constant. In an earlier iwork,
' «

Corella and Asua had found that m = 1. Hence, the four equations to be tested for n
. '% i S ,“; " :

with m T 1 and h = 1 from table after linzarisation were reduced to: d —1 mechzfuism

-

gnd .!_S__t__gg_: _ 3 lﬁ ~
. i p"+’ 1. K .
5 —— Py + Py (2.153)
tpol(-[ 13 T ) ](.dl—[(!h I(d] 1[{4‘11 4 !
ds=1 IlleChd.IIISITl, 3”‘ atep 1 ;
CUKIE O S L7y : !
P! 1 K Ks K o
= s L_p L P+~ P""H 2.154
'pal(Pu flr) “ IS I{ * ]"fh ](’ AT I{dj I{A * I’ d) I‘Ax ( } ’ )
¥ -4
Y ‘ |
f.!;:: mechamsm 2"“ ste ep: - :
bt # |
l P““ ) 1 Ky + K K
| S = o et (2.155)
| 1,b01(1' Ty Ky K K4 K3, fhit,t K3, '
T : E
d=2 .,I;l]‘g‘:plljg\:lli_g;"ll:,_ 3 step: :
f""'H Cq N Kg N '
= — P, —— Py A patl 2.156
"pol .P”I) ¥ f\ch] "‘“ + ‘l\-d;j\,:j] + I\dl] A f? ,,ul.f\":h A ( ' ? )
1 3 ;
yhere: ‘ . |
. .-\:::'?7 ‘ i
‘(/)ol = (]/t)]ﬂ. aq . (2'15?)

detelmmc which of the four equations would give the corect mechanism of reaction:
, B i o . i - e
' it : -~
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e the values of the deactivation parameters Kq,, K, K, must be positive.

| i
e the values of K, and Ky, obtained from the equation must agree with tﬁose

obtained from the kinetic study of the fresh catalyst without deactivation.
1

i
Using data of (P;,T) at different Psand Py at each temperature and adjusting the lin-
earised eqtla,tion by the least square method, Corrella and Asua{37) found that equation
2.155 gave the best fit with n = 1. Hence, the main reaction and the rate of activity

decay of the catalyst in the formation of wetting acrolein are given by:

TR = (1‘Ro)a1 (2158)
-—da J\dl ‘[{A PA R
—_— = 1 2.159

dt ]+(1(A1+I{A,PA+RH|PB | ( ! )

The same procedure was followed 101‘ the modelling of the reaction of the second product,
and the same set of deactivation. Kinetic parameters were obtained for m, n and h. The
value of d3 was found to be 1 and that of n found to be zero with respect to the third

product CO,. Its rate of activily decay was therefore given by:

—'d,t'i.a o .
= Ny,aa {2.160)
o4 (”: {
i
while llu, deagtivation kinetic parameters m, n, b were found to be independent of

\

.tempera.tu:e, the kinetic constants Ky and K, vary with temperature in clLLOlddIlCC

with Arrhemus relatlonshlp The model of Corella and Asua has demonstrated a method

of modelhng the a,ctmty decay of the catalyst with respect to each product of a non-

snnple reactlon T he approach of solving the equation of deactivation makes it p0551ble

to determine hggl_\; the deactivation kinetic parameters m, n, h as well as the fresh catalyst
kinetic constants Ky and /4. It was observed that the deactivatjon equation was already

|
determined from a previous experiment. Previous determination of m made the solution.

*

of the equation less rigorous. - ; :



-~

&y

&

s

g

“

2.3.5 The Model of Omoleye and S:_lsu

! ]
Omoleye and Susu(7) simulated the deactivation of aij industrial catalyst 0.3% Pt~ /}1203

to the mortal state in the laboratory by use of multipie deact,ivz_mtion—regenerati611 ecllleme
in a CSTR. The agmg of the catalyst was accelerated by use of N, gas. In a.ddltlon
to this remarkable achievement, they obs;erved a hltherto unreported phenomenon -the
existence of stability states ‘with respect Ito catalyst. lifetime. T hey developed a model

1
for activity loss during 1eact10n and tested its accuracy with their data. The acclaimed

general applicability of their model was demonstrated when it was buccessfully used in
modelling the deactivation ef MCP on Plt - ;41203 catalyst(9). Omoleye and Susu? (6},
based on a critical sfudy of the coking m:odels of Frorﬁent (28), Corella and Asua,!,;(37)
and that E_)f Cooper an;d Trimm, presentec;l a mode] that eliminated the shorl commings
ol the studied models; The foregoing is t.|;ic detailed development of the model, 1

: | 28) and Corella and

Following the general analysis of coking kinetics by Fromént (:

Asua (37), we have | i

A= Ax
, |
nA -+ hA* L} Pyx, (2.161)
" .P] *p :Pz *), :'PS *p Pn' *p _}‘Pu'h- . ‘
T =1,2,3. Generally from the modelling of Cooper and Trimm: |
Y # | . |
: —dC, " :
- : 2.162
i erC,, | _ ( J(‘ )
and from Froment(1980): r |
' ', . C- 1/m ;
: = boo(2.163
: ' Cl A | ( ‘ )
The rate ._(‘J.i'_ @:O,I:'_r: .f(_)_l_:g_]_'m.tion is given by:
! | ’ dC’k 1 i
[N = k‘ n - *.L .2 '
— LATA (2.164)
f(:: o Cu-f—hcc h :
| _ Tk KC.A’,’;-———— (2.165)
| . i (14 I(ACA) |
47
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e When n =1, that is when the number of free gas molecules involved in the coking
v en ‘

GG
. reaction is one, from 2.162
;‘;':i“‘. v ' ,
c. Ci ‘
. f . _ —a/ " A, (2.166)
¢ C. 0 ‘
. ' C. ‘
E_%“# | ]1?.-0-—t = —aC'k I(ZIGT)
where:
C. = Crexp(—aCy) (2.168)
. !
4 substitute 2.168 into 2,163 I
ij = exp(—aCi)
da = expl—oCe)” (‘2.1()’9)
IC) kKRCTH o
dC = ————\"—’CA—-TG;‘Qle(—aC'k)h (2.170)
— ell (1 4+ KaCa) _ .
Intergrating with respect Lo Cy we have:
| , C‘ 1 '( ’. fCh t Cv11+-'t ! ) () ) l
" 3 . = —In{ahR Ky f — it ] 2171
_g R k O’h ” Cl 4t o (1+[{ACA).'L . X
substituting in 2.169 and rearranging we have:
e o [ C}ﬁh —mfh )
s = (t.rhkcf\’ lCL/ —_———dl + l) (2.172
AT (14 KaCa)t
| Therefore, for n =1
.- ‘ ’ t C}‘+h -'m/h ’
= [ ahk Y / YA g4 2.173
b (‘” RaC |, Tr ™ ) 2419
{? or '
' ; t C]+h
L | B bk KACH / A gt (2.174)
o (1 4+ K ACA)
. %}_ : hence; , \
| B & d W c1+h m+n)/m
: 2 —amk KhCh—A g (2.175)
. Loodt | (14 KaCa)
. N : 48
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the 01del of deactivation il n =1 is given by

A ' d = (n+h)/m (2.176)
ol o When n # 1, i.e. when the number of free gas molecules involved in the rate
‘i' P . . :

cig?tl'qllillg step of the coking reaction is not 1; from -2.162
E | Ce d(. Cr : |
| T = o[ dCk (2.477)
I3 (~‘:l o .
- ( o= ((_,fll"" Tv(i — ?J.)(\'C-'k:'\:)l/“_n) ('2.;|78)
substlitute in 2.163:
.f o (i — (1= m)Cra) (2.179)
| I
d : ;\ j h.+rl. . \ . K
dCyx  _ _LQ_T(cg-n (1 = n)aCy) (2.180)
(lt ( l + .I\ A C:‘I) ' . '
< ; '
o
' Intergrating with respect to g we have:
. 1 - 1 - —htn—1y,
. : C1-n — (1 —n)aCy) T
_I!_; . (1 =n)(1 —n)alh—n+ ])( o ( n)aCi)
| 8 . —(C:'”)(:'—"‘iﬁ:—])
i " t Cm+h, . l|l
% - = kK" j Al (2/187)
} . . - Yo (l+f\AC,1) '
Substituting o= — (1 —n)aly = AC (1_")_:"”" into above equation we have:
T f) "'IV- 'T'.q(v.‘-' AR & t 1 i b
T FEI ':' B o : )
\ vn h .
1 —~.n (q()} Cym){n—h.—-l)/m Cﬂ- h-—,l =L I{A/ + (2 182)
(1 ~—n)a( ;-—n+l) _ (l+K,;C,;) '.
| Rearranging we have:
‘I% h;’. " '.- > .
& . n h
' onehonym _ alh =t DEKG / " i1 5 18y
. pm AT = 141 2.183
| ¢4 cr T+ I\Ac (2.183)
! _"1\ Dhig is the Omoleye and Susu modglllmg, Lquation Ddfuun.mtmg, 2.183 we have;
e T m i
3 : dés _ ok K CE nenniomim (2.184)
. S dt et (14 KaCat '
b
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l'lg:'{;:g: the order of deactivation is d = (m + h + L — n)/m. The concentration Cu
“1 .l.l’ Y E"’ . . .
1.

1

is giyg;i by:
(2.185)

Ca,(1 = X4)

Ca= 14eX5

]

The Omoleye and Susu model above was developed for the deactivation of the main

rea,ctifg‘;n fof' all thtlz models using the concentration of the reactants or products in the
' T | : . '
modelling equation, the deactivation constant, K4 and the rate constant k. were assumed

constant and uninfluenced by deactivation. They have, however, been found to vary with

stages of deactivation. The average valueiis hence er_ﬁployed in the modelling equation

- i : . !

since the change in their values with deactivation cafinot be simultaneousty monitored
' . | : . ' i

with the change in the concentration of !the reactant or products. For an intergral

rea,ction system, and with the correct number of molecules n, the number of adsorbed
|

reactant h, and the number of active sntes, m, a linear plot with an intercept of umty‘

-'!!

will be Qb@au;&d when ¢4 ™" DI i plotted against f; III—;‘L—-—;,—dt according to equation -

2.183. ‘ i ' o
, .
The a,dvcmt,a,ge of this model over the dthers discussed carlier is its flexibility of use.
s
The model can use th%_ concentration of t'he reactants versus time of reaction data as

e

well as the number of coked sites, 'y with time of reaction.

236 Osaheni and Susu:Estimation of Tox%c Coke

An estimation of the qua,ut.lty of toxic coke deposited on Pt — AlLO; catalyst during’
.l‘eforll_mlg l'g&tctloll(Q), _Uw reaction was carried out in t.he samge reactor used by ()mo]eyt
and Susu(34) hut at 390°C with a reactant partial pressure ol 0.092 atmospheres {70

torr) in Hy and N, carriers (total pressure of 1 atmosphere).
' l
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The oxidizable coke Jovel was measured as grams of carbon oxidized at 4307¢ wilh alr
c ¢ ‘ ‘
‘1

while toxic coke level was monitored as moles of methane (also in grams carbon) removed
| .

at 500°C duriﬁg reduction with hydrogen. The reduction continued till the tj,oxid coke
ploﬁle was found to be fanly stable. Since the toxic coke profiles never 1'cduc.cr:d L0 Zero
it meant that some of the toxic coke was retained on the catalyst surface. This coke was
suggested to be graphitic in structure. Prior to this work(9) no attempt had been Amde
to estimate the coking level of the toxic forins of coke which actually led 1o the n'}Qrtal
state of l;he c#ta.lyst((i,?). Henee this was the first time known to this author that i;%wxic

1

coke would be quantified. This La.llied with the objectives of ther work(9) which was to

find suitable condltlons for the removal and quantification of toxic coke forms (secondary

and tertiary) whlch had been identified to cause catalyst mmta.lnty

In their'work(9), done in a CSTH, three cycles were carvied vut in hydrogen helcln e
switcrling over to accelerated ageing in O,-lree N, Alter each cycle, the quantity of
oxidi?able coke was measml'e(l and the toxic coke Jevel was monitored with time during
reducjf:tion ‘1 order to estimate ils quantity. The major finding of this work(Y), uureportéd
before, at the time, was the occurence of toxic coke in layers and that these layers I(..[)l (,- -
sented toxic coke of varying resistance to reduction and with the most resistant occuring

al the catalyst-coke interface. These conclusions on the structure of the coke were graph-

ically illustr'a.ted by the coke reduction profiles. The reaction temperature, W/ F ratio and‘l

the partial pre Lasure of MCP were maintained at constant values of 390°C, 0.11 gminem™!

and 092 atm. 1espectwe1y lh(‘ modelling of the ‘dcactiva,t,ion of PL — AlOg catalyst by -

methylcydopqutdne was done [ollowmg the model Omoleye and Susu.

The expgyi;;;c;l};;! design (o achieve Lthe objectives of this thesis nud particularly the

*

' % .
emphasis on remoyal of toxic coke derives from the.results of the work of Omoleye and
oo T g N

"' !
Susu(6,7), Osa.h?m and Susu(9) and of course the numerous pace-setters in catalytic

¥ -
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deactivation studies.

2.4 CATALYST REGENERATION MODELLING

Given the cost of reforming catalyst, the catalyst has to be regene1'aﬁed after deactivation

and this has to continue till the catalyst can no longer respond to regeneration or when

the regenerated activity 1s no longer-economica,lly viable.

Regeneration of coke-induced deactivation is industrially achieved by burning off the

coke in an air stream(6,8). If air is passed through a coked catalyst bed, hot enough
atalyst and forms a hot spot or hot

to get, ignition, burning starts as the air hits the ¢

IS

layer(52). The hot spot formation i

the coke is oomerted into C O, and CO. This can cauw Lhelmal sintering of the catalyst.

A common techmque is to reduce the oxygen concen*ratlon of air to about 2-3% (7,52).

Regeneration 1s a gas-so

. L
is that the condit,ions inside the particle change with time since the solid itself is involved

in the rea,ctmn When reaction occurs s1rnultanously with ‘mass Lransfer within porous
KN
structure, a concentmtlon gradient 1s estabhshed a;nd the unter:or sulfaces are exposed

to lower reactant concentlatlons than §ur1aces near the exter1o1. The effect of mass

I .

transfer w1thm a pomus structure on observed reaction chara.cteusttcs were first analyzed
I

quantlta.tlvely by llnele(S?) This was further developed by A. Wheclel(&fl) and P.B

. Weisz and Goodwm(55,56) Several 1méest1gat01s have studled the rates of combustion

of canbonaceoub depo:,!t,s in porous ca,talyst.s under dlffusmn controlled conditions. The

rates reported are usua.lly (although not always ) based on fhe amount of carbon g:,cms:fled

(Weisz and Goodwin(55,56), Hdg,gelba,umel and Lee(57), Pa,nsmg, W.F. (58))
T 5
The important 1,sults of theséjrweslligations ha,ve been the estimation of the intrinsic

52
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activation energies. The observed activation energies all fall between 35 and 40keal/p-
ation 1

‘ B
mole, but the adsorption of oxygen and desorption of products affect the kinetics i a
way which varied substantialy with iemperature, pressure, and nature of the carbon(59).
The intrinsic rate of reaction of reaction is strongly affected by the form of the of the
form of the carbon and the nature of the, nature of the impurities present. This makes

the agresments of the burning rates as reported by the various investigators markedly

good(.‘;?gj._ - :

Eff 1011 and Hoelsher(60) studied oxidation rates of four types of graphites al tempers

-~

atures of 42_0 T 533"0 ) gﬁo;;tl_y m 1 atm. of pure oxygen. The rates of reaction per uuit“‘
. | |

{

area varied by a ch( tor of abont & between the most active and least active graphbes,
but the a,ct.ivat,'ion energy was 35.5kcal /gimol i;l each case.

The physmal 31tuatlon m 1%(,11(,1 ation is that of a gas reacting with a solid of Jow
porosny to yield a porous reacted layea often called the ash layer( Weisz and Go:)dwm(05)
Sohn and Svekely(ﬁl) Froment, a.l}d Bischoff(62), Wen C.Y.(63)). The reaction takes
place in a narrow zoue that moves progressively from the outer to the centre of the
particle. Such a situation is described by the much familiar heterogenous shr.i.:‘nlcipg
core model (‘5_5,61,63),. Heterogenous because there exists two distinet layers inside the
particle, with clearly distinct properties.

P.B. Weisz and R,D. Good\viw(?.‘_ﬁ‘,{)ﬁ) studied the combusti:')n of carbonaceous de-
posits within porous cata,lysta particles. Their studies dealt with the kinetic processes
of combustnon, with oxygen, of (dl])()l']dC{,OUS deposns contained in lh(, pores and gran-
ules of a po_:gy__s Lteh;agtpry solid. An understanding of the mechanism volved in this
type #)f rate processes ig not only of L_cclmological interest, but it involves kinetic models
whlchI are 1nstruct1ve of a broader scope of rate processes. Weisz and Goodwin obta.med

combustlop_ rate data on individu al ca,ta,lyst granules. The data were evaluated in terms

53



of fractional amount of carbon burned (or remaining) vs time.

On the basis of information obtained, two distinct limiting models lor burn-off mech-
anism were recoghised. The intrinsic region of chemical kinetics, with combustion rate
at any one time substantially equal at all points on the bead radius, and the totally mass

transport controlled region chara.ctlgﬂsed by shell-progressive burn-off.

2.4.1 Shell Progressive ftegion of Kinetics.

Oxygen diffusing into the structure:is totally consumed upon initial contact with car-

bonaceous fuel. For the sphere the following equations were derived:

4 i

[ d*Cor . dCor
' dr? +27-d'r =0 : (2.186)
"3 r‘f‘” = R, O (2.187)
.
d‘;‘;"w = DirR’ (d'g) | (2.188)
r r=HR,

where D) = porous granule di f fuswvity for ozygen

~dN, |
Eﬁﬁ = carbonremoval rale (2.189)
dN. dNoy
¢ = 2.
d " = (2.190)
" Introducing :
. Nc Rb ' -
VSN TRE (2.191)

where y = fraction of initial carbon remaining and N, the initial amount of carbon on

the solid. IFrom above:

1/21 - Y?° —1/301-Y) = Kt (2.192)
" Dc‘ox
K = npm (2.193)
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One majm draw back of the physical model of Weis;z and Goodwins’ shell prog:lessive

1

model is that t.he shell progressive reaction is sngmﬁcantly insensitive to many phenchena,
which may otherwise be critical. Since the rate is contmlled by diffusion process, c}etmls
of chemical or physical texturc and intrusive reactivily are of no conscquence as long as

it remains sufficiently reactive. | . . [

The grain model accounting emphcnt]yifm the structute of the solid was clcveloprz'd by
Sohn and Szekely(61). In the model, the paltlcle is cons:deled to consist of a matyix of
|

very small grains between which the ﬂuid has easy access through the pouas

The fluid reactant concentration in the particle of any geometry is ol)La.ined l'.l'olm:

80/1,’ 820,1,_., QCAy \ :
5——5? 2 DEP—_B;E_! - DB-—E&;— x (1 — Esag) (_).1]94)
- _ TN

To oblain the concentration profile in the grain the general model equation is used:
' w - 00y I 0°C a5 . a

Sy = Daegp (?%)

dC,
% : m"’ = =Typay (21196)

l

‘ l
=0 Cag = Cago ng = ngu ;

-4 l

with the following initial and boundary conditions:
R e ; :

- _ ACaq N
y=0 S2=0 (MWU

y:)."' CAQZCA_,T‘ I S l

From the yarious considerations we have the approximate solution and analytical solution

t
Y= —=1-31- z¥% 4+ 2(1 — z) | (2.198)
| |

2.4.2 Moglel with interfacial and Intraparticle Gradients |
B l

. Froment and Bischoff(62) present 4 theoretical treatment of the simultaneous diffuslion

the same as that developed by Weisz and Goodwin(55):

and reaction of a spherical, isolhicrmal coked catalyst in a flow of reactant gas. A simple
g e S :'_-.’«,,:‘ 5 . . °
- ' i
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first order was assumed for the reaction of the gas and the solid fuel. When the particle
15 asgsul_néd to be isothermal, only differential material balances have to be written.
Diffusion of species within the poroué structure can be represented by [icks first law

and an overall invariant effective diffusion coefficient, "

. fde\
Fluz = =D -
uxr _ef f ( dr)
The differential balance on the reacting gaseous component A-the cOntinuitlgr equation

for A contains an accumulation term accounting for the transient nature of tl‘lc process,

- - . . L] 5’
a term arising from the transport by effective diffusion and a reaction term (62):
[

) 2.0 [ ,0Cas
ZeCay = (1/1%) = Py 2.199
_‘ atscm (/1 )(’)'r (D,'r Ar rap : ( ‘ )
while the continuity equation for the reacting component of the solid is:
ac, *
5 = TP (2.200)

The initial and boundary conditions at ¢ = 0 are as follows:

it

i} :
CAs = CAS' (2201)

Cs = Cso ) (2202)
In the center of the sphere, r = 0 we have as follows:
. AR . - W B ?

aCA_, _' I
5 =0 | (2.203)

for. reasons of synunetry at the surface, r = R, we have as follows:
R A :
T 70 3 _
S D ==) =k (Ca—C3,) (2.204)
. 07" r=R ’ ‘

where C4, 18 the concentration of A at the particle surface. In general the equat‘ions

cannot be il}terg_;'ated_ analytically (62). Wen(63),intergrated the general equation nu-
merically for the following rate equations: '

pr——

o

[

[ ]
N, T
S

raps = akC3,CT
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where 2 is the number of moles of A reacting with one mole of S. .

' i 1
reps = KCU O (2.206)
|

The results obtained for values of = 2 and m = 1 in the absence of interfacial gra-
n [

N . ’ .. r . - -!
dients gave gas consumption profiles and coke consumption profiles for the reaction at
. 1

various reduced times. The profiles were presented for the case of high and low Thiele
. |

Modulus(53). | , e |
While the general modgl as proposed models thjf‘z general regeneration problem, it

has not been widely applied for gas-solid redctions fo]lowing the'Langnwir—l-linshe]\;rood

kinetics, This is because most gas-solid reactions d.te generally considered to be %IOIP

catalylic reactions (53,60,61,62,63). However, there is evidence strongly suggesting

that coke regeneration, particularly the oxidation pf‘ocess, may be a calalyzed protess
: |
(17 18,59). In the next clmplu, a general model wdl be presented to vmluaiv c’chL
b I
of diffusional lealst.a.nceb during catalyst ‘u,benela,tldn for gas-solid reactions lollowing
|

|

' Langlnun Hmshe]wood kinetics. C !

ﬂ.‘T ' . i

-
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. exists between the surface atoms and absorbed molecules.

. : ; .
| ; %

‘2.5 CATALYST CHARACTERIZATION BY GAS

CHEMISORPTION

In 1938 Brunna.uer, Emmet and Teller(64) put forth a generahbed theon y of physical
aclsorptlon in some detail. The main hlghllght of the development was a clear specifi-
ca.thl_l of the volume of gas adsorbed on! monolayer coverage. The means then became
a,va.ila.b__le, for the firss time, olf computin_;g the total !s'l,xrfa.ce area of a porous body. e.g
cata,lyet_ f;om physical _aﬂsorlition data.._ Before the BET theory, proposed equilibrium
models failed to yield an unequivocal mea.ns for determining rnonola.yer- coverage.

The BET development was motivated more by concern for catalyst sm}feu:c arca. de-
ternlj.rietion than for an adsorption-process rationale. Earlier Emmet and Brunauer(47)

had degcri_l‘)ed the use of adsorption isotherms for the determination of surface arca of
va.r%;)q__s iljo;_::} catalysts in ammonia synthesis. The success of the BET theory oft physical
a.ds.o,rp[;i_on in éetermininglsu.r['ace coverage influenced a similar aré;umént f(i)r the deter-
még}%t!igp of the number of metal sites associated witl, f.he.a,dsorption of a given amount
of gas 1f the mechamsm of the adsorption is fully understood. This Lcchmqu]c, therefore,
requnes t,he f01 matlogl of a chicmical monolayer of the gas and that a sm]plelleldmonsh]p
A number of gases are capable of heing chemisorbed by various meta‘fls (65).‘ In

practice, hydrogen, oxygen and carbon monoxide are the most frequently used gases in

the de_t__(_;l;l'mua‘u?n of catalyst metal area. There is considerable difliculty in the inter-
i 2N . +

pretaji;ig;l of the ljesljlgs of carbon monoxide adsorption on metal surfaces since CO cal
a,ds'orbpi._n Lw? di_ffgl;egt, forms; linear and a bridged configuration (65). Since it is hard
to deﬁqe the ;}glqt_.i;\{e amounts ol CO in the linear or bridged formn, it is very.dif‘ﬁcult to
deterleégg the pua}beg of surface metal atoms from the amount of CO a.dsoribed. How--

|
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ever, modified methods with use of Electron Microscopy (EM) made simpler the use and

interj;?{etati_o,n of data using CO. The exberimental design to bypass the drawiback in

use of CO b;' employing EM is very elaborate(4). 'l“he problem associated with, the use

of oxygen is the formation of a Stilt‘face oxid_e that c.an be more than one layer t.il.lick and

of un‘deﬁn_ecli stoichiometry (66). Oxygen is also reported to chemisorb to a large extent
. ' ‘

on alumina (67) thus making it less suitable for the determination of the metal area on
L f
alumina-supported metal catalysts. !

"Two mgéh?ods have been ‘extensively used in gas cl’nemisorptioq experimeﬁts:— the
static method and the continnous flow methods. Early workers used the stalic; method
to dei::rmine the gas uptake by various catalysts (65) Iir this method a known i(_|ua‘ntity
of sorbable gas is allowed to contact the catalyst for a specified length of time and then
evacuated. The gas uptake is then determined by the change in volume or weight of feed.
Gas flow methods ofler a simpler means for measuri;'lg chemisorbed volumes (68,69). The

H
catalyst is contacted with a flow of inert gas containing a small amount of adsorbate.
The concenf:rztl_tion of ads.orbate in exit stream i s monitored continuously and thf; voluine
chemi;;.orbeé 15 measured from the time réql_lifed for breakthrough of the adsorbate rela-
tive r,o a b]dpkf’l‘h( pulse method was first reported by Gruber(70). In Grubers inethod,
a p\.?lse o_f @glsg{,bq?g 15 injected into the flow of inert gas and passed over the catalyst,

The 'volunie of %ds%rb_ate is measured before and after contact with the catalyst, and the

volunie adsorhed given by difference. A modification of this method (71) inv?lves the

* injection of pulses appreciably less, rather than more than the anticipated uptake. The

pulses are fully adsorbed until the monolayer is complete. Benerisi et al. {72) proposed a

1

method of rapid measurement of liyydrogen chemisorption on supported catalyst metals.
c 1
This method involyes equilibration of the sample at 0°C' with a stream of argon con-

taining low concentration of hydrogen, and subsequently heating the sample‘ n élle same
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argonzhydrogen stream to drive off the adsorbed hydrogen. The hydrogen driven off is
measured by means of a therinal cond uctivity deteétor. Several workers (68,69,70) have

P
compared the results from these methods with sorn,e disagreements in their conclusions.

i

J. Beenha.ker(4) ﬁrst carried out an in-situ reductlon of the catalyst with hydlogen flow

*

and cooling down to O°C. The extent of hydrogen. adsorpt:on was then determined by

injecting 1004 pulses of absorbing gas into hydrogen or mtrogen (argon) flow. ‘The pulses
: !

were dete_cted by a thermal conductivity detector (TCD) coupled to an mtel gratOI The

i
injection of the pulses contmued until saturatlon of the metal surface had been achieved.

f . .
A compa.rlson of data obtained by static and ﬂow methods for the determination
“ i

of hydrogen chemisorption on Pt — Al Oy catalyst showed variation with temperature.

| |
At ambient temparature there was agreel;fnent of the data while at elevated temperature

* there was no agreement due to reversible chemlsorptlon of hyd:ogen in the static method-

a phenomenon not observed i i the flow method Bouda,xt and Spula.de (73)working at
low tf*mperature showed that 90% of the hydrogen 'in a static system was adsorbed

|
msta.ntaneously ﬁwh]le the remdmmg gas }uptake proceeded slowly. Gases have been ob-

"
served to be adsorbed at different sta.tes Gruber (66) reported the existence of two kinds -
of adsorbed hydrogen w1th coverages 1 x'10' to 4 x 10'? atoms when 7 — alumina was
exposed at high Lempex atmeb o molecular hydrogen. Amenomiya (74} found altogether

five different states 91: chemisorbed hydrogen on v alumine but only two pr(—;douﬂnated

above room lemperature with a number of sites for either of two types. Thefindings of
i

_SLLphul el al (70) waa crucial. Fhey measured the adsorption of hydrogen on serveral

Pt — AIQOJ cgp§1y§t§ and concluded that the adsorption of hyd.rogen on aluminia was
negligible.

It has been demonstla,ted thal by a number of workers that while alumm@i may have

little act1v1ty f01 djssoua,tlve lydrogen d,dsorptlon a substantial amount of hydrogen
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atoms may migrate {rom a supported n'{etul to Lthe alumina support, ‘I'his phenomenon,

termed spill over effect, has also heen observed with Pe-silica system (76). Kramer and

Andre(77) showed that the rate of spill over|increases with hydrogen pressure, adsorption

temperature and metal dispersion. The amount of spill over hydrogen is proportional

b

to the square root of adsorplion lime al low coverages and reaches a limiting value at

- - + v i . - v .
high temperature and long adsorption time. A mcchanisin involving fast adsorption of
T i 1 ‘ .

: . |
hydrogen and the metal and fast spill over of atomic hvdrogen over the face boundary

- to the"'é.lurr!ina was proposed. 1t is suggested that the spill over of hydrogen may be

arrested by blocking the surfuce sites on alumina for adsorplion of atomic hydrogen.

Sodium Acgt@,@g{ has been found o do this effectively.

€ |
The much familiar hydrogen titration of oxygen on alumina supported platimun metal
SN

is due,to Benson and Bourdart, (67).

\ i

" PO, pace + (3/2)Hggasy— Pt — Hourface + HoOpyasy - (2.207)

They gpigled that the residual water generated by the above equation is removed by the
. R T
: " !
alumina support. It is therefore possible to measure the loss of three atoms of hydrogen
Yoo D

from the gas phase for every platinum atom. They pointed out the fact that there was

1o need to leave out oxygen froin the sample and the catalyst need not be reduced prior

to measurement isince the sample is deliberately expused to r;)xygen. FFurthermore, the
ngorg_!;igu of hydrogen in the oxidized alumina contribuies a very small amount 1o the
gi);tagg eéf hydrogen . Frem the reaction, chemisorbed hydrogen: chemisorbed oxyg;enz
and hxdrogen; and h_ydrogen titre are in a ratio of 1:'1:3.. Benson and Boudart obtained
the same 1'atip using the static method.

A review of the Benson and Boudart(67)} stoichiometry by Mears and Hansford (78)
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" of pre-treatment in hydrogen at condition which wotld produce sintering.

for tkft Hy; — O, titration by the flow technique led to the following reaction scheme
|

Pt(syrfucc) -+ —H‘Z(yus) — Pi- H?(.mrfuce) (-)"208) |
Pt(surface) + (1/2)02(y«a.4) — Pi- O(.!urfru:e) (2209)

Pt(aurfacc) + 21_{2(51113) — Pt- H2(aurfacc) -+ 2[1’20(3111)pnrl) (2210)

This corresponds to a ratio of 2:1:4 for chemisorbed hydrogen, chemsorbed oxygen and -
Hydrogen .ti.tre respectively. Mears and ﬁansford argued that the stoichiometry of Beﬂ-
son and Boudart(67) could have arisen from the lower outgassing time adopted by Benson
and Boudart in which case the catalyst could be' expected to contain some residual hy
drogen and hence.a.n‘appa.rently lower chemisorption of it would be obse1:ved. Wison and
Ha.lI(T?) reported the ratio could vary from 2:1:4 to 5[:1:3 on increasing the tempera,t..ur{e

K'clnb,a.yashi et al.(80) found the uptake of hydrogen on a freshly reduced Pt-alumina
catalyst decreased with inereased temperature of rq‘a.ction. They also reported that all
oxygen adsorbed on a low dispersed catalyét reactecijin hydrogen pure injected at 25¢C.
However, on w(_all dispersed catalysts some of the adso'[rbed olxygen did not take part in the
Hy — O, reaction on injection of hydrogen pﬁlses at récm temperature. To account for all
the Ya.ri_atiqn"s so far discussed with rega.rjd to cherm'éorbed volume and stoichiommetry,

! . )
John Freel (67) proposed the generalized equations for H, — Oy tritration.

+

2
ki "’2* Zety)y +XO| — yH, + XH,0 (2/211)
2

B0, 1yt = 20. 4 (WH0 C euy

. | _
where H, and O. represént adsorbed atoms, H, and O, gas phase, molecules. The

_equations do not imply any stoichiommetry to either adsorbed species.  They merely

require that one adsorbate is removed quantitatively and replaced by the other in an
|

amount equal to its own adsorption on the bare surface.

' |
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Inspite of some of the advantages mentioned above, H, — O, titration method for

deterrﬁ_iuing the Pt surface is not without criticism(81), the primary one being the du-
bious oxygen to surface Pt ratio. Wilsoniand Hall(79) noted changes in O(ads):Pi(s)

storchiometry as a funciion of pmtu bex sm reporting that 1:1 stoichionmetry occurs on
A .

particles greater than 204, while preva.lls for smaller particles. Mears aind Hans-

ford(78) indicated two mecchanisms for the titration reaction to be operative depending
on the nature of the support. For Pt on Al O3 or 510, the water produced duung, the

thldtlou d,t, 25°C" is adsorbed by the hydrophylic support according to Ihc scheme

PO+ 2 Hatyy= PLUH ysur face) + H20 supporty (2.213)
o i . |

The water iy held by the PLowhen the latter is either unsupported or on-a hydrophobic

‘'support, .

— 0+ (3/2)Hy—Pt ~ H,0 f(zﬁgm)

The H, — O, Lit__x;gl;iqn suffers from doubtful Q“‘L-
I

ommended as & btand:ud techmque It does have value for specific studies in that no

‘) ratios and, therefore, cannot he rec-

drastic pietluatmunts ueed be used, thus minimizing possible catalyst alterations dux"mg
S R

the measuremgnt_s.
..-... T

o
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Chapter 3
- | :

! “.
THEORETICAL MODELS ‘

L '
rd . 1
i

Introductlon W | 1

Smce a,ll de51gn methods assume some description or model, however crude, of the

process ocuumg, it is necessary Lo express these processes in mathetical terms. If the
v v :

model is to be of any practical usc it must be reliable. Clearly, the final design can

be no better th:m the 95511111;)1.1'611 made in deriving the model. If a model depends 01;

parameters which have been Bec:n obtained by curve fitting experimental data then Lhé

L
values obtamed will have little ncnu ahty beyond the 5pec1hc system for which thfey were’
determined amw they are certainly of little value in the design. In fact, the answer is
known j.e the plant is operating.

Not Iall in}ngtglgt. Eca,rarhcters'necessary for plant design are mea,surable,! Because |
theoretical mod.c'lp are mathematical representations of physical processes, they provide
a means of -app&cuxin_g%ing the eﬂectﬁ of experimentally immeasurable parameters and
phenomena w_it_l_;gq@ recourse éo wa.st,eful experiments. Perhaps the greatest obstacle to

the development, of more detd.:HLd modds has been the contputational effort 111volw*d

in solving the resuItmg equations. Even though digital computers have alleviated the
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prbblel_'ps_, the use of efficient numerical analysis has assumed considerable importance,
o

especially in view of the highly non-linear forms of the equations. i

This chapter shall feature the formulation of the following models
1. Catalyst deactivation by multilayer coking model on real surface

2. Effect of diffusional resistance on catalyst regeneration
3. Deactivation-kinetics of the reaction of cyclohexane on Pt — Al O

-1 !
i

3.1 MULTILAYER COKING MODEL ON REAL

SURFACE

Multila,v.er coking on real catalyst surface is a modification of the multilayer coking niodel
presentfd by Kllngman and Lee(fj 1). As with the model of Klingman and Lee, the main

concept in the formulatlon of the multilayer cokmg model on real surface presented

here is that coke depomts on the catalyst in successive Idye1s w1th each layer coveung

a fra,ct on of the one lmmedlatel y below it. The model assumes that at any given time,
l f ,
j

the coke distribution can consist, of any number of layers; frpm one layer to N layers.

The layer build up results from a series of elementary irreversible surface reaclions that

lead dlrectly to a relationship between coke content and fraction of catalyst deactwa,ted
The coke content at m:)nolayer coverage can also be deduced An infinite number of
ldye:s is conmdexed by the moc](] although only a finite numl)el of layers should emsL
Consideration of an infinite layer reveals all the features of coking.

The Langmuir postulate on which the multilayer coking is based assumes that the

solid surface upon which adsorption occurs is homogenous i.e the surface is energiticaliy

uniform so that the free energy change accompanying the adsorption of the first molecule
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or atormn is identical to the change associated with subsequent adsorption of that, molecular
or atoinic species. Few gas-solid catalysts systems, however, conform to the liomogenous

Lo i
surface postulates(47). Hence, undike in the model of Klingman and Lee, the innltilayer

coking model will be extended to real, heterogenous surfaces.

3.1.1 ‘Theory

Conslid__er a scheme in which the main and the coking reactions occur on the same sites. It

1
] . 3

i 4 ]
is also supposed that all the sites remain accessible to thez;{-%'eactam. If coke precursor

.. . .1-.-" . . . el . .
P can form upon deposition wheiher the sites $, are vacant or occupied by coke, then

. " ' . - » ’ . .
_ ché multilayer coke builds up from the sevies of elementary surface reactions thus
s . : '
e

k.

P4+S I PS| monolayer coke {3.1)
P+Prs M 2r)sy B
P+(2P)S B (3P).5 | (3.3)
P+(nP).S 8 [(n+1).5] - (3.4)

The net x?tes for the coking steps are; ‘L
Ry = kchpCv—kme,,'C,, | ' (35)
Ryps = kp,Cp = kpCop,C, (3.6)
R3p.3 = kng‘Zp.st_kaﬂp.st ] (3,?)
R’"’-’ = k,,(n_”p,Cnp,,Cp = £, CoCrp.s (3.8)

where
C, = surface concentraﬁion-:of vacant sites ' (3.9)
C, = Concentration of coke precursor ' (3.10)
| . :
66 1
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Crp.s = Surface concentration of active sites occupiedby mono(n = 1) and multilayer (n > 1) co
o i
and N = total number of coke layers. Generally the above equations can be represented

- as:
~ RBop.s =&, ClacypsCp — ky, Crup.sCy (3.11)
= For teal surface coking;
ks # kipy £ # hy, ' (3.12)
This .ass,un'lpt‘ig_n_ involves the hypothesis that the affinity ol coke precursor, unlike in
5 ~ the model of Klingman and Lee, is djfTerent, regardless of the number of coke layers.
- 4 )
‘ Hence this consideration constitutes the major difference between this development and
L .
the multilayer coking model as presented by Klingman are Lee(41). The implications of
this dev'elqprpqnt will be obvious in the course of the derivation. For real Surfa:ces, the
.. a,ctiva.tJon energy is assumned to lave a linear re]&tionship with surface coverage.
[T
s 4

-

ads = Logy, + 740 8 = coverage -

.- Boes = L4, — B q=q,—af

where
‘: E- i

. N Ligsg = energy of adsorption | | (JU) '

Bes = energy of (.lesorption (3.14)

Eyas + 70 .
. -{{ud = Aexp [— (%)J (3.15)
, 0 = Coverage . (3.16)
o

v ' ¢ = g—al " (3.17)

Since k’s are not quﬁal %_hg following is true for the energies of adsorption of the la,ye;i's

&

El #EQ#]EJ#"F‘#EH
| .
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. Co_qg;z,l;dg_;{ging the distribution of multilayer coke at any time: -

N . ‘sl fz(n-])p.s — dc(n—l)p.s — C(n—?)p.s - C{n—‘l)p.s L (318)
i:j‘-_.'!'; ’ jznp..v i ‘dcnp.s C{ﬁ.—]) - cnp.s i
and i
7 C ‘
hod ' C(n—1)p.s / (3.19)
Whéle f is a constant that describes ihe distribution of layers at anytime: If P 19 holds
betwcun mono and dilayer, we have 1
: : !
. . 1
'5‘:" _/C;n.s' = CZ;J.S - (320)
d(.’p 5 K'pcpcu - kp: Cpcp.s & (3 )1)
dCyys Ky, CpsCy — kp, Cplsp s ' SRR
-From 3.19 we have
+0 . dC, s . _
1/f} = =22 3.22
W=, (322)
=
Henée_1 3.21 l;‘gcomes
bk CCy — k) C -
“ I'e:f JJS b API( PCP-s — ]/j | (3_)‘3)
Ky, CoChs — Ky CpClap.s
k,C, , |
, (]; - kp] = (]/f)km = km (324)
P8 ! }
1 [k, C, ' 1
- = . - k = - . 25
i* kp [ Crv e p’} f (3:25)
'.',).C"“ C o
ol kL (3.26)
7 k?’a '(‘P-S “‘:Pl .[

We then relate ) and Ch.s to determine the distribution of vacant sites, The distribution
DA s e ‘ ’

. , I
-, factt:n, [, should also be known Irom the tota! site balance:
. = EX h - . ; l
| E Cf - cu + Z Cn.p.s + Z Ci.s (327)
: n=1 i '
o~ ' ' N :
‘ &h Ct7 = Z C‘np.s- ] (328)
n=1
| :
! 68
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where 7 is the fraction of catalyst deactivated.

il

C(1-9) = O, +) Ci, ©(3.29)
C;s = Concentration of surface intermediate ) {3.30)

With the concentration of surface intermediates expressed in terms of the concentration
R :
of reactants, product and vacant sites, we have

CotY Ciw = Cl1+ Y (KCi,)™] - (3.31)
| Cli-7) = CO+6)" - (3.32)
| |
where G = 3~ (/;C)™ combining equation 3.28 and 3.32 yields
o C, C, HE ' ‘lt
= 3.33
| Cra ~ Cpa [(1 n G)n] (3.33)

The fra*(’-"f',?!} of catalyst deactivated can be related to the distribution factor, [, through

3.19, 3.20, 3.32 as follows: Recall

Cy = i Crups | | (3.34)
n=1 ‘
Expa,ndivng g’,,p, we hgve ' - ‘ .
o Cr1 = Cyps + Caps + Cop 4 G e
Sustlt?tmg ij.ZU, 3,35 becomes : |
Crr=Cos+ fCos + f2Chs + F7C,, + oot j:"N'”C_’,,,s - (3.36)

Sum of a geometric progression in f.
A - DUTER S e - ;
o 5
' 1

fc‘;r = fCps + f2Cp-s + facp.., e fNCp.s (3.37)
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Subtrtacting 3.36 from 3.3, we have:

Ct7 - fCt'T = Cp.a - p.st

.+ C‘g'}’ = C [

for infipite layer N — oo
o

Cy

ey Cps (14 G)

!

Substltutlng 3 40 1nto 3.41, we have

ch ‘ 1 -

ko, ¥(1 = f) (1 + G

BG'(1 - )
. —ta-

7(1 - f) |
l
~ where: f

v

ﬁ - kP:
¢ =
s |
Rearranging (21) we ha,ve !
= G'(1 — ’

ﬁ__(___,_ﬂ a{l = f) —

Pla—1) f(ﬁ'G"(l—;l)

Op.s_'}'(]""f)
To get the distribution factor f, we combine equationé_ 3.23, 3.33 and 3.40
yooe o . .

knCo (1=7) +_m_

(1-s~
D

Sy

il

Equation 3.48 is a quadratic in f, where the roots are given by:

- ¢ g

(,86”'(‘1‘;;2‘)‘ + o) & \/(ﬁﬂ’ﬂ—?-l + (.}-)2 —4{a—1)

f
By

vll

70

2 —1)

(3.38)

.mam

3&4@

(3.41)

(3.42)

u4m

(3.44)
(3.45) -

(3.46)

(3.47)

(3.48)

{3.49)



Making further siinplifying assumptions by assuming thal the roots are real and cqual

, ([)’G"“;ﬂJra) —4la—=1)=0 ' ~ (3.80)

-

Hence this 3.49 reduces to _‘

_pG-y) a | |
T 2a-1)y T 2Aa=1) - (3.51)

/
For positive roots a > 1
Counsidering the case of severe surface heterogeneity where a >> 1 i.ewhen the

. b - o . . .
differences in energy of adsorption between succcesive layers is high.

iz

[ o= BT g (3.52)

;o= U=ty (3.53)
2y

'where
g = 0G) (3.54)
o I

With the distribution known, we can obtain the relationship between coke content and
»:;_e- R :.'-i_; 3
the fraction of catalyst deactivated. Let ¢ be the mouolayer coke weight per site:

- TN -‘

- CC = g Z ncﬂp.s (355)

iF ; : n=] '
= qcp.s(cp.s + 202;9.5 + 303;9..9 + -+ NCNp.sJ ('356)
= UCs +2fCp  +3f2Cps+ -+ NFNIC, ) C (3.57)

[

Substii‘tuting 3,19 into 3.57 and arranging we have
© Ce=qCu U f R P+ T (F 2438+ (N = N (358

Now multiplyii}g 3.58 by f and then subtracting the resulting equation from 3.58 and

. L
rearranging we haye:

-

(I=0C = Cull =M+ 10+ F+ 2+ + 24 NPV (359)

JAZNCe = 4Culf (1= MY+ S+ F14 £+ ot f¥) = NS (3.60)

'.i' 71
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Substjtuting 3.53 into 3.63 we have

subtracting 4.60 from 3.60 and rearranging we have:

=™ fa=g Nf’"(l—f)} |
Q’f—qc”"[(l—f)(l—f) i-pa-p a-na-n; OV

Subst[ tmg 3.39 into 3.61 we have

o |
i N
) | A [1 - lj\iff”] 502)

where Q = ¢C,, the amount of coke required to cover all active sites with one coke layer.
& =

For infinite layer, ie N — co, 3.62 reduces to
oL 1o L

Q—(lnf) - {3.63)

i Cc 27 |
_ _ 3.6

and noting L_l_;gx__@ the Ijgigsidué,l aclivily is related to th;: fraction of catalyst deactivated by

A=1-—- ]? We G obta.ln . -
* C.__(-4y_ (5.65)
@ T-A+FA
and ' J
1= A 1 ' ﬂ’
e 3.66
: Ce QQ(I o ) ( )
where A plot of 1}-57“ against “—A) should yield a, straight line with mtucept 1/2Q)

and slope 42%5 1t b!lould be noted that at the initial stage when the fraction of catalyst
T - : " l : . V
deactivated is small, -, the distribution’of finite and infinite layers is the same hence
SN S Th :‘. ! . Y

equation a.bov,e also holds for the ﬁnite lhyer.

a ' 4 !

Data for u,bldual act1v1ty was o])tamed from hydlogen chemisorption experiments
in a CSTR for 0. 3%Pt Al O;3. The m1t1a1 activity was obtained by determining the

number of a,(;ce‘smble Pt atoms on the fr elsh catalyst before cyclohexane dehydrogenation
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reactions at 430°C at rcactani vapour pressure of 0.0763 atm.{ 14°C ). After cach

reaction the number of accessible Pt atoms on the coked catalyst was determined. The
wh M | , .
determination was done after éach reaction.
DA i .
The number of Pt sites on the fresh catalyst was determined and then the {ractional

residual activity after each determination was then calculated from
g : : :
i_

A2

Pt sites

Pt sites on fresh catalyst

Fractional Residual Activity =
5 |

¥ !
After the determination, the éoke was oxidized for the quantification of the oxidizable
coke.
A summary of the results of residual activity determination {front hydrogen chemisorp-

tion experiments is shown in Table 12 in chapter 5

{ e

312 Parameter Estimation

A plot of Fractional Residual Activity versus oxidizable col;:e content was made. The
plot showed a decayilllg curve with little scatter. The plot wais extrapolated to the initial
fra.g_tg_ipn__a,ll“l.activity, '_IIFrOrn the plot, the range of fractional z;ctivity versus cd:ke conlent
data was wi‘_dlened by fxtra,pola,i.ion . The data values were t:"hen used to plot the model

equation. From the plot the parameters were computed. The plot and its discussion

follow in the next chapter.

3



————g—— 2w
-

e
‘t}

3.2 Effect of Diffusional Resistance on Catalytic

|

|

Regeneration of a catalyst alter deaclivation due to coking cntails the removal of the

Regeneration of Catalyst : | i

coke deposik‘tts on the éatalyst surface before further reaction. If air is passed through a

coked catalyst bed, hot enough Lo get ignition, burning starts as the air hits the catalyst

1 1

(52). The coke is then converted Lo gaseous products. The coke removed by this process
is known as oxidizable coke. I'his oxidation process does not remove all the coke as some
of i remain more tightly adsorbed on the catalyst surface (6,8,9,16,17). On reduction

Cod . : C o
with Hj, 'a second type of coke, reduceable coke, is temoved(6,9,16). The unreduceable

, - |

coke is graphitic in nature and can only be removed by chemical means(17).
s 1 1 ’ - i

Intraparticle diffusion eflect is one of the most ijnportant problems in heterogenous

; i

" catalytic reactions as it causes ‘many interesting plienomc]m. Wilieeler(54) st_udied; the

effect of hitraparticle diffusion on catalvst poisoning and showed that the overall activity
L ‘ v .

i :
decreased; by, about 10% 01'{1;]16 initial value. Weisz and Goodwin(55,56) studied} the
. ';'.‘7—:. ,. . 1

regenration of fouled catalyst by the combustion of coke with oxygen and showed that

the ra‘,te' dgeter_mlnmg step was the diffusifon of O, th".rough the porous ash layer.

In thig sectlon, t.hé retardation in Iilhe catalyst rcgcner.ution due to di:ﬂ‘l,lsi(m;lms

been solved for the case of a general n‘fnodel with interfacial diffusion gradients. I. ;The
H i ' .

regenerati(.)_n process is'generzl.]ly a,ssumefl to be a gas-solid non catalytic process. H?noe

L

- most researchers on catalyst l'egenera.tioxll have presented solutions of the rate equations

based on qsgt‘i_'ﬁ'lption of an interger power law, usually first order with respect to the

solid 1'cact§,nt and first order with 1'espcllact to the gaseous reactant (Hagerbaumer }md
J .

Lee (57), Sohn and Svékely(()',! IR Fromentt and .Biscl'lofF(GQ), Pansing(58), Goodwin Lmd
. . | -

Weisz(55)). Wen previded a numerical s,iolution of the general model for interfacial é,nd
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intrapaticle diffusion with n'* order to the concentration of the solid reactant.

Experimeﬁtal investigations by several authors suggest that regeneration of coked

ca.t;.lyg.t may be a catalyzed process(17,55,56,97). E'xperimental results of Weiszﬁx‘ and
Goodwin(565 showed that a chromii’a,-a,lumina, catalyst shows rates two to three orcllei's of
magnitude grea.ter than that observed on silica elumina, although the activation energies
remain the ee;ne. They attributed the difference in rates to the catalytic proI])erties of
the chromiur;n. Nora Figoli et al.(97) and Barbier et al.(17) provided evidence! stron$1y

4

suggesting that Pt catalyzed oxidation of coke at low temperature 300°.

1
i
4

In view of the above, the model presented here assumes the regeneration process to
be a catalyzed one. As'is usual with catalytic processes, this model formulation therefore
assumes that the regenerating gas first adsorbs on a sitc before reaction. A Langmuir-

Hinshelwood type kinetic expression is therefore suggested to be'appropriate in modelling

the rate of gasification of coke. Methods of simplifying the expected partial differential

modelling equations have been provided by various authors: Akehata et al.(82), Prater .

and Lago(83). The specific case of the cracking of cumene to benzene and propylene has .

been analyzed lgy Prater and Lago(83) using a numerical technique.

Attempts at wg]nodelling the regeneration process as a catalyzed reaction had been

made by Effron gtn.d:ﬁi-loelscher in their study of the oxidation of graphite(60). They

L

assumeéd the ;;eggt,_ip,n 1‘;0 proceed via the formation of an oxygen-surface complex as a
first step before 1§d.('t|0|1 with the carbouaceous material.

The emp!‘;gﬂg of the preceding works(55,56,57,58) except for those of Wen(63), Solin
and Szekele}lfk((‘jl) lay 91_1_‘the kinetics of the gasification process. Where the effect of
diffusion process has been studied, so much emphasis has been on the identification of
the conditieugs_ (Jggl‘:t_,igt_l_lqyly Lejl'lf)ex'etu1'e) al. which the intraparticle diffusion becomes

rate limiting(55,56,37) Kith the neglect of external mass transfer limitations. |

s
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For the regeneration process to be effective, the gas preseut in the ambient jfiuid
S |

must lu :.!_5.!;_u||si';0rted to the surface of the coked pellet and ihe reaction product has
to be 1gljg,gspoi‘ted from the surface. Hence for a Eomplete description of the diffusiional
Iimit@tigx};é ix] i‘egenera.tiqn, the dilfusional process has to be divided inl.ortwo parts; bulk
fluid "g.o, t;llg Qytcl' surface of the pellet and the diifilsion to the reaction site. At the
outer s.q;‘fa,(:q :ofﬁthe particle the gas has to diffuse thrfdugh the stagnant gas film. H*énce,
tile |')fg:¢;.~u:n'l._.'11.i6‘11 here is a generalised treatment ol Llie effect of the diffusional progesses
on the rcg(;ue;'ation, at constant temperature, of a .(‘;j.a:ta.]yst coked under non-diflusion-

)

E} . . , .
limiting conditions. : : |

Model Formulation )

i

To get to the catalyst su1face the 1egenera,tmg gas has to first diffuse though the stagnant

I

gas ﬁ]rn ex15tmg at the external surface of the hot solld catalyst. Inside the porous pellet,
f

the reactant gas las 1;40 overcome {he 11‘|L!crfa,(;1a.l resjstance between the fluid and solid
! L P .

- L ? I .o
phase and also the resistance due to countercurrent diffusion of products. Against these

resistances, the 1'e%c.tant gas will adsorb (i)n the active sites. This reaction is considered
P N e U .
fast, hence there will be a concentration’ gradient for the gas, decreasing towards the

center where it is being consuined and the reaction rate will be slower.
v e :
‘ | l
. N - I . . ]
To calculate this lgwe;ung of rate expgessed by the effect of the diffusion parameter,

the sunulta.negus ;ilffus:on and reaction on the pellet have to be modelled.
PP . }é— . :
Assump&ggg_g .

. Isot_.he:;l:g@! pellet, no radial temperature gradients in the pellet

° Unifomglx coked ga_.talyst pellet.

|

....
R
b ;.,

Taking mateua] bala.n(,e on a spherical isothermal pellet, located in a gas stream, A,
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with which the coke reacts; hence taking material balance on a spherical isothérmal
TR “

pellet, located in a gas stream, A, with which the coke reacts; taking material balance
P - '

i
for reactant gas A, we have |
|

Dy (%P4 20P,\ 0P, e
—R-J—"(arz +r ar —at——-i-reactzon (3.67)

For the solid reactant (coke) C., depletion we have,
, : ‘

]

. 0C, ! .

—— = reaction (3-6‘8)

& 8 I3 g _

3.2.1 B;_E;éction

The regenerating gas first chemisorbs on an active site then reacts with the solid reac-

tant, thus exposing more sites. Considering a simple chemisorption scheme with surface’

controlling, the 1eacta.nt gas first adsorbs on an active site, S. Recall that though the

catalyst 15 assumed deactlvated thele are still residual sites which account for Ieb]idudl

L3

activity.

k

A'ﬂ(gus) "" S - AQS ' (369)
C’c(s) + A5 ks, Products ' ‘ (3.70)
CA S
Ky = -
AT PG,
Tproducts = ercI(APA Ca . (371)

Asqumm;_., wedldy ddsmhed prodm ts, we then have the io!lowmg balance for the total

blt.L‘a at any lec

Co = Cy+ KaPaly (3.72)

= C_.,(l + ]{APAJ
TS | ..
C, = m (3.(3)
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. ke CLC K 4 Py ! o -
Reaction :.m ! (3.74)
Subgs;:ti_t"u‘_t;i‘_ng 3.74 into 3.67 wund 3.68 , |
DL kOO P b
= - 3.75
D~ (1 + KaPs) - 3.75)
Intefg_m;jpg:
'l&l . A, thijg] A :
= di 3.76
! Ce cocw( /0 (L5 K1) ) (3.76)
ke CiK 4Py ’ ;
: = Cu 1 3.77
: “ ”( [(1+fum] ) o
where

krcrt]\’z‘ljjil ) _l t krct]\,zlp.ﬂl
(14 KsPa)],, tJdo (L+K,PA)

The !.jag‘f;_: at which the reaction layer moves is very slow with respect to the rate of
transport of materla.l The transient term in equation 3.67 % = 0. This is the psecudo-
steady-state %gsumptlon. Hence rewriting 3.67 with the substitution of equation 3.74

we have:
“ |

272 . ” |
_ D—’t _a“ + 20P, _ L,.C,Oc/ja’,{PA (£78)
S RT'\or?  r Or (L+ K4Py) "
Boundary Conditions . ..' i
At the center of the sphere i.e. at : ’
. .
. r=20 e
| .
P4 Oforailt (3.79)
or

By equating the surface flux 1o the rate of bulk mass h‘a.nsp0rt, we have the following

boundary conditions at the external surface of the ]la_ellet atr=a
|

: D aP .8 ! . 3 ]
‘ R,} (—a-f—)i - =k (PS - P2) _ (3.80)
78
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It is assumed that P, the gas partial pressure in the bulk is constant. k, is the mass
transfer coefficient in the gas film surrounding the catalyst surface and P§ is the partial

pressure of A at the surface. Making the following definitions; .

-

Dimensionless gas conc. ¢4 =< P,/ P, (3.81)
Dimensionless radius z = ; 2 : - (3.82)
| ' ' . C.
1 . Dimensionless coke conc. ¢, = . 5 (3.83)
h Ky = KiPa (3.84)
T:.'?f"ﬁ . .
I " . 0 = '- k‘l'tct (3-85) |
A . !’ " a?RTC,,C,
| ‘ _ = = : 3.86
‘= TP.D. 359
| .
| , ) (387)
¥ | |
?{ & Substituting the variables in equations we‘ha,ve, for 3.67
i Y vl ',Z'ﬁg v P A - !
f' | 3P4 20¢4 _ a*RT [C¢.Cook, K \Proda : (3.88) :
s . 02z Oz PaDa| (14 KadaPao) '
¥ X
Hence .
B¢y 2044 dcIyda '
) | 0%¢a 2094 | L2 3.89
3 fz? + T Oz ° ¢ (1+ Ki¢a) . (3.89) ’
1 r ; .
and from 8,77, we hay ; ! | |
qf) . ,' _ ertI(APA {
IR S W ITE v A
or ' .
~ ’ 1{;1¢A } ) :
ot . c=oxp | —|—422 | ¢ 3.90)."
K ? '( [(Hmn ") 90
‘Boundary Conditions
SRR .
}_!é At the wntet of the sphere | v
z=0 ’
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¢4

= 3.91
8::: 0 ': (d )

At the external surface of the catalyst, the boundary condition is the dimensionless form

of 3,§Qli:€:9t ‘. L :“ |
 z=a
‘ DaPuo (094 b s | B ‘
' RTa (-'Er—):l.':a = kg ((PA0¢A) - (P_A.a‘?SA) ) ‘ (3.92)

®
: . X T

tively.
Now ¢% = 1 since the concentration at the bulk is assumed approximately equal to

the initial concentration, and of course, P4, = constant. Hence from 3.92, we have

¢4 2RTEk,,. . o
2 = 2(1 < &8 3.9
Hence; ‘ :
| 964\  RTNy: ., . .
( e )m = (-_1 — &%) (3-94)

Where Biot number, | :

_pt ‘.‘_1 PR : ~ (2akg):
or : ! ' :

04 _ N . |
('E)m )ém = 21— ¢%) . | (3.95) .

40
where N}, modified Biot number Ni= RTN,. Hence equation 389 and 3.90 can

be solved together with bouudary conditions 3.91 and 3.95 to give coke consumption
LT R :
' . . . Y
profiles at different dimensionless times as well as reactant gas profiles within the pellet.
pe e e v : T !

1 ' '

80
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L N 4

t




lé ¥
'T‘{ | 3.2'.;:4; M?thod of solution

h“i" | The reaction term in equation 3.89 was linearized .by Taylor series expansipn in terms
!’ ‘ of the ¢y and the first twoterms collected o

‘ . F.d: ' ¢c](j4¢'.4 = ¢LI(:4¢AD + (¢ _ ¢ ) (1 -,r- ]<A¢A0¢’C'{\,:4 '_ ¢61‘-"A¢A01(;ﬁ) 396)
R (I+ K}y 44) Y+ Koydae 0 TR 1+ K,)

. N VRN YR CYE TR ¢\ 397)
. | (14 K}éa) 14 Kydao (1+ Kidao) -

. <L 94 P4 : )

: — = $ [P Py — Pyl : {3.98
: T+ Ky (4 ‘+f}5,4 i 2]‘ | ( )

o . ! . :

' '\ ’ where: ) | . |

' l . !

* P o= _i‘l?i’.‘i"_ (3.99)
¢ | T+ Kb

% . 1 t

. o [N Y (3.100)
(L4 Kdao)

{3 P, = _fi&u_i (3.101)

(1 + K da0)
; . :
i The gxpg:‘u;l‘a%i_epl terms in equalions 3.90 was also expanded i an exponential series.
l’ ,r"’:f:v- . ¥ .“;"-:-?J ‘-"."b".““é Qe e i H i : .
T 28 ' _w_._‘ | 2 o \
expz=1l+z+—=1+ -+ —! ' (3.102) -

S ,

a Henge expanding equation 3.90 we have

i . o oy K'yéa 2 .
' oo (il ) o
1 L+ K4éa)].. T+ K)o

[ i
é @_‘_ql]gg&ipg the first two terms of the expansion we have that

‘l 3 [ : I(f ¢ . l

1) JUURE R B &L I B/ 3.104
1 s [1 + Kﬁa‘ﬁA] v S (3109

Fromn linearization of fquation 3.89, we have 3.104 as
'_1 =y _“c.-_ :

go=1—0[P+¢aP — P, - | (3.105)
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Hence with the above linearizations equations 3.89 and 3.90 can be rewritten as:

Pos  20¢a 5 o
5 T 2 = EGe[P + pal — Py ].a” (.3_10(,)
and
be=1- 0[P+ $aP =P, (3.107)

Finite ijferences were now used to discretize the above equations 3.106 and 3.107 and

boundary conditions 3.91 and 3.95. For 3.95, the finite difference representation is as

follows -
t . .
A, 20 o :
L + ¢A = [(; + l}¢.4{:+l 3 '-'[45/1{13) + (f o !)Qb A1 J}] 7 '-fé 0

Bar | w Ox . 4(6x)’
| 6

=@ )z[mun Gao)] =fl (3.108)

From -3,107 We have E

b . -
(57,)2[(3 + 1)|¢A(i+1,j) — gy + (= Dl =

Eeiii) [P + a1 — 12 (3.109)
!
at the boundcuy al z= l,ieat2=10 3!.95
i r
$ain,j) — Paeg) N, oy
' J) _ (3.110
206) W -d o

1
f

Hence
i Paqgy = ¢A’(9,J‘) + N,.;(] — %) (3.111}

Hence 3.109 then becomes

] 91,
ﬁ(am*[um(u,ﬂ = 2094010, + YBa(es)) =

Edeprog) [P + PagoyPr — P2 (3.112)
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Now the fictitious point @aq1,5) 1 climinated between 3.111 and 3.112

1 .
11(}5 <'+N'5:L'1— 104
10(632)’{ (B0 + No(62)( ¢A(w.g))]._ :
~ 20 a0,y + Iaen] = EbeonP F Sanontr — Py (3.113)
and when éz = 0.1, we have at the conditionis where z =1, or1 =10,
& o [ b -
1-9[?0¢A(9,j) - ¢A(10J)(N; + 20)] = {ngf’c(lo,j)[fj + danon P — Pa (3.114)
and at ¢ = 0, at the center of the particle, we have
. L . -
< 600($aqrip — Pateny) = {qibc(o.j)[jj + P o — P (3.115)
Equation 3.107 1S représented as: ‘
|
¢C{' i} — =1- O[P + ¢A(tj Pz] (3116)

Ly !

3.2.3 Computational Technique

1 . ﬁ
Equations 3.114 and 3.115 represent the boundary conditions while equations 3.109
. 1
is the general equation. A set of linear equations for all the radial points were written
from 3. 109 At, each time step for a given ¢ (dimensionless time) the gas profile ¢4 Wd.b :

ﬁrst. guessecl fou the first time step, for the computatlon of values of coke (,Ollbunl])th!l

ploﬁles flom the bet of equations ;_.,(.n(na.ted from 3. 116 at all the mdml posilions. ! llu,n
%)

the computed u)lu (,onsumptlon profile was used to recompute the gas profile using the

sét of linear qu@tlgns generated from 3. 109 The recomputed gas profile now replaced
P WET R

the guessed values m 3.116. i

This procedure contmued Lill convergence was achieved for all values. The effect

of diffusion on the prgcéss was accessed by variation of the modified Biot number fmd
voAT e e ~

stgma which were the parameters with a diffusion term.
.""‘ S ed Soam Ty
\ t ‘
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3 The results from these computations will be shown and discussed in the results sec-
l LR AN
s tion. ‘
| : .
’ |
' ‘ . T
s
\gt'> ) -
*
;
o
3
: .

0

A il !
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; 3.3 MODELLING THE DEACTIVATION KINET-
ICS OF THE REACTION OF CYCLOHEX-

A i

i ey N

" \SEQ n r . . . . . " ;
The 11‘1‘1&;01‘ 11'act1011 of large tonnage production in the chemical industry is based on

‘ ; |

lcactn s Ldelyscd by b()'l(]q Kinetic stuclies of thesc reactions are Lh(: basis for more

b

% accurate reactor design and’ {01 progress in Lht, understanding of the phenomenon of

‘ . !

bs catalysis, In the experiinenta‘l investigation, many precautions have to be Lak(;:n, some of

. ) _ | ’
which may be contradictory, to measure the true chemical reaction rate. L[ it is obscured

L. by physical phenomena, the kinetic analysis becomes too cumbersome and involves too

" many parameters to lead to icliable results.

ek The formulation of a reliable model adequate for the description of reaction deac-

tivation data represents quite a difficult task. Apart from the simplilying assumptions
o oan . - ‘.
L -2 usually inade in normal kinetic analysis, e.g existence of rate determining step or of 1host
" "‘; . ] " D F ,
e

' - I T . . o . ’ . . . P
i abundant surfacé intermediates, the assumptions of correlating deactivation kinetics i

+

terms ()f S_el)a_..l’a;ble rate 'fOl'I‘n l‘w |llliV(;'l'SH.”\r" Illade (43) Sepa.rabilit\’ ill\’()]\’(:b’ [.?l.(LLUl'ng oul
Voo ! hd .
e

the activity I‘.erih. . The approach is to determine the kinetics in the absence ol coking

convgrsions Lo zero ;;le content, or zero time. Modelling by inseparability involves the
‘v":, - Bl 3 “"‘ o ¥ .- .

coupling of the coking equation to that or those for the main reaction{s) and to acchunt

’ b I

e for the decline in rates. This will account for effect of coke on the rate(s) of the main
s‘; -
' reaction.

Theory can be applied to the derivation of reaction deactivation kinetics but il may
PR AR :

= happen that the s,%mé set of experimental data is well described by completely different

§n
|
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equa‘,_tjiqns. F_prthermore, an interaction may arise between chemical kinetics and catalyst
deaﬁtiyatioxl' 50 that the same reactant conversion ;iaitet are mathematically described by
different combination of kinetics and deactivation '1".n,-odel. Hence, although the parame-
ters calculatéd from such models may be adequate fq_'l" deseribing Uhe experimental data,
they may have no physical meaning(42). All thesr:i point to the need for a chemical
and meghanistic investigation of the reaction—dea.cti:‘_a.tion phenomenon as a basis in the
derivation of a reliable raction deaclivation rate equ':iii:ion.

A chemical investigation had been carriec out to gxplain the deactivation mechanism
of methanol oxidation on. e, 0y — MoOsy ca‘talyst(:i‘l). 'Jfl'lell_cillt:Lics lor the [resh and

: [

i ;

the deactivated catalysts were derived in the light of a chemical investigation carried out

by Carbucicchio(84). In the study of theldeactivation of Pt — AlOz in a CSTR, it, was
| .

~shown that after deactivation was assumed completed, the catalyst still maintained a

*

residual activity. Since this author is unaware of any chemical investigation of the fresh

and deactivated Pt — Al O5 catalyst, the existence of residual activity will be ascribed

to the ';;';pgl'l'llqlete uniform coverage of the catalyst surface due to coking.

In this section, a reaction - rIc-:eu:t.iva.tion kincLié model for the deactivation of cydo-
hexane over Pt catalyst will he presente‘d based on the coking mechanisms of Corella
and Asua on the dehﬁh‘ogemui.ion 1‘eactio!11 mechanism proposed by Su;u et al. (38).

3.3.1 Derivation of Reaction-Deacti{ration Kinetic Model

*. A reaction-deactivation kinclic model for cyclohexane reaction on PL— Al,Oy calalyst.

4,
Susu et al.(38) studied the mechanism of the dehydrogenation of cyclohexane on

2
f # .
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| )
i

Pt — A0y and postulated the following reaction scheme.

- f ’ ﬁ ‘ s
Col 12 ; CeHe

ky LT Aoy ka T1 k_y

kystepd ka(step it}

Gﬁ”u(.uh) - (;"c;”w - ("1;‘”(;(“”'.,)

Assuming a single site mechanism of the main reaction and weak adsorption of products,
RADNES | i . :

the fqilg‘wgng equatioi for the rate of redction was derived by Susu et al.(38) aud cor-
roborated by Somorjai et al.(40). After simphfying assumptions the following equation

was derived.

‘ , ““zéfﬁﬁ%j - (?un
where A is the cyclohexane molecule. !
‘ 'll‘}lgs followmg is the highly simplified scheme leaulling to the equation as proposed by
Susg et g,l(§8) The (:j),'clohexn.nc,I A adsorbed on a site S, before reaction; ie |

A+S = AS (3.118)
' l
A.S — Products | (3.119)

For weak adsorption of the products, and for the surface reaction controlling, we have
SRR R fRE Xe oy sl )

T = A:TCA.S C (3]20)
- l
In the presence 0£ coking, the total sites will be ’
ol Gagoy MO DY ey
t Ak v 5 1

Cy = Cs + KaC4C, + C. (3.121)
‘where G is the adsorbed coke |
R c, = = Ce (3122

T (1+ KaCa)
1e bubstltut.mg 3.122 into 3.120, we have

L, kKA = C)
| AT {1+ KaCa)

KRS
LR ¥
’

(3.123)
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!
§

or .
R KYCAC{1 =)
g = (;1-}‘](40,4).:

! .

l .

t ‘ T = Cc/ct

v is the fraction of calalyst deactivated for a stngle main reaction. ‘FThe term (1 — )

(3.124)

where

+

1
expresses Lhe decay of the catalyst. For an adequate expression of this decay term, 1t is

necessary to develope a reliable mechanism for catalyst deactivation.

!
I

In the absence of literature on the chemical investigation on fresh and deactivated
Pt — Al 03, the speciﬁ:;at.ion of deactivation term will be limited to a mechanistic inves-
tigation. The arguments in the development of the coking mechanisis of Corclla-and

‘Asua{37) will be adopted here and limited to the d-1 mechanisin.

For the simple reaction represented by Froment(28) as

A = R+S . (3.125)

, M- P (3.126)

!

|

where M is ,cql_;g precursor or the substance causing deactivation and it is adsorbed on’
R W ‘,;.__-’- ' .

the surface. In this analysis, the coke precursors M is the same as A.

Elementary Steps of the Coking (Corella and Asua)
LT e

M the"qg\‘l_ge p_r_g_cug%or adsorbs on a site S

. ¥ M+52MS (3.127)
where X
. C {oa
Ky = Pm?;'a (3.128)
1. The coke precursor formation step '

Wi
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d-1 Mechanism
tae :.?h" |

I

' L ‘ . ;o . . "
By this mechanism, M the coke precursor 1s adsorbed in the main reaction as follows
y Hus 1 . :

nM, + hMS=P,5,

P,S, = cokeprecursor
n = 0,1,2

h = 1,2

Coking §eq'uence

Py S'h = P, S, = P35}, Step 2 is the rate controlling step

nMy + hMS#Plsh#PQSh#P;;Sh

dCszh
dt

Cms = KnPnC,

i

de'rrr:Cr}:ls

Hence .
Crss ~ kuprmKLCE

For weakly a,dg,orbecl products, we have
o .-x.: e "

C, = Cs + K4C4Cs + hCpys,

s

Factorizinig, we have

.““ I C. = C! - hCPlSh
! 1+ KaCa)

Substituting 3,139 into 3.137, we have

delSh _ der:'*'h](:;(Ci - hCPIS,,)h

: di (1+ KaC)".
89
! D

1

(3.129)

(3.130)

(3.131).

(3':132)

(3.i|33)
(3.134)

(3.135)

(3.136)
(3.137) |

(3.138)

(3.139)

(3.140)



we can replace A for M above Rlewritting above equatjon, i

: ,‘; s e ) [P I
i -y (IR S N RN W e | 1 h
[ | dCpyx, _ Kl BRI - !;E..,.,,\',,.) (.04
- dt (1 +K4Ca)" |
i . . l
Now intergrating 3.141
e b :
A, ’ . '
¢« ﬁ' /CP1 Sn (ICP, Sh — /t . kq C;il."-hj(z - dt (3.142)
: 0 (Ct - hC[Jl Sh.) D (1 + ]{/l Crl) 1
or i |
.1._ - ] . ﬂrf‘h]--’ h )
. In Cvt(('t CA) = / ;"dCA' ‘A - (3]43)
; o C, ¢ (14 K4Cy) i
i ' : :
i : i .
¥ ;
¢ |
| * t
. € ¥ ! ]z
i :
|
: | |
i '
i | | 1
| !
! !
: ‘ ‘+
i
b ' '
\ i
] t
1- 1
90 ;
|
!



Ay —— ettt .t

-~
&

1

N 3
i e e g s

=

‘oubstltut.mg d 149 into 3.124 we have

and for =1 '

_, L . " ] Cn+h1,h -

* In Gl - ) = / i i (3.144)
(1+1‘ Cu—HaC ) -

\
hence _ :

v n+h
v=1-—exp ( *{(L'-{—dt) (3.145}
' o (L+ K4Ca)"

Subst:t.utmg 3.145 into 3.124 we have

i'i i | v n+1 L3
k(Cak)"Cr ] f(l._exp (_ [ (ilcdf};{cc | dt))] (3.146)
ALa |

AT KO

Where { is the constant a,nd f < 1. f accounts for the mcomplete deactivation, or 1c31dua.1
I, ‘ J v . |
a.ctxvxty ' |

a.ncl for h#1

Iqt;srgratmg 3.141 we have
LR -

%

. b -4 hnth ’
G {(Ct :h(,ub,.) ml} - /‘ﬁf'__ﬁ_dt | (3.147)

k(L% k) Cy o (1+K4Ca)"

" N "h(l _ h) t k I'hCn+h .
: 1)1 = - dt (3.148
[( 7 ] C, /o (1+ K4C4)" f( )

Hence !

T v 1k mth 1/(1-h) .
y=1- [—h“ h) /L ke KAC dH—l] - '(3.149)

. C, (14 KaCa)" .

s B !

,-AAOA)’“C”*[ ( { R(1—h) [t kKECTH m -
= m 1_ ]— - Ii ] ‘3‘1[_,0
F (1 +!\AC ) j Ct ‘/0 (1 —{-]\ACA) “f* | ( B} )

th

For an ™ site of t.he main reaction,
ML 2T slie of Lhe ma

H

i

3.3. _C;?_gr_jgpgtal;ional Method !

R T g i, O

. ¥ i

‘ i
From ]Ih {guction deactiva,tion kinetic runs, the procedure was to first calculatée values
of the patameters 1'\,;, f Cy, by, (Llld Ly in the main reaction from the (\pulmental

)



[ R

da,ta. a.t the lowest and highest {imes on stream from cach of the runs. The catalyst
was cor!nhssld‘cl:pd either fresh or completely deactivated but still active so that intergration
with respect to'time, t, was nol required. Then, temptative values for the paraineters
were then secured from the experimental data at different times. Finally the parameter
estimatjgs were then used as start values in the general analysis when all the parameters
were es;&imateg]_together in the models. Since m is the number of sites involved in the
main regg:_t.ipn, m was fixed to b(:i,\{reen 1 ;.m,d 9 as 3 site mechanism of the main reaction
is highly ijn))rgbable. On fixing m, that left the equa,i ion w1t11 Ka, fo Ciy ke and by
to be determined. Limitation of m to 1 and 2 was informed by the need to reduce the
complexity of the highly non linear search routine of the programme. |

The estimated values were used Lo compute decline in conversion with time for a

number of runs. Alternatively, a more realistic methéd but full of oscillations and su-
persensitive to step changes was o guess a value fot m, like was done for the other
parameters and letting the (:Iomputcr program work Q_:,ut, an m. ‘The standard deviation
of the models from the expe.riuu:nl.al was calculated.

The model pd.ld.l]letub in Equations 3. 146 and 3. 100 were estimated by mininizing y,

the residuals (obJeCLWL function), which is Lhe set, of deviations between Lhc prcnmcntal

“and predlcted values of the rate for i =1 to N observatlons

N P ;

| R
y=3"(rai —fai)". *

=1 ! . . ,

.{-

where 7 4; is l.lu. |n(-(lul(,d rale represc nl,v(l‘ by rate expression equation 3.146 or 3159
and 74, 18 the ml ¢ f0|ﬂt‘he expression for 1ca,ct10n in a mixed flow reactor. l‘lllis a:'ut_,hor
- ,
delibrately cm:stra.med aJl the parameters to be greater than zero, while f < | hadibeen
defined as such. The ic%ea of imposing constraints is due to arguments on physical grounds
o . | : :

which lead to the conclusmn that /{4, kq, ik,, C,, must be non-negative. Consequently,
; '
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%
bk}

aF a vE T

l |
fittmb th(, |110de1 without restricting the region of seareh for the parameters esbunates 1o
> 0 would have led to unreasonable estimates, sothetimes

KA>0 k >0 ky > 0andC; >

nega‘tl\\_fc, 11}1;11bels.
. .

331153 Model Parameter Estimation

A non linear least square teclmique, Flexible Polyhedron Simplex Method for constrained
RS W

optimization (85,86) was uscd o astimate the model parameters by minimization of the
[AIAE - !

non linear objective function. lar Simplex

This technicue, is an improvement of the regul

technigue and is known to be very effecient and easily implementable on computer. It
b '

carch method because it takes less computer time even though

18 beppgr_ than the direct s
i

’I
the convergence to termination is slow. '’

A compute; ploglammc written for the implementation of the flexible polyhedron

techniq_qg to ng;ngmze the objective function took 38 minutes to run on the compaq

Sk )

.
h in the chapter 5 on Resuits.

deskpro 286 micro computer. Results shall be show
- L it P
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EXPERIMENTAL o

\
B3

t . . {
 INTRODUCTION |

'Ihé ,expg:xﬁnentdl invé_stigation consisted of the performance of long series of deactivation-
I

fating conditions, quantlﬁca,tlon of coke on the

regenera,txon experlments at different opeg
o

cata.]_vst and hydrogen chemisor ptlon experiments for the charactel ization of the c¢talyst

5.
surfaw As much as possxble it is demrable to prov1de exper timental evidence in support

‘ «.

LS
of the conclusmns reached from mode]lmg equatlons For. example titration

i i

experiments
could -prov1de du‘ect. pxplanatmn for the gx1stence of residual activity and quantification

of su«h resndua.l actlwty

| !

For expeumental data to be reliable, the apparatus lmd to be appropriate, apart

. .
flom the need for a. good experlm(‘ntal design. For exa,mple, it was desua,bl(,!to elim-

' ma,te temperature gradients and diffusional limitations as. ‘those factors are capable of
| falsafymg the 1eal rate of ll’,rl.(,tdOIl(S?) The CSTR p(ntn"uld,lly the Berty lgrpc was,
f01t.und,tel_y, suited for thls inve stlg,dtlon Hence, the ]3e;ty CST R was mnplo', ed here.
Its ta=mpelatule cont: olleL maintained the furnace Lempemttue to an accuracy of £1°C
while its high s'pc_éd r_naglnletic stirrer provided sufficient gas turbulence to minimize dif-
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fusional resistanices. Any required reactant vapour pressure was kept constant by the use
of thermostatic heater immersed in a water bath or a cooling bath with a 50-50 mixture

of ethylene glycol/water. Metallic conduites connected the various units along which

were valves that c?ntrolled flowrate.

4.1 APPARATUS

“.

The apparatus consisted of a water bath and saturator, CSTR a.nd temperature con-
troller, ﬂu:dlsed sand bath, F.1.D. gas chromatogra,ph industrial gas cylinders and regu-
lators, on-line samplmg valve, and flow contro!l va.lves. The following is a description of

the apparatus used for the entire investigation. The general experimental set-up of the.

'system is shown in Figure 1 and is self expla,natory A brief description of each unit is

given below

| .
| .

. : |
4.1.1 Cooling Bath and Saturator

This umt was used to prepare the feed to the reactor The bath model FRIO Frigid ﬂow

bath c1rculator of the New Brunswick chmntlﬁc Co. Inc consists essentially of a trough

containing an Q:ntl—freeze (a 50/50 rmxture| of ethylene—glycol and water). The liquid re-
L I '

actant was placed inside the saturator equil;bped with inlet and outlet streamn connections.

A stream of gas was pa,s:sed through the satélra,tor which partially vapourized the reactant

depending on the tem;érature maintaineci in the bath. The gas flowrate was adjusted

to avoid entrainment and the liquid reactant level in the saturator was kept low for Lhe

same purpose.
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4.1,2 Reactor

The (“STR used in the expeument,al set up was of the Berty type, pmclms(,d from Au-

tOCld.VL Lnbmu'ls It consisted of a (dhﬂyfu rodctm_, a differential pressure transmitter,

a tempeljnt.m‘e controller and a nm.gm.-.tit('. stirrer for high speed rotary agitdtion, The
.. : ‘ _ ; ] _
bolted enclosure unit consists of a body, cover, clesure gasket and capscrews. A con-

- |
fined stainless steel gasket is used for high temperature application.There ave facilities

C e | : )
for linking the reactor through thermocouples to the temperature controller. An inlet
! i

bearing the reactant was connected to the base of the reactor while an outlet pipe
. : :

pipe

connected to the upper séction of the reactor carried the product stream. A jackel type,

three zone furnace is furnished as btd.ll(ld.rd equipment with the reactor. This {uriace
has resistance wmdmgs and insulation enclosed in the heating jacket which bhdes over

the body and covers of the reactor. The furnace is provided with flexible armour leads

o
with male and female twist Jock connectors for connection to a control console. -

4.1. .3 Temperature Controller

v-i‘- .

\‘,

The Barber Colma,n tempera.t,ure controller was connected to the reactor by means of

‘
i

thermocouples a,nd wa,s capable of monitoring the temperature of five different systems,

51mu1taneously The ‘temperature controller regulated the tempemtmc to within :l:l"C
. ;

of the sgt paint. :

4

4.1.4 ‘Fluidized Sand Bath ‘

In order to achieve an Os-frce carrier gas stream, cuprous oxide put in a U-tube which
is immersed in a fluidized balli was used to remove any trace of oxygen from the gas
g l-%-.‘_‘,' " .

stream before it entered the reactor,system. The flvidized bath ensured uniforn heating.
LR A ST 4, h .
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. | Column temp. 5°C

Carrier gas Nitrogen .

Carrier gas flow rate | 20m/min

Attenuation 64
Range 10? ;
Chart speed 5mm/min.

Table -4.1: '‘GC conditions for Benzene Conversions

The cuprous oxide in the U-tube was aciivated by reducing the oxide at 330°C" with H,

until the black oxide just began to turn ved. The reduction process took three hours. It
was used in the température range of 330 — 350°C |
i ' l

gt s !

4.1.5 FID Gas Chromatograph

Th;z Hltdchl ga,s chromatograph was connected on line and used for the analysis of
the pro,d_ucts A Bcntm 34-diisodecylphathalate column was used for the separation of
the’products The ch:omaiog,ldph was equlpped with an amplifier and a wide range
of reactmg c,ondltlons could be employed to give a 5uod resolution depending on the

product bemg analysed - E
Typlca.l operating conditibns for deactivation studies and for monitoring methane are
PR A E I =

shown in Tables 4.1 and 4.2, And Tor monitoring methane during reduetion procedure:

- - _ |
T .

4.1.6 Gas thnders and Regulators

Three (3) g;db g:ylmders containing air, N, and hydrogen were connected on line with

each cylinder equlped with double stage regulators for controlling the outlet pressure.

\H

v
H

-
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Column temperature | 75°C

Carrier gas flowrate | 20ml/min

Atlenuabion '8,

Chart 5:_

Table 4.2: GC conditions for Coke Monitoring

Nltroden “hydrogen and air were purchased from h’ldll&tlld.] Gasces, I;rl&O‘: The air was

used to burn off po]ymt‘mm carbon compounds (cok() deposited on the catalyst smidcc

during reaction.

4.1.,7 On-line Sampling Valve
e |

The ¢xit stream from the reactor enters :Lhe sampling valve which has two outlets - one
PR - . [ ) i

. | :
 leading to the gas chrotnatograph and tlie other to the atmosphere.

-

The sampling valve enables a fixed and known volume of sample to be injected into
R AR A i

the gas chiromatograph each time.
) L T N T A 3 i

¥

4.1:8_ TC}D(Thermal Condu_‘ctivity'Detect!;or)

L# !

The l‘humal Conducl.xwty Detector (Calle GC 8700) was used for gas analysis du(l it is
I |
partn,ula,x ly smtable 101 separating a mixture of light gases mto their various components.

The g:,ondu,c_t]y!ty ,dectector makes use of the differences in the thermal conductivity of

the gases as the bams for separaling them. Some gases are known to have a very high
E H ‘

thermal conductivity and hence act as references or as cauuers duung analysis. Hydrogen

and helium fa.I_l in'to t;his category and are therefore widely used as carriers in analytlcal

work with TCD. Hydrogen was therefore used as carrier in the TCD for this work.
[ . . s \ 4 - |
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was an 8{t x1/8m packed with mixed poropak (80% PPN,20% PPPQ) and the

dav

The Garle TCD used in this investigation had two columns placed side by side. Hhe

first column

u‘l' ’ a :
second column was a 6ft x1/8 packed with molecular sicve SA. Depending on the ghses
being analyzed, the Carle hadl lacilitics Lo place the two columns in series or hypass one

~ 1 ad

of thﬂe columns. By an appropriate maunipulation of the series/bypass controlling valve,

T A
the separated components of a gas mixture were observed.
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‘ Assay 99.5% minimum

. ‘ Specific gravity 20°C | 0.777 to 0.7799

| Molecular weight 84.16

- - Retractive Index 1.426 to 1.427

Table 4.3: Cyclohexane Properties(Phillips Petroleun) ,

4.2 MATERIALS

4.2.1 GASES

Pure muthanc gas was purchased from AIR Proclucts emd was used for calibration. Ny,0

and, H, were pu1chased from Industrial Gases, Lagos In wse, mitrogen was first passed

through l_'<,3d1,1¢_§?d cuprous oxide bed(Figure 1) at 330°C( to remove traces of oxygen during

deactivation studies, After 8 hours of operation, the oxygen trap was reactivated by
4-‘ " ’ l}-’“ H ‘:";.: . ‘ .

reducing in hydrogen,

4.2.2 Barlum Hydr0x1de

!

Barium hyd:oxlde w1th a molauty of 0.15 was prepaled d.ﬂd was applopnately stan-
dardiged a,nd used ag the trapping agent for carbon dlomde Carbon dioxide together
with w.ater vapour ate the products obta,;ned duung 0x1ddt10n of the coke (l(,pOSltb of
deactivated .catalys t§. i : 3

e e e 4T !

C+ 02'_*002
i

Ba(OH)y + COlg—+BaCO3 + HO y
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Metallic content

0.3% Pt.(w/w)

Surface Area 180m?g "1
Pour volume 0.50em3g?

Size ol pellet

12 - 16mim

Compacted 1

density (.62kg/]

|
Chloride content

0.6%

4.2.4 Catalyst

Table 4.4: Commercial Platinum Properties

The excess barium hydroxide was titrated against a standard solution of hydrochlozic
S '

acid to eéiﬁim_at,_e the level of oxidizable coke deposited on the catalyst. -

[

|
| | [
4.2.3 Hydrochl ric acid | |
0.166MHCI agig was Rggpared and standardized with a solution of NayCOs. Phe-
nolpthalein dissglved in alcohol was used as indicator (lgm Phenolpthalein dissolved

in 100ml Methanol).

!

A commercial Pt — Al Oy vi{ith the properties listed in table 4.4 was used:
S : , :

4.3 EXPERIMENTAL PROCEDURES

As earlier stated, metallic conduites along which were fitted gate values, connected the
: '-.";"" ESITA ‘,: i . SR

various units. By closing and shutting them, gases were directed Lo bypass or connect
LIS it 7;__ ‘7 "Q"k . -

units which were not inyolved in certain procedures. The main experimental set-up is
SawEE ems TS v ]
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showtrin IMigure 1.

The entire experimental work consisted of several scts of of expertments (‘flone at
diﬂeier_lt conditions to achieve the stated objectives. Fortunately, because many p'revious
works on 0.3%Pt — Al,Oshad been done in this laboratory using Lhe same equipment
outlined above (6,7,9), the recommendations from the reports of those workers provided
th.e. _si;:;;rt-oﬂ' point, the precautions taken, the best operating conditions, the variables
which had to be predetermined and those not to worry about. For |examp]e, it had
been prevxous]y determined that nitrogen from Industrial Gases, Lagos, had an oxygen
contamination of about 0.66% of its volume, hence-pxepurlﬁcatmn of N2 was necessary
before use. Also, using the available CSTR, it was known that fresh catalyst had to be
first dried at 100°C in nitrogen ﬂowmg at 40ml/m1n for one hour followed by reduction

at 500°C with H, flowing at 401]1]/111111 for 2 hours 'ﬁo ensure a clean and stable! Icatalyst

surface necessary for reproduc1ble results. This cat:alyst pxetmatmcnl, was done on all

fresh catalyst before any dea.ctivation run.

i
1

4.3.1 Mixing Experiments !

The two known ideal flow patterns are p;lug flow and mixed flow. Though real reactors
i

. never fully follow these flow patterns a .la,!rge number of designs approximate these ideals

with .ﬁegligibl§ erfor. Deviation from ideal flow can be caused by chanelling of fluid,

recycling of fluid, or by creation of sta.gn';ant regions in the vessel(89).

If -precisg fate laws or models are to be derived from raw data, precise analyiical '
methods, .free of non-idealily, are then ;'equired. The problems of non ideal flow are
intimately tu.d to those of sc fnle up. Oftlen the uncontlolld,ble factor in scale’up is the

|
magnitude of the non 1dealxly of the flow which often differs between small and large

units. This factor may lead to gross errors in design. Hence the need for mvesmgamon
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of the extent of non-ideality of llow i reactors. If we have a complete distribntion map
of the fluid, i.6. the residence Lime distribution of the flowing fAuid, then we are able to

predict the behaviour of a vesscl as a reactor(89,90). Residence time of fluids is deter-:

m—

mined jeasily by the stimulus response up:,umcnt In such experiments, a dl‘wlll[])dlu(.
is intrgd_y_ced into a non reacting system and how the system responds to this stimulus,
is observed, Analysis of the response gives the desired information about the systen.

The mixing characteristic of the reactor (Berty CSTR) was determined by measuring
the response of the non-reacting system to a pulse input of injected into a steadily
flowing streamn of Ny at varions agitation speeds. The interest was 1o (]( termine the
operating region (range of agitator speed) in which apparent perfect mixing prevailed
as judged by obedience of the effluent pulse conc‘entl_‘ation to' the theoretical response
predictable for a single CSTR. | |

Procedure

Nitrogen w_as:':qse_d as carrier gas while hydrogenf-was used as tracer(pulse). The
sysi:ern was goqqgct;gd such that the hydrogen pulsé. pould go through or bypass the
reactor a.ngi into Fh? TCD. The TCD had two in buijt columns. The first column was

removed and replaced with an unpacked one. The ‘low control devise on the TCD
s LT

*

consisted of two valyes labelled (‘fill/inject’ and ‘series/bypass’). Material was sampled

into the colurnns using the ‘fill/inject’ valve while with the ‘series/bypass’ valve the two
columns could be plqc_(;g in series or the second one cai be bypassed. 1 would abbreviate
the labels F/I and § / B respectively. The e;{perimenta,i- arrangment is shown in Figure 2.
‘bypa.ss all throug!l the analys;s Pulsmg was done through the main sampling valve in
the main expenmenta,l arrangement (1—'1gu16 1).

When the necessary equipment ar rangnient was complete the carrier gas was a,llowed

:\-1 T )
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to flow through the the TCD at 40ml/min. This flowrate was measured at the exit of

2

the TCD. The TCD was operated at 70°C. l"ulsiuéf was then done through the main

sampling valve in Ehe arrangment. The effect of the degree of mixing on residence time

was determined by pulsing at different agitator speeds.

4.3.2  Deactivation- Regeneraf:ion Runs . ,

| : . .
For this study, five grams of catalysts weie arranged on the stainless steel wire basket

l ' ’

‘of the reactor (Figure 1). The catalyst was then pretreated as described above. The

8]
purified nitrogen gas was bubbled through a cyclohexane saturator immersed in a wa-

ter bath and mamtamed at the desired temperature. Fo1 this study, the :eactaut gas
mixture af ﬂowra.te of 100ml/min or 200ml was mamtamed through the reactor whose
temperature was 430°C. Transfer rcustances between the fluid and solid may be ellm-
inated by suﬂ’ici,ent. turbulence from high ‘[a,gitation at the appropriate agitation speed
determined from the meulg experiment. ISamples of product stream from the reactor
were injected at intervals by means of an, on-line sampling valve of known volufne to

the gas chrqmgﬁggrapih: As soon as the catalyst activity was observed to be very low,

about 0.05%, the ;‘ca,c#tgx‘g_t,fga,s mixture was switched to bypass the saturator. The inert

nitrogen carrier was passed through the reactor to.flush out unreacted cyclohexane.

. K
Coke burn off was ._e_tc_l_ljeved.by passing air or air diluted with N, to about 2-3% O, at
a flowrate of 120ml/ 11_;‘1";1_1‘ and at a rieactor temperature of 430°C. The burn off lasted for
a minimum of 3 |10urs. No CO was ‘p‘;'o:(,luced i'n the combustion of coke as determined
by the TCD. [‘l:e 002 produced from the reaction was trapped by bul)l)lmg, the exit
gas through a sa,turatol containing Ba(OH) A white precipitate was foxmecl a,nd the

excess Ba(OH)z was tltrated against 0. 166MIICL using phenolpthalein as 1nd]gat01 The

quantity of ox;,dggblg ggke was ChLlI}]thed fiom the titration results. After coke burn off,
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the surface of the catalyst was in an oxidized state and had to be reduced in hydrogen
I °

to the"'é._ct.iye metal statc. Also, not all the coke was removed by the burn-off as some ol

v

. . 1 . - )
the coke was irreversibly adsorhed on the catalyst surface and constituted toxic coke.
o

Restoung the reduced state ol the catalyst by passing through /f, at the d|)|}lu|)ll-
ate gas flowrate and temperatire also served in the removal of the toxic type ol colu;
through the formation of methane. Hence, the reduclion time was extended o Tast Tar
beyond the two hours normally required for restoration of the reduced catalyst state.
This was to ensure the ma.ximl;m posrsib]e removal of toxic coke and the restoration ol
the clean catalyst surface. How successfully this was done, was acessed by the 11L1111|§el'
of suc essi\;;e dééctivafion and regencration cycles the catalyst was able to withstand
before| mortality gccured. The reduction was determined by monitoring the formation

! ;
of metih@ng at i;_{g.!ér\_rals by injecting the i)l'oduct stream at the sclected intervals into
the gas S_l‘u'gmatggraph. The reduction (regeneration) was deemed complete and hence
stopped only .\\fl,l.._(?ﬁ, ‘tlge peak of the chromatograms remained relatively constant with

[
t

time. The effect of this procedure, unused before, on the catalyst liletime was evaiu-

H

ated by comparison with previous work where the above methodology of prolonged coke

removal with time at L_he appropriate thermodynamic conditions was not applied. The

. amount of toxic coke deposited was quantified.

The procedure of deactlvataon regeneration and reduction .is termed a cycle After

the reduction the catalyst was ready for anothf‘r deactivation. Before dnothea run, the

cuprous oxide trap was nounally reduced again at about 330°C for about 2 hours to
ensure efﬁc:ent removal of Op from Ny or Hy. The peuod of effectiveness of the cup;ous

oxide trap was previously determined in'a preliminary experiment. During the reduction,

Ll

the water vapour formed was let off the system into the atmosphere.- Several cycles were

carrried out and the response of the catalyst in tetns of conversions, coke deposits
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and re'sldua.l activity were quantified for the various process conditions. The cdtalyst
remamed active through all the cycles carrjecl out in edch set of deactivation runs. A
summary of all the deactivation runs performed and their operating conditions are shown
i :
in Table 5. N
%
i : ) r Ve
L L] P ‘ » .
4.3.3 Oxidizabe Coke Structure Determination
Oxidizable coke is the most familiar of all coke types and for workers who do not dis-
tinguish between coke typés, any velerence of quantified coke is usually oxidizable coke.
Despite the frequent reference to oxidizable coke in the literature, information on its
structure is rare and not much is known of its mode of occurence on the catalyst surface.
What is obvious, due to its ease of combustmn is that it is amorphous calbon By
4

passing the combustlon gas mixture from the rea.ctor via the TCD before a.l)::Olpt.lOll in

the Be(QH),, the structure of oxidizable coke as it occured on the catalyst bmia.ce was

1 # 1

graphically observed, Th1s was observed from the profile of carbondioxide (:0111])051t10n
of the gas mixture yvi_t!_h! time at constant temperature. The TCD also revealed’ 'the Iga:;es
present in the chnbgi‘stiqxl ?mixtu‘re. For this work, the TCD was operated as follows.
The carrier gas HZ’ was porinected Lg flow through the TCD at a flow rate of 40ml/min.
When flow was yerified, the TCD power supply was then switched on and its temperature
maintained at 707C". The product gé_.s mixture flowing at 120ml/min was connected lrom
the metallic outlet of the reactor into the sample mlet on the TCD. The experimental
arrangement, 1s S!'!QW!’{‘_ in Figure 3. To get llu, lcquu(,d result - th:o]nnm,[,mph of (-()z -
the following valve 11_);1‘,1}i_p'ulal,ions wer{: éLd91)ted on the TCD.

Prior to sampling, the I'/1 valve was at position fill, while the S/R valve was at

position series. To monitor, the /] valve was switched to inject. This directed flow

througll the first column. When the fivst pcﬁk for CO; cluted, the serics/bypass value
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! <
was switched quickly to ‘bypass’ for the other products to elute in the following su ceession

C0,, O, and 'N,. :
!
i

4.3.4 Catalyst Characterizatlion Experiments

From deactivation-regeneration runs we obtained data on the conversions and the amount

of coke(oxidizable and toxic coke) deposited. It was also desirable to monitor the ac-

. i
companying structural changes (metal dispersion,particle size) occuring on the catalyst

surface as a result of continuous reuse as.such changes could account for the observa-

tions, For example, it"was reviewed in the literature that graphitic coke stayed on the

catalyst surface. Hence, some fraction of the active surface was obliterated irreversibly.

It wag, therefore, necessary to quantify the amount of available ‘working’ surface before

a deactivation run. In the same vein, it was necessary to quantify the original ‘working’

surface that was recovered from every regeneration. This would provide a measure of the

A
-

effectiveness of the adopted regeneration methodology. Characterization of the catalyst
o ; ; |

! !
surface was done by hydrogen titration of the adsorbed oxygen- Hy ~ O titration.

Metal platinum a.toms are very prone to oxidation even at ‘room t'empera,ture. Hence

on exposure to air, and during oxidation, the accessible Pt meta,l atoms ed,slly pick up

. oxygen, From the tltxa,mon of the surface oxygen atorns with hydrogen,the numbu of

dccesslbl(, surface Pt (It()lllb as well as their size and dispersion, can be calculated lrom
the stoichiometry of Lhc titration reaction. Since the dchydmbummon of (,ydolu,x:mc
‘ ‘ H

uses just the metallic sites, these parameters determine the effectiveness of the catalyst

for this reaction.
!
Procedure

{
!

The catalyét characterization was accomplished by pulsing H into a flowing stream
of Np over the catalyst. Pulse detection was by the TCD. The unreacted hydrogen
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was measured from the resulting peak. Initially there were several accessible sites with

+

- attached oxygen and the full amount of hydrogen was taken up by such sites to replace

2 |
g the O, and water was given off according to the stoichiometry. The water is deposited
~ on thé a,lun'line;, support. Hence, the size of the Hy peak was expected fo be small
N initially, when the sites were numerous and then increase rapidly to a stable value as
the few unoccupied sites took up little and the full amount of Hq pulsed, elited.
The e%perimehta,l set-up and operational conditions were the same as in the mxing
: o experiments (Figure 2). However, the reactor agitator speed, all througl'l the titrations,
w5 h
: was not changed. Titration was continned with time for as l()ng7 as the successive pulse
i size changed.

The following set of titrations were done in the {ollowing sequence:

' T . N . . . .. .
e In the course of a set ol deactivation-regeneration cxperiments, titration exper-

. * ments wélf',ga done after deactivation. That was for the determination of the residual
L a::tivity _le_flt.,after deactivation. Reactor temperature was maintained constant at
- . BT : ‘

- e, -

] [ In the course of another set of deactivation-regeneration runs (see Table 5) starting with
L N T .l . . |

‘ a fresh cata,lyst, t‘,_h__f: fgl}l_pwing sequence of titrations were done:

N . 1 ‘.

1. The fresh ca,ta,lyst was titrated at room temperatule to determine the [resh catalyst
surface followed by thls sequence of operatlons reduction of Lhe fresh Ldtd]ybt at
| . 500° for 2 hOlllS 1educt10n of the temperature to 430°C and titration.

T 2. Titration after deactiva,tion for the determina,tion of the site coverage and conse-

'y o : - f

_ quently the residual activity. .

S by, the : ! |

:5‘ “i"':‘ 3. Titration after each coke burn-off for the determination of effectiveness of coke

1 : ey * [~ .

burn;off %nd,er the given conditions-at 430°C. |
- C R P ;
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4. Tltratlon at 430°C aftel each prolonged 1educt10n at at 500°C to dctc:mnu the

effect of reductlon at the given conditions- partlcul»uly with regards to blllt(,[lll&

# 109
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RESULTS

Introduction '

Following the objectives of this investigation as stated in the introduction, the ex-
periments {o accomplish L-h.e objectives were carried out in the order in w.hich they were
presented in chapter 3 viz mixing experiments, deactivation-regeneration runs, oxidiz-
able coke structure determination, and titration experiments. Thus, the results shall Be
:‘P‘(d _ o presented in the following sequence.

(A) EXPERIMENTAL RESULTS

1. Mixing IExperiments
2. Deactivation Regeneration Runs
3. Oxidizable Coke Structure

4. Titration Experiments

(i

(B) THEORETICAL MODELLING RESULTS

1. Multilayer Coking Model -

NCaR

i Q? : : N | '
S 110 | !




! 2. Effect of Interfacial Diffusion Resistance on Catalyst regeneration

3. Reaction-Deactivation Kinetic Model
l N

~X" 51 EXPERIMENTAL RESULTS

= |
L 5.1,1 Mixing Ekperiméntal Results
: !
¥ N
. A major contrlButor to the precxsxon of kinetic data obtained in the ca.ta.lytlc reactor is .
L \ the manner of ﬂow in the reactor One way of determlnmg the flow characteristics and
,@L ‘ E&nce the smta.blhty of the r;actor for data collection is.by mea,ét;rlng \the response of
" | the reactor to a tracer injected into a carrier at dlfferent agitator speeds Henc; in this
section the results of the response of the inert c'arrler, N, to a pulse input of hydrogen
,f"‘ i at various agitator speeds on the CSTR are presénted. It was assumed .that the reactor
® . was well stirred at all I.agi ga,tor speeds.
. .First order reaction in the concentration of the tracer was-assumed for the non react-
Yz# ing system. From the material balance on a CSTR, we have, for a first order system(90); -
%} : C/C, = exp(-t/0) (5.-1)
InCIC, = —t/0. o (5.2)
where C% is the ratio of the tracer concentration to t_lie initial tracer con_ce'ntra'tiOH at
any dimensionless .t.i‘me t/6. ‘
» Hence for perfect mixing at all agitator speeds, a straight line is predicted, from a
c plot of In C/C, vs t/0 with a slope of -1. |
o ” The linear plot in agreement to the first order model occured at agitator speeds
%’ of 900, 1200, and 1325 RPM (Figure 4). Hence operea,tmg within tho:>e speeds will
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: m1x1ng may also mdlcate the exrstcnce of interfacial remstances

)

provide perfect mixing. The others were close approximations to linear plots except for

an inexplicable poor a.'greement at the agitator speed of 750 RPM. From the oomblned

~plot in Figure 4, however the data pomts jointly a,pprOXJmate to a linear plot and hence

predict a,veragoly good m1x1ng Pom prechctlon of hncarlty, apart from 1nd1catmg poor

5.1.2 Deactivation-Regeneration Runs

' It 18 pertlnent to recall here tha.t a,fter a deactlva,twn run, the catalyst was regenerated
by ox1dat1on w1th pure or diluted air 2 - 3%02 in Ng a.nd then reduced w1th hydrogen
-before another rin a,nd the complete process of deactwatlon to regeneration is referred to -

. ,,:? as a cycle This is necesary because it gwes a measure of the usefull life of the catalyst

i

It is also Eijj_._l}—-—!_l here to rertera.te that the objectlve of thls expeument was to profile the
behawour of the catalyst and so 1clent1fy and suggest how to prevent those factors that
cause a.ctw1ty dechne of the catalyst to mortality. The overall ob_]ectwe a,lso mvolves
a.pphca.tlon of methods dlrected at retardmg mortahty

Ta,ble 5 shows the number of dea,ctlva,tzon-regenera.tlon Tuns. Thcse numerous runs
were done to attain specxﬁc ob]ectlves as tabula.ted in the table Irlespectlve of the -

ob]ectlves, all the experlments mvolved a deactlvatlon -regeneration. Such objectlves

could be to determme the effect of flowrate (expenment nurnber 6 and 7) achieving

cata.lyst mortality (experlment number 1), determmat:on of surface coverage for the

. f«l = ; :
quantlﬁcatlon of 1e31dual actlwty, determination of surface coverage for the cycle by

cycle (expeuments set 9 and 11) 1espect1vely i

The deactlvatlon 1egenera.t10n 1esults will be discussed unde1 the following headings:

- L. Mortality Studies
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2. Effect of Flowrate

3. Effect of catalyst weight

. Mortalityr Studies
2

New methods, intended to retard catalyst progress to mmtahty were applied and the

quantities of oxidizable (primary) and reduceable (secondary) coke deposits were dotel—

mined after each cycle.

The plocluct of cyclohexa,ne reformmg on Pt — ALO; at 7031('( 430°C ) is benzene.
Figure 5 shows the conversion p1oﬁles for benzene with time on fresh Pt— ALO3 cata.lyst
The initial conversion of benzene on the first catalyst was 0.88. The high benzene
conversion remained relatively stable for about 130 minutes before a sha.rﬁ decline to
about 5% afteL; 155 nvlilnut,es. Figure 5 al:f.o shows b_en;ene profiles on the regeﬁera,ted
catalyst for cycle.‘«s.jQ, 3,495, 7. The benzene conversion did not drop significantly on
the regenerated catalyst, cy<':le' 2. TI.1e conversion tl;o benzene in cyclé 2 was almost the
same as on the fresh catalyst although for cycle 2 the deactivation time was 180 minutes,
up from 160 minutes on the fresh catalyst. Figures 6 and 7 show conversion profiles for

some of the cycles while Figures 8 to 16 show toxic coke removal profiles. A common

feature of the deactivation profiles is that after remaining fairly stable for a long time, the

| conversion drops steeply showing profiles that are almost paralle! to one another. This

pattern is exhibited by all the deactivation profiles for all the 52 cycles investigated. The

stability of the deactwa,tlon curves for some tlrne was an indication of umfonm coking

of the catalyst surface. At the start of deactivation, there are several active sites and

. conversion stays high. As the number of active sites reduces due to the. coke deposition,

the effect of blocking successive sites becomes significant on the conversion. Hence the

sharp drop as seen in the deactivation profiles.

113



2. Effect of Flowrate

3. Effect of catalyst weight

W ) : .
¢ Mortality Studies .

o s - . ! .
- , . B - )

‘. “' : New methods, intended to retard catalyst progress to mortality were a.pplied and the
“quantities of oxidizable (p'rima.ry_) and reduceable (secondary) coke deposits wé£e deter-
mined after each cycle. | ‘ ’ ‘

The product of cyclohexa.ne reformmg on Pt - AlgO3 at 7031{ ( 430°C ) is benzene.
Figure 5 shows the conversion proﬁles for benzene with time on fresh Pt~ AIQO3 ca.ta,iyst
L S | The initial conversion of benzene on the first catalyst ‘was 0.88. The high benzene
4 - _ eonversmn remained rela,tlveljlf stable for a,l\)out 130 minutes before a sharp d{eclme to

" about 5% after 155 anutes Flgure 5 also shows benzene profiles on the 1egenela.ted

._ i:f ) Vo ' ca.talyst for cycles 2, '3, 4, 5, 7 The benzene conversxon did not drop sxgmﬁcantly on

.the regenerated ca.talyst. cycle 2. The conversion to benzene i m cycle 2 was almost the

o L

%—é N " same as on the fresh cata.lyst a.lthough for cycle 2 the dea.ctlvatlon tlme was 180 minutes, .'
T - ~up from 160 minutes on the flesh ca,ta.lyst Fi igures 6 and 7.show conversion preﬁles for
some of the cycles while Figures 8 to 16 show tox1c coLe removal ploﬁles A 'common
fea,t_ure of the deactwatlon pt‘oﬁles is that after remaining fairly stable for a long time, the
conversion drops steeply showing proﬁles that are almost parallel to one another. This
pattern is exhibited by alf'the deactivation profiles for all the 52 cycles lllVCSngdLetl The
stability of the deactivation curves for some time was an mdlca.t]on of uniform coking
of the catalyst surface. At the start of deactivation, there are several actw’e sites and
conversion stays high. As the number of aetive sites- reduces due to the coke deposition,

the effect of blocking successive sites becomes significant on the conversion. Hence the

sharp drop as seen in the deactivation profiles.
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The oonversmn to benzene was not correlated with the overall oxidizable coke de-

posited for each cycle. However, the general observation from Figure 17a and 17b is

that the deactivation times for a cycle that follows another with a high oxidizable coke -

content is relatively high - in some cases higher than that_ for the preceding cycle-e.g

cycle 7 with a deactivation time of 240 minutes is after cycle 6 with a deactivation time

of 920 and a high ox1dazable ‘coke of 0.1359 g carbon; cycle 15 with a deactwatxon time -

of 180 mmutes comes after 14, whlch has a deactivation time of 110 minutes ?nd oxi-
d:zable coke of 0. 0768g|ce1bon Cycle 29 with a deactivation time of 415 mmutes comes
after cycle 28 which has a deactwatlon time of 75 minutes and oxidizable col\e of 0.098g

carbdn. Cycle 36 with a high deactivation time of 370 mins comes after 35 wluch has a

| ‘high oxidizable coke of 0.100g carbon. Cycle 48 with a deactivation time of r95 mmutes

comes a,ftel cycle 47 which ha,s 2 ‘deactivation time of 605 minutes and omdlzable coke

§ ~ s

lavel of 0.0837g deposxts. ' DI . p
In geeefal; the 'oxidizable coke showed oscillations in between some [airly stable val-
ues. |
Toxic Coke Deposits.
Figure 8 shows the plroﬁ_les for secondary (toxic) coke removal with time after regen-

eration of the Pt — Al,Os ca.talysi. The secondary coke profile after the first regeneration
‘ . .

showed an initial toxic coke removal that was stable; 3 maxima were exhibited and the

locations varied between 5-30 minutes for the first peak, 120-130 minutes for the second

peak, and 160-170 minutes for the third, Two ma.xirna were also exibited after the sec-

‘ond regeneratlon and times of appearance of the two maxima co1nc1ded with the second

a,nd third which occured during the first regeneration. They occmed between 120 130

minutes and 160-170 minutes, respectxvely In cycle one, the mltlal rate of secouda,l y

coke removal stayed low for most of the time with oscillations that produced the max-

1
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ima. The maxima havelbeen explained fo suggest the deposition of toxic coke in layers

on the catalyst. surfa.ce(g) Each maximum represents ‘a reduccable coke form. Fig. 9

and lb show, some plots of toxic coke profiles. The amount of toxic coke deposited is
"f ~ .

: determmed by lﬁtegratmg the area under the toxic coke proﬁle Typlcal ploﬁles that ,

L

‘exhxblted maxima are shown i Figures:11, 12, and 13 _ Al

! It was observed that the very “first maximum in the toxic coLe pxoﬁles occuung

betweern 5 to 30 mmltes was very hxgh Figure 14 showmg cycles 42, 46, 47 48, 19 typlfy

" this observation . The values were 354 x 10"9 238 X 10‘9 184 NS 10"9 and 253.31 x 107°

&
moles C'H.; for cycles 42, E46, 47 48, 49 respectlvely Of course the hlgh max1mum

indicates coke with a very high reactivity in hydrogen, evidence of low bonding st_;rengt,h

to the bulk toxic coke constituent. Lying closest to the oxidizable coke l_ayer,..this layer
represented by this high maximum could haﬁe been oxidized_%_u‘nder modified conditions.

The toxic coke profile generally showed a progressive decline in toxic coke reactiv-
ity in hydlogen with the least reactive lying closest to the catalyst coke interface thus

confirming the postula.tlon that the slow transformation of omdlzable coke occurs at the

‘ catelyst coke interface(9). After prolonged removal, not all the coke could be removed.

Figure 16 shows removal for more than 750 minutes, showing that a third type of coke,

,resista.nt to both oxidation and reduction is retained on the catalyst surface and must

be graphltlc in na.ture(l 2,3).

Massive accumulation of tox1c coke is observed between the 16- 26 cycles and between

32-52 cycles. It was e?épectedrthat the build up of toxic coke would be an indication

of approach to mortality and therefore expectation of correspondingly low deactivation
times should be high. On the contrary, deactivation times within this period were high.
The huge amount of toxic coke removed could be viewed as () a reflection of the amount

accumulated on the catalyst surface and /or (b) an indication of the nature of the coke
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in terms of reactivity with hydrogen. This may mean that eome of the accurnulated coke
possess a very high reactivity in hydrogen. This possibility is supported by the promi-
"’g. _ nence of the first maximum in the toxic coke profiles for the cycle in which accumulation

was observed - cycles 16-26, 32-51 (see Figores 17a and 17b).

:,
{1251

Oxidizable Coke Deposition Rate.
Figure 18a »Q.nd 18b are plots of oxidizable coke-deposited per minute (that is between
S - T —the start of deactiVation to the time when the product conversion has dll'opped to 5% on
~ ,' : the catalyst) versus cycle number. In other words they are plots of thc ovexall oxidizable
s -coking rate versus cycle number At that point (1 e when the conve1snon has dropped to
5%), it is not economic to continue the deactivation process and the catalyst must be
regenerated o ; |
Generally, from the peaks, the higher the oxldlza.ble coking rz;te, the earlier the

. deactivation times. The rapid rate of oxadlz_a,bl_e coke deposxtlon led to earlier blockage

P - I

of alumnina micropores leading to high oxidizable coke deposition for cycles wlere the
* . .
et peaks occured. Deactivation times were expectedly very high for those cycles with low
-~
' ox1dlzable coking rate, particularly those beyond cycle 36 (see Figure 17a and 17b).

Comparlson of Results of Cyclohexane and Methylcyclopentane Reform-

ing on Pt - Anga

In the introduction to chis work, it was stated that the use of multiple deactivation
:—regene_ra.tion scheme with the highest possible removal of tox'ic.coke had bCEIll used to
;[ o % ‘study methylcyclopentane tMCP) dedctivation of Pt — ALOs ca.ta'lyst in Hy and N,
: atmospheres. A similar procedure was adopted here using cyclohexane. 1t is therefore

. ‘ " necdssary to compare the effects of the scheme on MCP and c':xclohexene reforming with

respect to dea,ctlvatlon and -coking. : i Co | o

) Convers;on The highest .possible conversmn of MCP to the reaction product {cy-

~

\..ra } : . ' '*E‘\\

!_-Il W . . ' ' . L
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clohexane, benzene, hydrogenolysis products) was 0.73';)n the l'lresl"l catalyst while the
highest possible conversion to benzene from cyclohexane reforming was 0.929.
Oxidizable Coke: Table(6) show coke level for cyclohezane and MCP 1espect1vely
Only values for 11 cycles for MCP are ava.lla.ble for compa.nson With both reacta.nts
. ‘there was no correlation between cokmg levels and deactlvatlon times. Unfortunately,
literature support is contradictory in%his regard. Wolf and Alfani(91), in their review,
presented evidence show;ng the existence for and against a correlation between activity
.and carbon content Toel et al (51) showed that a correlation existed between the carbon
content and reaction rate durmg ‘dehydrogenation of butane on chromia- alumina, while
data of Plank and Nace(92) ‘showed no such correlation during the cracking of cumene-
hydroperoxide. The d)smepa.nmes reported illustrate the the fact that the effect of coke
must be due to seyeral factors - dlﬁ'elence in coke precursors and catalyat used type of
feed etc, ) o S | l
| Cyclohexane cokes slowly over a long period of time. The oxidizable coke level de-
"4 creased sllghtly from the first cycle (for the cycles in Na- cycle 4) for MCP gill cycle 11
Ta.ble(ﬁ) It showed some stability between cycles 7 and 10. The ox1dlza,ble coke level in

\ -

. cyclohexane 51m11a.r1y Va,rned slightly for éach cycle and did not ‘show conslstent dec:lease
I;ut showed irregular oscxllatlons in between séme stablc valtles (‘;c(, Plgule 17a and 17b).
One mterestmg featlire of these osc1llat10n3 (rhaxima) in the a,mount o; omdma.ble coke
dep051ted'per cycle, as ea111e1 noted is that deactivation time for a cycle subsequent
to one with a high oxidizable coke was relatively high. Apart from deblocking the
microl;ores of coke, ;'eienera.tion may lead to a better dispersion of metal crystallites.
However, why the e{ﬁcienc_y of this dispersion during regeneration suggests a tlependence

. - .
on the quantity of oxidizable coke accumulated is not clear. This will be elaborated later
1 ‘3 )

on in chapter six.
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Toxic Coke Deposits
Reduceable Coke: Three reduceable coke types deposited on the catalyst surface.

and represented by maxima, were clearly 1dent1ﬁed in MCP. The first occured between

| 30.- 50 mmltes the second between 150 160 rnmutes while the third occmed at 370

minutes..

In this work, the maxima representing reduceable coke forms could not all be associ-
L ' :

ated with occurence within the same time interval and besides, not all the maxima were

well defined. The first maximum in this work can clearly be identified to occur between

ot

the time interval of 5-30 ini_nutes - e.g. cycles 10, 14, 18 - the second maximum between

- 85 and 110 minutes e.g. (cycles 1, 7, 8). The third maximum occurs between 160 - 170
‘minutes (e.g..cycles 1, 4, 9, 17, 22; 23), the fourth between 240 - 260 minutes (cycles 1,
4,9, 22, 23, 25), and the fifth maximum occured between 350-370 minutes (cycles 5, 20,

17, 22, 23, 27). Other maxima, some of them poorly developed occured between the 5

major identifiable time intervals. Below is a summary of time of occurence of maxima

- for c_y-cllotglxe.neand methlcyclopentane (MCP).

L T
‘l'Iime_l-me_ol Cyclohexane Timelnterval
lst peak ‘30‘- 50 . 1st peak 5-30

2nd peak 150 — 160 2nd peak . 85 -—110
o i ‘ (5.3)

3rd .peak .. 370 3rd peak  160—170

_ 4th peak 240 — 260
S 5thpeak 350 — 370

- From the above summary, the closeness' of some of the time intervals within which

maxima in MCP and cyclohexane occur is noteworthy The ﬁxst second and third
maxima for MCP could be sa.ld to occur at the same time with the ﬁl-,t tlmd and fifth

maxima in cyclohexane.” The coke types re_presented by the peaks can be assumed to
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be of the same type. - Hence all the coke types deposited in MCP were. also found in

cyclohexne. It is observed that within 370 minutes 5 .cok_e types had been exhibited in
@

" cyclohexane as against 3 coke types in MCP.

Toxic Coke Levels. The toxic coke levels in both cyclohexane and MCP were lugh
Table 6 and Figures 17a and 17b). The ratio of ox:dlza.ble to tox1c coke in N2 lay between
22 — 55 x 10 in MCP and 0.2 — 407 x 103 in cyclohexane. On the average, however,
the oxidizable to toxic coke ratio in N, was 41.37 x 10 in MCP and 33.69 x 10% in

cyclohexane.
. Effect of Flowraté

For demonstratlon of effect of flowrate, reference w1ll be made to the results oii e.xperi-
ments 6 and 7 with’ 31 and 24 runs-respectively as the flowrates was tihe only difference
in the conditions in w}uch they were accomphshed (Tab]e 8) All the 31 and 24 runs
involyed were all done at a saturator temperature of 39°C (0 234 atm. ) deactwat]on
and regeneratlon (ox1da.t10n a.nd reductlon) tempera.ture ‘of 430°C and 1educuon time of

2 hours However eXpeument 6 was done at a rea,ctant flowrate of 200 ml / min while

\7 ~was done at a ﬁowate of 100ml/min. The deactlva,t)on plots fo; expenment set 6 are

~ shown in Flgures 19 to 28 whlle those for experlment set 7 are shown in Figures 29 to

ooy |

The deactivation p:oﬁiee for both experiments fitted with the description airea,dy
éiven under morta_dif.y studies. A priori, it was expected that experiment set 6, with a
higher flowrate would have lower deactivation times than runs for experiment set 7 with
half the flowrate. In agleement. to this, deactivation times for exper iment 7 varied from

1360 mmutes (F1gure 30) at the 7th cycle to 85 minutes at the 22nd cyc,le (F:gule 34)

while deactivation times for experlment 6 varied from 105 ‘minutes at the 16" (Figure
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22) cycle to 990 minutes at the 5th cycle (Figure 21). At a l}iglier flowrate the residence

time of the reactant in the reactor is shorter and hence the reactant has a shorter time

_to diffuse into the sites located in the interior pores of the catalyst. Site utilization

is less efficient and coking may involve pore mouth coking. This, of course, leads to

lc;wer deactivation time. On the other hand, it could be argued that at low flowrate the
coke has sufficient time to éonvert to the deleterious forms and if the coke formation
is occurmg in parallel to the main reaction at the same sites, the deactivation time for
the runs at lower flowrate should be shorter. This logical explanatlon in support of a
contrary trend is probably also respons:ble for the non ex:stence of clear-cut couelatnons.
between vauables resulting from deactivation experiments and the strange observation -

%hat, most profiles in experiment set 7, desplte low flowrate, had pioﬁlu: that [ell more

" steeply than in experiment set 6. Flgu'fes 31, 32 and 33 typify this observation.

K Effect of Catalys‘t ‘Weight

To examine the effect of catalyst wenght reference will be made to profiles of ex-
pernnent set 1 (52 runs) and 11 (12 runs) which were exact 1ephch(,s except wn,h the
use of 10 gms as agamst 5 gms of catalyst used. The only major observation w ‘hich

could be attributed 'to ca,ta.lyst welght is that the deactivation tlmes {or exper nnent set

1 (e.g Figures 5,6 and 7) did not fall in theﬁra.nge of thousands of minutes as ‘observed in

experiment set 6 and 7 (Flgure 30) and the others. The coke levels with cycle number

' -exhibited the oscillations expla.ined before (Figures 35 and 36) although they were absent

in experiments set 11 (Figure 36) which was just for 12 cycles.

3
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5.1.3 'Oxidizable Coke Structure Determination

During coke oxidation the product gases were connected via the TCD before absorption

in the Ba(OH), solution to ascertain the composition of the gas mixture. The gases
identiﬁ;ad included air, CO, and H,0. CO was absent. The absence of CO indicated
the cc.Jmplétion of the wmbﬁstion reaction 'at all times. | | |

The profile of interest was that of CO, since it mirrored, in a way, ‘the occurence
and nature of O);tidiza.blé C(j(e. The fraction of CO, in the combustion gases versus time

as plotted in Figure 37. The profiles consist of sharp peaks typical of peaks from

a temperature programmable oxidation run. As the experiment was done at constant

_temperature, the sharp and irregularly occuring peaks reflect the fact that oxidizable

" coke consists of a variety of randomly deposited molecular hydrocarbon species, unlike

toxxc coke found to be deposited mflayexs(g) The numerous sharp peaks, in addition,
indicate the preponderance of the hlghly hydrogenated specnes since peaks indicate higher

rea.ct1v1ty. with oxygen.

" 5.1.4 Titration Experimental Results

Two sets of titration experiments were performed. The first, experiments set 9, was

,intended to determine the residual activity for use in.the multilayer coking model, while

& . .
~ the second titration experiment, set 11, was done cycle by cycle to profile the changes
¥ .

in surface characteristics of the Pt metal.

¢ Titration Results for the Residual Activity Determination

The summary of results of dlrectly mea.sured values and computatlonally esmma.ted pa-

|
rameters for surface platmum metal atoms ‘are displayed in Table 8 and 9 The table
i I B
is self explanatory. Hokvever, some clarifications are necessary for easnel mterpreta.tlon

+
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of the values. ‘Conversions’ refer to the conversion at the point of stoppage of the run.
The uptake is the amount of gas chemisorbed, calculated from the difference in pulse
size between the reference peak and the peak at any pulse. Several pulses were injected
for a single titration 'experiment. Typically, about 6 to 8 pulses were injected for each
deterrnination.'r The average uptake was used for computation. Sampleﬁcalcula.tions are
found in Appendix A. The interrelationship between the variables are s:udie(l from the
plots.” -. |
s
Flgure 38 is a plot of coke content versg.s dlspersmn for 6 runs carued*out in N; with

c¢yclohexane and 4 runs ca.med out in H2 a.tmosphere with methylcyciopentane For both

reactants, the coke content is found to increase with increase in dispersion. However, the

'_ coke in MCP is found to be lower than in cyclohexane. Though the catalyst is platinum-

alumina, the alumina support is inert to cyclohexane dehydrogenation to benzene. Hence
all the carbon deposits would be expected to be on the platinum. On the other hand,

MCP utilizes both the Pt and a.luminagsites hence coke will be distributed between the

" metal and suppmt The1ef01e the number of exposed platmum sites is expected to be

hlgher when MCP is used leadmg to an a.lmost constant increase in dispersion at the

same coke level as shown in- Flgure 38. y

The hydrogen uptake verspis pulse numbe1 remained a.vera,gely constant (Flgmes 39

l

and 40). Some of the puns (3, 5 and 6), however, showed some osc1lla,tions, while runs

- 1,2 and 3 were constant as‘expected.'After dea,ctivation, the numerons active sites are

dmuplshed by coke covera.ge The first pulse of hydrogen easily tltra,tes away 0, a,ttached.

' to the exposed Pt atoms. As such exposed sites are few, a,dsoxbed gas eas:ly attains

4

monolayer coverage and since the tltlat:ons are done® at the same pressure (same pulse
51ze) no- mote ga.s can be adsmbed and hence the elutmg a,mount 'of- hydlog,en gas will

rapldly be constant a.nd equal to the amount m_]ected The occurrence : of osc1llatlons on
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She other ha.nd may suggest the occurence of ome accompanying 1ea.ct10n or dlﬂ'enence in
i

i ¥ ,' I
states of. a.d301 ption of gases These and other poss1b111t1es and the attendant ar guments
£ will bé developed in the discussion of results. - SR

The plot of fractional activity versus coke content (Fig 41) is what was used for the
. ' i

3 _ determination of the multilayer coking model on real surface parameters. Another set of
12 expenmental runs (experiment set 10) was carried out at a flowrate of 200ml / mm and
at a partial pressure of 0.118 atm. Oxidation and reductlon were carried out at 430"0

and reduction was carried out for two hours. At. the 11”‘ cycle a titration experi ment was

carried out be[oreloxic_lat'ion and at the 12%* cycle the titration experimf:ut was carried

) .. %ﬁ"

out after oxidation a,nct after reduction. The dispersion before oxidation at the 11t cycle
was 0.4734 while the dispersion after oxidation in the 124 cycle was 0.533 and 0.4426
after reduction. The conversion and toxic coke removal profiles for experiment set 10
are shown in Figures 42 to 47. They showed trends similar to those observed in the

mortality studies although the deactivation times were unusually very long particularly

A

: : - ' ) ‘ i
Lo - for cycles 1 and 2 (Figure 42) and cycles 9, 10 and 11(Figure 44).

e Results of the Determination of the Stability of the Metal Surface Dur-

L,

2 ing Successive Reaction-Oxidation and Reduction

- Titration exper.iménts, cycle by cycle, as earlier mentioned in the introduction, were
done to ploﬁle the stability of the cata.lyst Pt metal surface as the deliydrogenation
of cyclohexane to benzene uses JllSt the metal component of the Pt — 1‘“203 The

performance of this experiment was informed by the need to explam some observations in

_"'?-
LY

the previous expenments Oxidation and reduceable coke data. showed showed irregular
oscillations which were a clear indication of the existence of reversible surface change

- ‘i\\‘i— . -(Figures 17a, 17b and 35). A total of 12 runs were made on fresh and deactivated catalyst
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at a reaction temperature of 430°C and cyclohexane partial partial pressure of 0.1052
atm. -at N, flowrate of 100ml/min. Titration was carried out after oxidation of coke
at 430°C and after prolonged reduction (above 5 hours) at 500°C. These experimental

cdnditions were an exact replica of the conditions under which the first set of experiments

/(52 runs) were carried out. This was the mortality studies in which the oséillations ‘were

first observed. The coniversion broﬁles are shown in Figures 48 to 50 and the profiles for

toxic coke 1'emov515 of in Figures 51 to 55.

Table 11 is a summary of the resu]ts of the dlrectly measured values and the com-
putationally estimated pa,ra.meters F igure 56 is a plot of the variation of the metal
di_spersion with cycle number after oxidation and after reduction for the 12 runs. Figure

57 is a plot of the ratio of the dispersion at any cycle, D, to the diSpersion on the fresh

. cata.lyst D/D,. From Figure 56 and 57 it is clear that 1educt10n at 500C°C under the

- stated condltlons led to a lowering of dlspersmn from the fresh catalyst down to the 12¢*

run. The plot also sl_lowed the dispersion after oxidation to be higher than the disper-
sion after reduction Both dispersion after oxidation and reduction rose sha.rply from-
DD, = 1 but while the dispersion after reduction declined only after 2 runs showmg
regular oscilla,tions, the dispersion after oxidation was stable for about 5 cyclcés 1)¢[01'e
declmmg and oscillating.

Results of the sintering at different temperatures by Sieghard Wanl\e(92,93) on dif-
ferent catalysts, showed, in agreement to the results obtained here, that the dlgpel sion |

after oxygen treatment is markedly higher than after hydrogen treatment at all the tem-

~ peratures from 500,C to 700°C. In conflict to this result, however, his results showed the

D/ .D to be constant after O3 and H treatment for more than 50 hours: The dlffewnce
may be exp]a,med by the inclusion of a reforming rea,ctlon in our scheme.- This |)05$1b|1|ty

) ¥
will be further examined in chapter 6.
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Literature data on the effect of reduction on dispersion is not free of c.onﬂict. Turke-
vich et al.(95) ca,rrled out dlspersxon measurement from hydrogen chemisor ptlon at dif-
ferent temperatures on a variety of of catalysts and showed that for Pt on platlike Baymol
alumina catalysts, the dispersion remained wnst:nt at 27% up to 250°C before declining
rﬁarkedly to about 16% while for the Engelhardt commercial-Pt. on alumina, the disper-
sion remamed constant up to 450"0 Turkevich et al.(95) also showed the occurence of
redispersion on oxidation iu }me with the observation here. They(95) did not, however,
quantify the increase in redlspersmn |

The turn over number(TON), which is the rate of product per site varied from

383.6hr~! at a dlspersmn of 0.36244 to 2137.9hr=! at a dispersion of 0. 2483 for cy-

_ clohexane deactivation runs in N3, (Ta.ble 10). The oxidizable coke dnd the dispersion,

however, showed the frequently obgerved trend i.e. increase in the coke content with
dispersion as determined after oxidation and after reduction (Figure 44). Figure 59 is a
plot of the redui:ea.bie coke and the oxidizable versus cycle l’l.lll'lilb(ﬂ'. As in'the_mortal-
ity studies (52-cycles), the reduceable éoke decline as the oxidizable coke declined up to
about the 5% cycle before irregularity (Figure 59). Unlike in the mortality studies, which
thié e)‘{periment- is a dxipliéate of, the oscillations in oxidizable coke with cycle.number

were not as plonounced They remained relatively stable. The interesting ob,sérvation

| here is that the dlSpGlSlOIl too a.fte1 ox1dat10n as shown in Fi igure 50, could be said to

3
have rema.lned sta.ble up to the 8* run after the initial i increase to the 2°¢ cycle. Hence

d:spersmn after ox:da.tlon seems to be more sensxtwe to the amount of 1educeable coke.

A probable link between ox:dlzable ooke and dlsperswn after oxidation during multi- _
'ple deactivation regenemtlon wg.s first suspected in the mortality runs. It ‘was observed
during those runs that the deactlvatlon times on cycle following those wnth a lugh OXi-

dizable coke were geuerally high. It was explamed, at that point, that I)(.,Lt(,l (hspemon

'
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'ffi';»‘{ _ was associated with large deposit of oxidizable coke. Ex];}ar_lations will .be discussed in

the next chapter on the basis of these results and ,p.l.‘eviousl works.

F‘. ' Unlike the oxidizable cokg level that stayed averagely constant, the reduceable coke
with cycle number showed c;scillations (Figure. 59). -The peaks seemed to be closely

- related to the deactvation times. High a.: cycle-l' and 2 with deactivation times of 320
aﬂd 360 minutes and with a major peak at the 10t cycle with a deacti\-'la,tion time of 895
minutes - the longest in the set of experiments. This apparent'existence of correlation

between the reduceable coke and deactivation time seem to suggest the reducéable coke

could be much more related to the activity of the catalyst than omdmable coke, or a .

( ~ greater determinant of the activity. This view is supported by the Figure 60 which
‘ -

shows clearly that the dispersion rapidly passes thlough a maximum dlld then ldeclmes '

e

gra.dua.]ly with increase/in the redugeablé coke removal. The point of s1g,|11ﬁcan'ce to note-
g : here is that it is in the region of low disper‘sion that the high deactivation times occured
LA ' |

(Figdre 56 and 60). If dispersion is a measure or determinant of activity, then this is

» _ o _ N
. conflicting. Thrée things can however be inferred from this occurence viz, b

N 1 . . . N N \ |

~ 1. that though -hydrogenitreatment- leadg to a reduction in clisljc.:l‘sié)ll, this does not,

o ' R | Co ; f
X . . affect the quality-of the catalyst. '

2. that the deactivation reaction being examined may not be very structure sentitive
with particular refelence to dispersion, or if it is, as Somorjm( 9,20) says, then it
can be assumed that it is only sensmve to the spemﬁc surface factms e mentioned

i.e. the existence of steps on the surface of the catalyst.

3. that the highér removal of*toxic coke left a much more cleaner catalyst surface
(frée of coke). Hence clean catalyst surface may not be synonimous w—ith.bet.ter
dispersion. -
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5.2 MODELLING RESULTS

- 5.2.1 Multllayer Coking on real Surface

A summary of the results of r351dua.l actwuty determination from hydrogen chermsorpt.lon

expenments are shown in Table 13. A plot of fractional residual activity versus coke

~ content was made and is shown in Flgure 41. The range of values was increased by

extrapolatmg several other values from the plot. The plot showed a decaying curve with
little scatter. ¥
From the plot, data form the model equa.tlon were extra.pola.ted The mode! equation

for the _multilayer coking on real surface was plotted for the evaluation of the model

~ parameters.

1-A 1e gA .- (54)

——tan.

- . A
4y G TmWTRG-A

From the model equh.t.ioni we have:

" ﬁl .
lope = — ' 5.5
slope 20 ( {)
) ot 1
| and the‘intercept = 55
. gi L
The slope = 20 =21/0.25 = 84.0 (5.6)
. and. v '
B = 84 x 2(0.025) = 4.2 : (5.7)

‘From Figure 61, Q, téhe monol#ye: coke coverage can be calculated from the value of the

intercept: |
intercept = 20 units | (5.8)
| o I . Q=002 ' ,_ (5.9)
o B 127.- o
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Figure 62 is the plot of the rnodel equation whlch s Klmgman and Lee(41) multilayer

_ . coking model (Ideal surfaoe) for the compa.rlson of cata,lytlc activity deter mmed by mul-
‘ l

\\f._gla.yer' ‘t‘.g,chmque and the e;gpenmental. From the model equation for the Klingman and

.

I

LA Lee multilayer coking," : _
. ;o - Ce 1 Q/i-A
L e = — 10
-4 Q*K,,( A ) # (5.10)
Intercept = Q = 0.0128 (5.11)
" and slope}% = 0.004/(2.25—1.0) o (5.12)
0.004/1.25 = 0.0032 . (5.13)
e== = 0.0032 d4)
i er 0.0 - (5.14)
_Hence
T = 0.0128/0.0032 = 4 | (5.15)

Figure 61 also compares multilayer coking on real surface and ideal surface(Klingman
and Lee). From the plot of model 5.10, (Klingman and Lee) the infinite layer results

ie N = oo, for which the model equation is derived predicts the experimental coke

l'zv

tq ntent throughout the entire range of activity investigated, under the conditions of the
experiments.

From Figure 61 it is observed that the multilayer coking results developed for real
surface predicts a higher coke content than the experimental. This is expected because
there must be a finite number of layers. 1t is therefoxle a.ppare'nt' that thé ﬁn-ite iiayer
results is needed to describe i:he relationship in the entire range of interest. Hence, the

distribution factor for the finite layer on real surface has to be rederived. From equation

3.41
kp Ct 1 - Y kpz ;
< =+ —-1= 5:16
%.C,.0+0) f - (5:16)
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5 : From equation 3.39 _ _ *

S e g -ﬂl_», k o - a7 B (5179
vi:;,(l-f)(1+an)+‘:ff—1=f | (5.18)
g(ll_—j}n) et = -1
42 (11——13:) (1f,41)+"“-'1 =5 (520)

| Recall that vy =1- A. Choosing a value of o = 2 say. |
To use the finite layer result, the number of layers, N, rhas to be determined first. We
'? ‘ determine N for the largest v of in‘teres}tr.. This will give accurate resplts for the entire
range of activity not predicted by the model.
Now using the value of Q a.nri B’ determined from Figu1‘e 61 for multilémyer coking,

the maximum number of layers can be determined from equation 5.20 and the equation

. .
4’ . below.

'l_é - ‘ . ) V | . Cc 1 NfN ) - . - ) . -

| : ZL = - : 5.21
;' . : Q ’Yi[l_f 1 __fN] (5.21)
B - The largest value of v is that corresponding to A = 0.20 i.e v = 0.80. The activity, A,

cofresponds to a coke value of 0.0225 g carbon. Hence we have: |
b | L NN
‘ . c = U. = (0.02 . -7 : 5.22
o | C, = 0.0225 = (0.025)(0.80) {l—f 1—f*"-"] ( )
| 1 . Nj¥N |
' C.=1.125 - 5.23
e - 27 -6
N , |
\\ and substituting A = 0.20, equation 5.20 becomes
. ; 1~ N . ‘
" 4 2=f-1.05 ( T ff ) (5.24)
}:' -, _‘ e
7 Equations 5.23 and 5.24 are solved simultaneously to determine the value of N and f.
" ‘,\ For a given A, and a selected @, 5.24 is solved for f and then used to determine coke
ES . content from 5.23. The obtained values would then give a better prediction.
129
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| From equation 3.39 -
C. _ (-4 ;
he = - 5.17
‘ - : - Cp.s - 7(1 _f) o ( ) .
- e ]'_fﬂ)( ) kpc l
- L _ 1= 5.18
wkp.(l—f o) T, 1T (3:18) -
ya-s ‘ CB(1-1)1-7 - | 519)
""@ - S '_(1—.f)1+G“+'°‘_1 = B (5.19)
| ety 6w
%», o - Recall that’y— 1 —A Choosmgavalue of a =2 say.

"To use the finite layer nesult the number of layers, N, has to be determined first. We

range of actlwty not predicted by the model
Now usmg the value of Q and }3’ determmed from F]gu1e 61 for multlla_ye: coking,

- 4
the maximum number of !a,yeis can be determined flom equatlon 5 20 and the equation

below. : . _ - ' :
o c. [1' N1 i
D ) P (3§
- Q'”[i—‘f l—f”} | o2

v - The largest value of v is that corresponding to A = 0.20 i.e v = 0.80. The activity, A,
- l correbponds to a coke value of 0.0225 g carbon. Hence \'/ve.ha.ve{'_
:”..g . ; . . . ‘ ) 1 . ‘NfN . . .\. R L]

b o
. Co=10.0225 = (0. . - . L (9.22)
f \ | c 0.0225 = (0 025)(0_80)[1\_( 1-—fN] N |( )
L ‘ RS oL T AN .
S N o =11 - My PN 5.23
,1 = T ! 1C, =1.125 7 TIo 7 PR | ( )
4 " and su})st'iiuting A = 0.20, equ_ation 5.20 becomes - L

. . ) . ‘ 1 _ fN ' . r .
o ' =f-1. 24
& | 2=/ 105(1—f)' (5:29)
S : ) . . : . ‘Q
F Equations 5.23 and 5.24 are solved simultaneously to determine the value of N and f.
. # .
: ) For a given A, and a selected o, 5.24 is solved for f and then used to determine coke

= . content from 5.23. The obtained values would then give a better prediction.
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The monolayer coke weight on reai surface, Q, was foor_ld to be higher than that
when- a homogenous sm_‘face is coneidered given the condition u'nder which it is evalu-
ated. However, the deactivation parameters §' aod K, fof_ real surface and ideal Sul'fac;
resoectively, were almost the same (4.2 and 4).

The 1arger values ‘of the pa,rameters for real surface is a reflection of the enelgles
a.ssoc1a.ted with mtelpa.rilcle mterractlons and non umform:ty of the suxfa.ce sites which

assurnptlons in the development of the homogenous model ignores. Thls wxll be elabo-

rated in-the discussion.

5.2.2 Catalyst Regeneration M'odelling Results

The model was developed for the regeneration of a homogenously coked sphencal (,ata,lyst,
pellet with diffusional gradients. The model is intended to compute the gas and coke

profiles within the catalyst pellet at any time in the regeneration process and assess

the importance of diffusional resistances during the process. Hence the profiles were

computed at different dimensionless times, 8 and at different modified modified Biot

numbers-recalling that the modified Biot number is the ratio of the bulk mass transfer

to the diffusivity. The following modiﬁed Biot numbers were used: 10, 0.5 and 0.05.

The coke ploﬁles are generally seen to increase from the exter nal surface of the parti-

cle towalds the interior (Figures 63 to 65). The gas proﬁ]es are plescntul in Figures 66 to
*

69, At small dimensionless times, i.e, when the regenerating gas has just contacted the

coke, the ﬂl’oﬁles are almost horizontal i.e. dimensionless coke = 1 and reduce to about

0.82 at dimensionless time @ = 3. The increase of the profiles towards the interior with

~ dimensionless reflects non uniform coke consumption along the radial positions. This

‘is due to a combination of mass transfer diffusion resistance at the external surface of

the particle and the intraparticle diffusional resistances encountered by the regenerating
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which it diffuses through to get to the reaction interface. Hence, the reduction in gas

_diffusing towards the center. With higher diffusional resistance i.e. at low 1'|1oc|ilfied Biot

number (Figure 65), even less gas ‘gets'through and henceless coke is consuined. The

coke profiles are'seen_to change from a dimensionless coke value at 0.82 at the external
. . .

surfdce in Figures 63 and 64 which have a ‘modified Biot number of 10 and 0.5 respec-

twely to 0.88 inf Fxgure 65 w:th a modified Biot number of 0.05. lh(. reverse mtuatxon

is true for gas proﬁles The gas profiles are seen to décrease towards the centet of the

partlcles wlth dlmensmnless times for reasons glven above. At lng,hu dlﬂ'us:onal resis-
’ !

tance the gas proﬁle has reduced from about 0.73 (Figure 66) at the external surface - -

(at modifiedBiot number = 10 ) to about 6.8 at modlﬁed‘Bmt number = 0.05 (Figure
68). The genefal increase of the coke profiles towards the center clearly shows thr;. exis-
tence and significance of intraparticle diﬁ'lclslional resistance in the 1'eg_(-:m§'a.tion process.
Th(;ugh this numerical change \iva,s not very signiﬁcémt for about a 200 fold increase in
diffusional resistance (modiﬁefl Biot number from 10 to 0.05),.’5]!6 S-shape of the prbﬁles
instead of the horizontal linés reported by Weisz and Goodwin(55) and Wen(63), was a
clear indication of the iﬂi.'nport.lance of external mass transfer. For highly exotherm.it reac-
tIOI‘lS (most 1egene1 ation 1eactions are), and for suiface xeactxon contlollmg, the reaction
rate which is fast, incréases towards the center of the particle where the coucentlatlon

of the solid rea,cta,nt is higher. It is clear that for the model developed, and for the

parameters selected, the increase in the total resistance due to the inclusion of bulk

L
mass tra.nsfer resistance is not sufﬁc1ent to offset the 1ap1d reaction rate. T his is obv1ous

eji

from the low numerical change in coke values at the external surface for the very high’

variation in modified Biot number.

Panchenkov and Golovanov(97) using pelleted silica alumina granules have demon-
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strated qualitatively the existence of operating condit.ic'mjé’w'here external diffusional
effects will not modify reaction behaviour. Carberry and Gorring(96) carried out an
extensi.ve study of the corribust'ion of metal ores and presented curves showing how the
fraction 6f carbon rea.cted varied with time for various degrees_ for bulk mass transfer

limltatlon, and for three degrlees of apploach to the shell-type model, the laﬁtel rep-
resented by Damkohler number, Nba '=| ;f:%. Here k, is the first order 1eact10_n -rate
c_onstant(cm/ sec). The implications of the results of the results i)r'@:sented here will be
exaniined further in the discussidn together with other existing resulls in the literaturg.
i S : . A ' )

!

. T
B5.2.3 ‘Reaction-Deactivation Kinetic Modelling Results '

~ . o C | |
The general ﬁrbceslu‘reltlin.kinetit: data procurement is tc;,obt.'ain'r conversion on a fresh .
cataly;t a,tl. different ﬂox;rra;.tes at times wheri coking is not impdrtaht. Modelling equations
are then tested with the data and the appropriate model model parameters are obtained
from model equations selected among others on the basis of goodness of fit and the
ﬁositivity of the parameters. The pa.rameters are then used in the main 1'ea'ct.io'n§- which
is coupled to a coking reaction to give' a complete description of the decline in e{ctivity
or rate. o {

The (leacti.vation'kineﬁ_.ic model de.rived in chapter three for the dc:]lu\rdrogclmftion- of |
cyclohexane to benzene is a dynamic one and as such requireé use of deactivatibn run
data with time. A procedure was used .as explained in chapter three which did not Ijreq‘uire
decoupling of the main equation ﬁom the coking equation. From physical reasoning, the
“model parameters were constra.med to be greater than zero and the modified method of
Nelder and Mead (Flexible Polyhedron Simplex method) (86)for non- lmea.l parameter

estimation routine was used to estimate the parameters. Below are the results of the_

simulations. In the absence of deactivation data on the fresh catalyst for a wide range
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the parameters are: For h =1 |

.

B3

of flowrates, the deactivation data on fresh ca,tajyst at cyclphexane partial pressures of
0.234 atm., 0.10526 atm. and 0.118atm. at the same flowrate of 200iml/min at a constant
temperatdre_of 430°C .were used for the modelling.

The Computer program for the modelling is labelled Flexty.for in the Appendix C.

The final estimates of the deactivation parameters are listed below. The final values of

p N ' _

t ke = 12799 ’ . (5.25)
. S | . Ka = 24166 - ; - {(5:20)
o | G = 6725 h , | (5.27)
S A T - D
X’N o : o "‘ e = 315099 | ‘rl o (5.29)
and ff)r|h.’=;£ 1 ) ’ | |
2 ’ . .
k, = 225 S (5.30)
K, = 131.38 | (5.31)
¢ = 8239 . _ (5.323
f = 0.948 . | | (5.33)
ke = 49.182 | (5.34)

' Hence from the above estimated values the rate prediction model equations can be fuflly

written as: For h =1 ,-,k

L _20793.966C4
A1 T (1 4 241.66C,)

¢ 7638.87C2 "
[1 - 0917 (1 —exp (" o (1+ 241.660.4)dt))] _
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and for h #4 L | B C N

24356.749C 4
(1 + 131.39)

' m
R(1 - h) ft(49.189)(131.399)"CY*"
1-0. 1- |- dt +° :
[ 0948( [ 5330 Jo o (+m13CH) T

T Aq

The above rate models were confronted with experimenta;l data to compute the decline .

in rate with time.

Rates from raw data were calculated from .

C‘AO‘UX
w

A= (5.35)

where X is the conversion.. The computed declines in rates were confronted with tlie

experimental data viz: Figure 69, Figure 70, Figure 71.
Statistical anlysis of fit shows model 1(h = 1) to have an average standard deviation

" of 12.83% and 10% for model 2 ( # 1)

a(ry,) = 12.83% ‘_ ~ (5.36)

o(ra) = 10% - o (5.37)

Non of the models was. observed to be superior to the other but on purely statistical

grounds the model with 2 = 1 gave a better predlctxon of the data than h # 1, and

hence will be prefered.. Preference for model 1 is even enhanced_by its simplicity.



Table 5
Sumery of Experiments Performed: Objectives,Conditions,Remarks

OBJECTIVE | DEACTIVATION RUNS i
2 . | REDUCTION RINS REMARKS EXPERIMENT
“CONDITIONS | TOKIC OOKE MONITOR Reduction
J Tew. Flowatevep.Pres. | CONDITION Times MMBER
2 mlmin  atm. | Temp. Flowrate hours
Achievirg Catalyst 430 100 0.1052 | 500 40 >5 Mortality not 1
Py Mortality ad | achiewed, Oxidizable |
T quentifying Coke | | ard Taxic Coke |
B O T
\ Same 8 dove 430 00 04052 | 50 40 55 Catalyst discharged’ 2
. . | de to uexpectedly |
! | lorg deactivation |
! || eemamemamesssaccassasscecssamasmeMaecemsassaAsAsESEeesEEEEEETmmmmmmedmmAAASSAsASSASSmSeAmEeSermSesEEEET e m—adeaed
' . | Catalyst removed [
, Same. as sbaove 430 100 0.10526 |, | 500 &0 »5 due to lorg -3
P : : | deactivation time | l
T R LT L L EEETE PR PP PP PO SR R [+==2q=-=~ L LT
2 . Segrented Rus &0 w0 loamas | 500 40 >5 After 6 rus |
after 6 furs to | prolorged reduction 4
. check for ’ v was carried out. | '
l repredueibility 1 | Corbustion gas monito]

BRI - RS ————— coomann PR Sl TTCIRT P EEEEROR OISR L EPED
Segiented Rws to 430 100 01052 | 500 40 > s Dine againde to |
ascertain ; | to unconvincing 5 ¢
reprodcibility ' T ! results P!

. ~ in coke ' . I i N I
.~ - | wesessrsveetiiecaneeeen B et CETREERELEELREEREEEEESEos e eten Y eemrerommmmecemaccessssssecsnaceon L.
R4 } Replicationof 430 - 0.  0.2% | @0 40 »2 Mo similarity 6
‘ sy 1 vorkiof Omleye | } | | with 'an}eye's |
T N
G e srrasnssesasneslesssn s [omsmem et e
. M Effect of Flowrate: 430 100 0.23% | - 430 40 »2 Not exact duplicate 7
T, n Deactivation ] of Owleye’s work |
i P S I LGCIIEEE R R Y RIT PV PUS DR POPEEREEORLE LT LI
‘E Titration 430 100 0.1052% | - &30 W »2 Catalyst  Surface [ -
Experimonts for | characterization 8
. K determiration of | for residamal activity|
S - | surface coverage } : |
bbbttt bbbt R Rt el bteelels
Titration 430 100  0.10526 | 430 40 »2 Same as above. i
eperimnts ’ | Testing Variation 9 .
with MCP reactant I with Reactant, i !
......................................... [. eemEEEeEemmEmmmAmSMsseesesAAAmEEstasssmTEEEerm=decds
Effect of Charge 430 20 0.118 | 430 40 »2 Fresh Catatyst |
in reactant vepour - ] 10
pressure s { |
Effect of flowrate 430 100 0.5 | 5000 40 >5 Unexpectedly, the |
erd the charge | deactivation times |
o~ in surface | were far shorter 1
i@ characteristics | than the previos |
with eyele - though both i.e. |
naber | previas ad this |
¥
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Table 6 , _
Comparison of Coking in CH and MCP
Ratio of Secondary
Primary Coke Ratio of
Primary Coke in Deposits Coke in
Coke(MCP)ICH to MCP X10°(6) CH to MCP
Deposits . MCP X10°(6)
2.130  35.000 1.160 -1.350
2.330 38.000 1.410 1.320
. 3.140 20.000 0.210 2.220
’ 4.420 15.000 = 0.083 13.550
4.390  13.550 0.079 11.000
4.200 32,000 0.064 147.600
4.310 26.000 0.096 4.164
-~ _ 4.310  9.000 0.108 17.926
< C 3,300 14,000 0,127 15.450
B ) 3.300 9.000 0.152  B.059
2.210 15.000 ¢.092 10.020

------- --------.--_----'--------------- .}
- CH{Cyclohexane), MCP{Methylcyclopent

£
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Tablei7 ,”

Mechanism andr giodel of deactivation by Corella and Asua

o~ /

Deactivation function, ¥(P,.T)

Mechanism Controllinag step: 2nd

Controlling step:

- * - . _
a-1 nM 2 hMl-—;;lPll\\h . d-1
. -h=-1 n+ - -
mht™ kg K P A

!

h
(1+kAPA+KRPR+ {(m=-1 )KSPS) o

.oooa---‘-(l)

‘o-‘oncoo-(4) s
d-2  mM\+hM*Y — Pl S . _ . . b
' _— : —P 1, —>P,1 —» ;
m,,h-i h_ n+h d-2 ~"an h~ 3 hv .
de*m Pm i - - N . . 13
- n : for h=1 mk gK*' P n+l oL L. 3 “
. - » ) ’ o
(14K, P 4K P (B=1)K P 4K® L)Y coeennesn(2) nm . ey \\
SRR TSR TR A
' . 1
. d oooio.oluvooo(s) E_
- - 3.
: +M +M : e
6-3 nM ) +hML—P) 1y d-3 Pl T(9)2 Pyl — (9)—= Pgly
(same as equation (1) for h=1 '
- K. K P n+3
K3 m* m . . .o
n+l S, Ne2
1+KAPA+KRPR+ (m-1 )KSP5+K1Kml.’m LK ll.(ZKum
- ., " ceesenaee(B)
= . +i +i .
. . - {g)
d-4 M EhMEL—> P 1, d-4 Pl —HP,l, —(-?-L).P:ilh
" {same as equation (2) for h=1 = ,
/ ak K*p 0*3 S .
. —= 1 - s TE2
E . PREYS
_ LK, Py KePp+ (me1)K P K P oK Ko P B ek KoK Py

—
h <
for h=1

1
mik dK*um

n+l
14tKAPA+KRPR+ (.m-l)KsPs*'k"'mPnh -

n+l

: . """’.'.'0'00(7)

-

bt 14 ot
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Summary of Ti;ration Resul ts:Uptakes with Pulse Humber
: AEun 1 Hydregen Run 2 Hydrogen Run 3 Hydrogen Run ?"Hydrogen- Run 5 Hydrogen
gn X=0.7 Uptake X=0.43 Uptake X=0.58 Uptake X=0.42 Uptake Pulse Uptake
. Pulse em“(3) . Pulse cm (3} Pulse em(3) Pulse cm™(3) Number cm (3}

Number Number | Humber Number Number
li E‘J ' . : - . f | \ ‘ .
PR 1.000 . 0.734 1.000 0.689 1.000 0.575 1.000 0.431 1.000 . 0.320
iy
i * 2.000 0.723 2.000 0.681 2.000 0.408 2.000 0.592 -2.000 0.235
3.000°  0.734 3.000 l 0.674 3,000 0.378 3.000 0,581 3.000 0.257
GE:A_ 4,000 0.734  4.00¢ 0.666 4.000 0.439 4.000 0.632 4,000 0.227
Q&%- " 5,000 ) 0.734 5.000 0.658 " 5.000 0.469 5.000 0.632 5.000 0.242
t i ' 6.000 0.666  6.000 0.43%9 6.000 0,632 6.000 0,227
v 7.000 0.651 7.000 0.424 7.000 0.592 \7.000 0.235
~ 8.000 ¢.651  B.000 0.431 8.000 0.5%92 8.000 0.235
, ' 9.000 0.651 9.000 0.469 ' 9.000 0.250 -
E N TinmesTTSTeomsessassnsses P """""""'i """"" {oTTTTTTTTE e
o o , b C ; ~ -
N 1 " ]
g , ' 3 f f
g . ) 1
. ' [ . s
l‘ ! ! 1
By %
¥
. X
E
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| . ~2.85  0.31 3.4 26.74 Lo~
: 132 0.1 1.45  57.92 f

3 # 1.13 0;12 1.26  67.43

.§ 2.59 0.28 2.84  29.50 i

“Table 9
sumary of Titration Results (Continued):Uptakes with Pulse Number
I

U S L e R L L R R R g

Run § Hydrogen Run 7 Hydrogen Run 8 Hydregen Run 9 Hydrogen Run 10 Hydrogen

A X=0.05 Uptake X=0.185 Uptake X=0.0175 Uptake X=0.0175 Uptake X=0.0175 Uptake
‘ %‘1 Pulse em (3} Pulse em (3) Pulse - em (3) Pulse cm (3} Pulse” .em*(3)
+ . Number Number :

Number _ Number Humber

1.006  0.439  1.000 . 0.469  1.000  0.799  1.000 0.530  1.000  0.643
2.000 0,386 2.000 0.439  2.000 0.704  2.000 0,540 - 2.000  0.643
3,000 ©0.378 3.000 0.439 3,000 0.689  3.000 0.550  3.000  0.643
4.000 0.416  4.000  0.439 - 4.000 0.681° ~ 4.000 0,550  4.000 0,643
5.000 0.431  5.000 0.456 5.000 0.681 5.000 0.568  5.000  0.636
6.000 0.416  6.000 0.446 6.000 0.676  6.000  0.550  6.000  0.643
7.000 0.431 7.000 .0.446 7,000 0.659 7.000 0.570  7.000

8.000  0.431  8.000 0.454  8.000 0.674 8.000 0.550  8.000

-1.38
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Table 10 )

summary of Titration Parameters: Determined Parameters -

Run Deactiv. Convers. Oxidiz. Average Flatinum Metal Cluster Turn Platinum Fract.

7 Number Times X - Coke Hydrogen Metal Area Diameter Over Metal Residual
- minutes g carbon Uptake Dispers. cm"(2) Angstr. Number Sites Activity
m . em (3) X10°¢3) Uunits hr (-1 X}O (18) A
AL

v,J.

1.000 30.000 0.510 0.004 0.732 0.638 6.506 12.898 1010.760 5.915 0.986
2.000 60.000 0.560 0.002 0.668 0.582 S.940  14.120 1215.400 5.400 0.900
3.000 90.000 0.590 0.0 0.435 0.379 3.866 21.700 1961.000 3.515 0.586
4.000 120.000 0.420 0.010 0.585 0.510 5.204  16.120 1040.670 4.731 0.414
5.000 525.000 0.370 0.019 0.248 0.248 2.533  33.127 2137.940 2.303 0.211
6.000 550.000 0.110 0.044 0.416 0.362  3.697 22.64%0 383.600- 3.361. 0.616 -
7.000 100.000 0.184 0.003 0.448 0.398 3.982 21.070 873.500 3.620
B8.00G 180.000 0.018 0.004 0.678 6.590 6.026 13.920 54.8%90 5.478
@.000 380.000 g.018 0.004 0.554 0.480 4,932 17.010  67.060 4,484
10.000 10.000 0.018 0.005 0.642 0.560 5.706 14.700 57.970 5.187

ol
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Teble 11 .
Sutmary of Titration Parameters:Determined Parameters(Cycle by Cycle Titrations)

Run " Deactiv. Oxidiz. Secondary "

B ?"» ~ Number < Time Coke Coke  Uptake Pt Atoms Dispers. Metal Cluster Uptake
'-—qi;?i mins g Carbon X10°¢-5) cm'(3) X10{18) Area em Dismeter em(3)
’}?: . C cm {2) Angstrong
. - ' : X10°(18)  units
1.000 320.000 0.046 10.540 0.671 5.42 0,58 5.96 14.07 0.64
2.000 ' 350,000 0.033 @.280 0.671 S.42 0.58 5.96 . 14.07 0.68
3.000 80.000 0.030 5.280 0.742 6.00 0.65 6.60 12.72 0.70
4.000 125,000 - 0.030 5.220 0.742 6.00 0.65 6.60 12.72 0.346
5.000 ©0.000 0.030 4,800 0.742 6.00 0.45 T 6.60 12.72 0.46
- 6,000 120.000 0.030 ’ 7.840 0.742 6.00 0.65 6.60 12.72 0.47
) fvf,' ] 7.000 145.000 0.025 4.024 0.684 5.53 0.60 6.08 13.80 0.35
‘ 8.000 125.000 0.024 5.768 0.729 5.89 0.64 6.48 12.90 0.16
9.000 820.000 0.028 3.920 0.474 3.38 0.4 4.21 19.92 0.14
= - 10.000 510,000 0.022 3,560 0.606 4.90 0.53 5.3¢ 15.57 0.32
11.000 895.000 0.021 14,430  0.427 3.45. 0.37 3.80 22.11 0,32

= ’ 12.000 360.000 0.021 12.620 0.448 3.62 0.39 3.98 21.07 0.06

; 1 ‘ ‘ 5 - _/, , 1ué ' P ‘ f
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Chapter 6 o -'

DISCUSSION OF RESULTS

Introduction
‘The results from the sequence of experiments as p
discernible trends. While some results were expected, others were; to varying degrees,
v .

at variance with reported ones. The body of results will be discussed and explanations

attempted with supportive evidence from literature.

The discussion will be carried out under the following headings:
1. Multiple deactivation - regeneration and morta,lit?y studies
2. Titration experimerits for catalyst characterization.

‘ 3. Ca.téf?yst regeneration

4. Multilay:far cbking

5. Modelling of reaction-deactivation kinetics of cyclohexane.
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6.1 EXPERIMENTAL RESULTS

6.1.1 Multiple Deactivation-Regeneration and Mortality Stud-

ies
1

At the 52nd cycle when the mortality runs were terminated, the catalyst was still: very

active. In this study, the reduction with hydrogen in the regeneration process was

pprolonged and was only stopped when the moles of methane removal with time lat 500°C

was sfablé. In a ﬁl‘évious ex{)erimeht i this laboratory, the mortal statc ol inonometalic

Pt - AlgO;; catalyst had been reportedly achieved after only 22 ¢y dua(()) ln let work,

the dcatalyst reduction was done at 430°C for only 2 hours.; The continvous removal

of toxic coke il this work ensured that the surface of the catalyst was clean after each

' .o N ‘
deactivation, to support the consistently high activity -with cycle number as observed
T ) ’ i ~ -

, ‘ i
: f

w1t.h tlme C :

The methane 1educt10n ploﬁles also showed that the toxic coke 1':, depomted in layers
as revealed by the maxima exh}blted in the profiles before the stabilization of the level
of toxic coke (Figures 11, 13, 14, 16). The decline in the maxima before“‘stability also
reveals the decline in the reactivity of the various coke layers with the least reactive lying
closest to the catalyst-coke interface.

The fact that not all the toxic coke deposits could be removed after long reduction
times means that at least 3 coke forms exist on Pt — Al,O; surface, the first is oxidizable
(primary) coke. The .secpnd is reduceable (secondary) coke with at least 5 types with
decreasing reactivity in Hz. The third type (tertiary coke) is neither oxidizable nor

reduceable and must be graphitic in form. Previous workers had studied the toxic coke

deposition from methylcyclopentane reforming on 0.3%Pt — Al,O3 (9). They reported

215 -



:
|'I "
\.!

the same la,yered'structure for @oxic coke. ‘Hence this work confirined theil.' results.- |
From the toxic coke profiles it took more than 4 hours for the profiles to stabilize.
It. therefore seems that reduction for two hours, as was done by p1cv1ous workers (6,7)
was not suﬂic1ent to guara,ntee a clean catalyst surface - leading to the mortality of
the catalyst after just 22 cycles. Hence, the application of prolox_lged reduction clearly
leads to a cleaner catalyst surfa,ce after coke covera.ge The results also confirm the |
toxicity of reduceable coke to catalyst life. The 1rremovable type (t.extla:y coke), which .

stlcks to the surface of the cata.lyst and not responsxve to both oxldcmon and 1eductlon '
%

" was suggested to be gla,phltxc in f01m J. Blswas(lﬁ) had |dcnt|f'(,cl dnd reported the

existence of two coke types after oxidation deposited on long term relormer oper ation.
Ohe, easily removed by hydrogen and a less readily removable type which he suggested
must be graphitic in structure. X-ray analysis of unextra,ctable coke by J. Barbier (17)
showed that such deoosits are composea oi'_ pseudo graphitic phases with crystallographic
(‘:ha.ra,cteristi,cs very close to pure graphite. Gra.ohite is less hydrogenated and according -

to Bernal (98) is composed of layer planes formed by carbon atoms ordered in regular

hexagons, snmlal to those in the rings of aroma.tlc organic compounds.

The results of 0x1dlzable coke structure determmed il this work (Figure 37) suggested
that oxidizable coke, which is first to be deposited, consists of disosrdered deposits of
hydrogenated coke. Hence, it seems like coke formation starts with the rapid irreversible
a,dsorptimll of dehydrogenated hydrocarbon species on the metal. The meotlal sites are
easily covered by these clehydrogena,ted species. J. Biswas (16) and J. Barbier (17) had
sepa,rately reported that coke deposition in short term 1ef01me1 operation was on the

. I
- metal support. On coveung the metal SJtes these dehydrogenated species nowispxead to
i, 1 .

the support ThlS splea,d is alded by their mobility which is due to their poorly developed

crystalhte structure and weal\ cross-linking between the atoms in the crystallites (98).
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With . time on stream, and with further loss of hydrogen, the carbon atoms move to

the corners of a régula,r hexagon which is a more stable configuration. With time,

the hexagonal carbon structures build up into a tightly held crystal‘lin\e structure with

i

stronf interatomic bonding. The crystalline growth is assisted by high temperatures.

~ &

. The bonding strength of the inter layers make the graphite structure very unreactive '

wl.ith hydrogcn. It is i)r;)bab]y at the setting Qf the\for\lhation of the graphitic stiucture
that the stablhty of the' metilane removal proﬁle starts setting i L

From the above discussion, the followmg sequerice can be postulated for coke founa—
tion: o .

Coke precursors — oxidazable c;)ke — Seconda.rycoké — Tertiarycoke

This sequence is in agreement with the postulation §f Osaheni -and Susu{9) and could
be implied from the discussion of J. Biswas (16). The sequence suggests that all the
coke types are formed at the same coke location. This is in conflict with the finding
of Barbier et al. (17) and N. S. Figoli (99). ‘Ba,l"bier(17) cauled out a Temperature

Programmable Ox1dat10n(TP0) of coke Pt — AlOs catalyst and found two oxidation

. sta.tes one at 300°C and the other at about 450°C. Barbier concluded that the lower

tempera.ture oxidation was due to coke deposited on the metallic phase while the higher
tempela.tule oxidation at 450°C was due to coke on the alumina ::uppmt He e\plamed
‘é

the difference by assuming that either pla,tmum catalyzes the oxidation of car bon or Lhdt

coke deposited on the metal is different from that on the support. Barbier also lound that

~ the location of coke deposition was influenced by experimenta.l conditions. ]ncrca.sing

coking pressure mduced a decrease of the low temperature combustmn peak, bl\f.lllg a
clear mdlcatlon of a change of coke location with coking pressure. At lngh pressure,
coke was in preference depos:ted on the support than on the metal. N. S. F lgoll et al.

(99) carried out a TPO of coke deposxted during naptha reforming over Pt — Al Oz and
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like Barbier (17) reported two combustion zones. The first between 123 — 369°C and
the second Between 369°C and 555°C. N. S. Figoli et al.(09) reported that thg coke
dueto low temperature combustion had a lower C/ H ratio than the coke due to high
temperature combustxon zone consistent with the finding of Barbier (17).

_In a later w011\ Barbier and co- workers(lOO) reported that the mechanism ol coke

—-formatlon during cyclopentane reforming on Pt . Al,O5 involved as a first step, the

3 'g

" dehydrogenation of cyclopentane to. cyclopentadienne ca.talyzed at the Pt sites be[ore

the spreading of the unsaturated hydroca.lbon to the support where they are conver ted
to coke by a sequence of reaction catalyzed by the acidic sites on the a.lumma.. Of
signifance was their finding -tha,t the coke formed on the Pt or alumina sites was essentially

amorphous carbon a.lthough they qualified the one on the alumina support to be more

dehydrogenated Amiorphous carbon is dlsordeled form of carbon frequently 1efeued to
l

3

in this thesis as oxidizable coke. Since the coke on the support was reported to be more

dehydrogenated, thls confirmed the TPO measurements by Bar b1c1(17) cmd N. S Figoli .
et al. (99) showmg that mild oxidation treatments at about 300°C could ellmmat,(, the

coke on the Pt,iwhile that on. the support required severe oxidation tl(.dtlll(.,lltb at 450"0_ '
and above. Osaheni ‘and Susu(9) provided fUIthCI' ‘evidence of the formation of different
types of coke oﬁ t:he sqppof:. and metal sites on compar;son of the amount and nature
of coke deposnted in Hy and N2 atmospheres. They(Q) suggested that oxidizable coke
may be forming on the weak acid sntes, which are isolated hydroxyl ions attached to Al
atoms. These sites are known for depos:tlon of coke with low C/H while toxic coke ot ‘

coke with high C/H could be forming in Lewis acid sites. ,

Even though there may be more than one site for coke formation, this experiment

~ does not provide any eviﬂence to invalidate the proposed coking sequence. The starting

point of coke formation is coke precursors to oxidizable coke since the frequently used
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parameter for differentiating the coke is the level of dehydrogenation. The two cxtlcmes f.q Y gsj)j
. ’ . iy :«‘ {

of coke structure are the amorlghous and‘graphitic types. In between, the level of dehy-

drogenation is used in coke description and there are no assigned values to the level of

C/H which universally define oxidizable or toxic coke. This author ascribes the differ-

ences in the coke on the metal and support to the fact that the Bransted and Lewis acid -

sites in the alumina support may only be enhancing or retarding the dehydrogenation

of coke such that on either site, the concentration of coke with predominantly the same

level of C/H will be different.
S, § .
Since coke formation on alumina depends on the level of acidity on the alumina

sites, it seems reasonable to assume that the chlorine content of the catalyst should

affect’ f:oking More so since the active sites for coking on the alumina are cither the
Lewns and/or the Bronsted sites. Therefore, the chlorine content is an 1|11p01tant coking
parameter. However, it has been shown that the chlorine content of a 1ef01 mmg catalyst
c-ould remain unchanged for prolonged periods under rea,ction for up to 24 hours(30). The
dependence of activity on the chlorine content had been investigated by Nora Figoli et
al.(30) and Parmaliana et é,l.(32)._Noré, Figoli et al. (30) carried out n-heptane reforming

on Pt A!203 catalysts of varying acidity (varying C ) content and at tempelra-tures

between 485 and 515"C with WHSV. between 6 and 18. In all cases n- heptane was used

as liquid feed, with a H2~hydrocarbon molar ratlo of 8 to accelera,te the deactlvatlon. )

“They | bhowed tha.t after 24 hours of contlnuous operation or about 1000mi of n- prtane

N

plocessed the m:t.la.l vaiue of ch]onne content ‘did not change and lience il was ot

necessary to add chloune to ma,mt.am its concentratlon in the cnldb st. Nora,% l' tgoll

™~ -
also showed t.hat catalyst with Cl™ content bet.ween 0.8-0.9 was most stable under t.he

cond:tlons ‘of, tllelr mvestagatmn

The deactivation-reduction cycles reported here were perf01 med without a conscious
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effort at maintaining the chlorine level constant. The total period of reaction for the 52

cycles is 264 hours. The total duration of other runs reported here were 187 hours and

3: 2 Py 107 hours for experiment set 6 and set 7 respectively. Thérefore, the chlorine content

S could have changed, given the very long periods of continuou‘sr operations. However,
,%3 two e§perim;3ntal evidence support the fact that the chlorine conteﬁt'could not have
} _ aﬂ“ect(;d the coking results: the coking profiles were either found constant with time or
‘k: » behaved in a manner that was far from being progressively lower with time. If significant
 ' o reductmn of the chloune content occurred it will be expected that the coke deposited
. I_ _ on the ca.talyst surface would proglesswely demease with time on stream.

6.1.2 Titration Experiments for Catalyst Characterization

Titra.tion experiments, done after each cycle served to probe the changes on the ca,ta.lyst_

surface. The characterization of the cata,lyst was done by hydrogen (.hemlsm ption on

the catalyst surface. The occurrence of osc111a,t10ns in the amount of uptake with pulse

a number was unexpected (Figures 39 and 40). The oscillations could be due to accom-
panying reactions. Theoretically, pulsed hydrogen could react with the available oxygen
“#4 . . held to the Pt metal or with carbon. If it reacted with carbon it would yield methane

by the following reaction,

C+ 2H2 — CH4 '
. The methane producing reaction must have been significant enough to have produced
the oscillations observed during the pulse experiment. And in fact the oscillations were
so similar to the oscillations ascribed to the layered structure of toxic coke typified by

Figures 8,11, 12 and 13.

‘From the residual activity determination, the Turn Over Number (TON), which
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is the rate of product per site, varied from 383.6hr~* at’ a chspe:snon of 0.36244 to
2137. 9hr" at a dispersion of 0.2483 for cyclohexane dea,ctwa,tlon runs in Ny, Table 10.

The TON is useful in defining structure sensitivity and insexisitivity‘ in heterogenous

Wt

catalysis. Boudart(23) proposed that, for structure sensitivity, TON’s should differ by
more than a factor of 5-10 when the dispersion is varied sufficiently. He did not specify

N
= constltuted a sufficient variation. It could then be assumed,

o
——

" what é’fx{;ﬁ

T ; from the Boudarts’ criterion that the dehydrogenation of cyclohexane to benzene may
be structure sensitive. |

The results of the titration experiments reveal that during the multiple deactivation

and regenela.tlon scheme, sintering and redispersion occur during the prolonged reduction

process and duT‘mg the oxidation process (Figures 56 and 57). It is also clear that =
the dispersion after oxidation following deactivation is higher than the dispersion after
g ' réduction. In other words the catalyst sinters during the reduction process. The average

o 1o

decline in dlSpGlSlOH per cycle, from ox1dat10n to reduction is 39.25%. Turkevich et al.
(95) showed that redispersion after H; treatment can be induced by reoxidation for all.
catalyst he experimented with. Sienghard Wanke(93,94) carried out sintering studies
on fresh samples of Pt, Ir and different mixtures of Pt and Ir at temperatures <;I' 300,
400, 500, 600, 700 and 800"6‘ and measured the dispersions in sti al room temper ature.
He observed, as in this work, that the dispersions on Oy treatment was higher than
the dispersion a.fter treatment in H, at different or at constant temperatures. W l1i’le the

. dispersion during O2 treatmént remained constant for upward of 50 hoﬁrs, the dispersion

in H, declined at temperatures above 500°C according to Sienghard Wanke’s study(93).

The temperature of occurrence of sintering has been a subject of controversy. Keith(101)

D
. L

reported redispersion of platinum crystallites on a commercial Pt on alumina catalyst

heated in dry air around 510°C or in. 11 atmosphere around 530°C. According to his
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studies, temperatures higher than 580°C caused sintering. It is the beliel of Keith(101}
that below a critical temperature a Pt-alumina complex existing in an oxidized state
is stable and responsible for rcdispcrs.ion. Turkerich et al. (95) also showed that the
Engelhardt commercial Pt on alumina maintained a constant dispersion up to 450°C.
The.dis'persion beyond 450°C was not investigated.

The dispersion of the catalyst in this work, as measured after oxidation, was found
to be consta,nt for about 6 runs before redispersion sta.rfed occuring during oxidation
(Flgure 56). This finding is analogous to the results of Ruckestcm and Chu(102) who
observed that it took several cycles of alternating heat tleatment at 750°C in O, and
Hy a.trnosphe:es of Pt — Al,Os before Pt redisperse dmmg the oxidation step and that
thereafter 1edlspe151on or smtermg could be reproduced peuodlcally I)} .changing the
atmosphere from an oxidizing to a reducing one. The conclusion of Ruckestein and
Chu(102) were hence clear, and in line with the results obtained here - the crystallites
redlsperse during the oxxdlzmg itep and lsmter during reduction. The, reasons proferred
to explam redlspersmn‘ by vanéus authors have been as varied as the temperatures at

whlch 1edlspelslons are believed to occur. A few will be reviewed here. R,uckestein

vand Chu’s explanation will be rev1ewed in greater detail he1e‘ owing to thc, very close
l

- similarity of théir results with the one obtained _here. A
| . . ’

. * A
Ruckestein and Chu(102) ptoposed two mechanisms to explain |redispersion: |
' DR ’ o ) . '. [
1. fracture of crystallites. - . S : o Lo

: : . _
9. spreading of Pt oxide formed in the oxidizing atmospheres over the surface of the”

support.

+

Ruckestein and Chu. explamed the fracture of crystallites mechamsm by the stability
r

theory of Ruckestein and Dunn{103). This theory ascribes the fracture of crystallites as
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"a response to pertubation in the film edisting between the support and the crystallites.

Accordingly, oxidation of platinum to platinum oxide generatcs an internal stress and

decréa,ses the film-gas surface tension. Fracture occurs when the internal stress is larger

A *

. than a critical stress. Rapld coolmg is also known to generate internal stress because of .

dlﬂ'erences in the mtelnal thermal expansmn coeﬂiments of the metal and suppo:t and

t ~ ~

: ) ' .
thus can induce fracture. . f

In gxplaining spreading, the first point to note according to the theorists (Ruckestein |
and Dunn(103)) is that the surface tension of metal oxides is lower than that for the

metal. The prerequisites for spreading is the enhancement of the oxidation of the small

~ crystallites due to the probable generation of some porosity in_ the crystallites during

the first five or six cycles of heating in O and H, atmospheres. This also produces
some surface reconstruction. Redispersion then occurs in the oxidizing atmosphere by
the mobility of the Pt oxide over the surface of the support. Spreading occurs either
because no wetting angie can exists between the oxidized crystallites and support or most
probably because a two dimensional fluid of Pt oxide can exist with the crystallites.

In this wo1['k, unlike in the studies of Ruckestein and Chﬁ(lO‘Z), the temperature at
which oxidation was carried out was different from that at which /{, trealment was

carried out. Oxidation was done at 430°C after reaction at the same temperature and

hydrogen reduction was*carried out at 500%C. In view of the alternating temperatures,

a thermodynamic clement is introduced to explain this result. A thin film is known to
exist betﬁeen the rﬁeta] crystallites .a.ud the support (101,103). Reduction at a higher
temperature 500°C does two things to the oxide film. It reduces the volume of the film
and then increases the surface tension. Since the cohesive forces betiveen the crystallites
is greater than the adhesive foices between the crystallites and the support, the crys-

tallites will be pulled together during the drying up process rather than remain at their
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respective locations. While this results into an effective increase in the cluster radius of’
: %

the metal crystallites and hence sintering, it results into a cleaner catalyst surface. On

reducing the temperature to 430°C' at which the titration éXperimentﬁ were carried out,

the reverse effect takes place. The sudden cooling leads to a rapid volumetric contraction

resulting in the developments of lines of weakness in the intefatomic boundaries in the

&

crystallites which are aggravated during the reaction and deposition of oxidizable coke
leading to fracture and redispersion of the crystallites. Whatever interactions may i)e
proposed to be occuring between the metal and support, the ovuall effect as a result
of alternating oxidation and reduction at marked]y different tcmpcmtmes of 430 and
500°C, ( 70"6_1 difference) Will certainly be to impart to the Pt — A1203 spec;men a be-
haviour associated with elastic bodies. I-Iénce failure of the dispersion after oxidation to
stay constant after 6 runs may be due to the gradual setting in of such ‘elastic’ behaviour
as a result of some reversible structural det:ects. -

If fhe \dispersio'n is higher with higher coke content as suégested by t‘l‘le results of
the mortality studies- then, it niay_ seem that the oxidizable coke must be catalyzing its
own deposition. Therefore, at the end c;f the deactivation the metal crystallites, though
covered with coke, have been spread apart from each other owing to the increase in.
the metal suport film thickness. ‘This brings to question, the actual commencement of
dispersion as measured after the oxidation process. When does the redispersion start?
Is it during the‘ reaction or during the oxidation? Results of titration experiments cl|one

before and after oxidation at 430°C' and after reduction at same temperature, showed

.that the dispersion after deactivation before oxidation was 0.4734 and after oxidation was

0.533 while that after reduction was 0.4426 ( 12*cycle of experiment set 10). This could |

mean that redispersion as observed after oxidation may effectively commence during
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reaction. Hence it follows that redispersion

c : after oxidation > after deactivation > after reduction

#

. The result of this experiment is not conclusive because it was only donc in the'12' cycle
3 . in experlment set 10 which had a total of 12 cycles. Formation of coke w:th cata]yt:c
A activity as suggested above has been reported by R. Fiedrow et al.(104) during ox1da.t1ve
dehydrogenation of ethyl benzene. During the oxidative dehydrogenation reaction, it
was observed that the catalytic activity of v — alumina initially increased with a rise
in coke coverage and then stabilize to what they(104) termed quasi stationary activity.
The lattel term reflected their view that*the chemical composition of this oxygen-rich .
. R : coke was also a factor in the activity exhlblte& |
If dispel_"sion is the index of catalyst life-time, it is surprising that sintering that
" occurs during hydrogen treatment did not lead to a correspondingly decreased catalyst
;. life tirhe thereafter. In fact:the ﬁighest deactiva.ﬁ_on times occured during the runs with
n" lew dispersion (Figth‘es 56); Several explanations can be attempted. It 111;;,y be that at

the temperature of 500°C that the hydrogen chemisorption is carried out, the Pt atoms

" have adopted a configuration that allows them catalyze a reaction but lack the ability

8

- to chemisorb hydrogen

Alterna.tlvely, the occurlence of the hlgh deaetlvatlon tlmes at low dlbp(,l sions may

LA RN DMt E

i be due to the fact that dehydrogenatlon of cyclohexane on Pt — AlOy is structure in--

JI '
sensitive despite evndence from Boudart’s Turn Over Number(TON) criterion(23) eatlier

{ | on ‘diseussed, pr if it is Stl‘llClt,l.,il‘e sensitive, it mé.y be with respect to specilic character-
istics like the existence of steps and kinks as reported by Sémorjai(19,20). Ae\cording‘
to Boudart et‘al'.(105_),-col\;e tends to mask ‘struetur\a] changes on the catalyst ‘surface.
,.q | : o \PHence“i"t ma.ya,ceoent’ for }he‘s'tr‘uctu're insehtivity ob\served here. !
- o . \ !
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Evidence abound in literature that the lowering of disp_crsion as observed during
hydrogen treatment in may not be the true representation of the state of the catalyst
surface. As part of a broad report on the effects of h.ydrog'en-mctal intcractions, Paal and
Menon(106) reviewed the results of H, chemisorption experiments by various workers
in which sini;ering was reported to have occured while analytical techniques revealed
otherwise. Of particular relevance were the works of Dautzenberg cl.“a.l. (107), Taus{er
et al.(108) and Turkevich et al(95).

First of all, hydrogen-metal interactions are responsible for the dependence of stoi-
chiometric ratio of chem_is'orbed H; to chemisorbed O, to H; oﬁ dur;xtiOn of reduction
(Freel,(68)), on temperature of gas titration (Wilson and.Hall(TQ)), and on hydrﬁgen
pressure, Dau&zenBerg and co;w01‘ker§(107,109) found that during the heat treatment
of Pt — ALO; ‘ca,t.a,lysts in Hy, above .7701(-? a.rcertain fraction of the surface Pt atoms
hecomes ‘inaccessible’, and causes a decrease in H/Ptlfa.t.io, sometites interpreted as
sintering of Pt. The extent of Pt (% bSr weight) rendered i.naccessible' to H, at 950K for
10 hours, for example, was found to be 60%. On examination by electron mi.croscopy,
there was no indication of any appreciable change in particle size during pretreatments
with H,. Dan Otter and Dautzenberg(109) suégested that the inaccessible part of Pt

., might have been due to a reversible surface combination between reduced Pt and reduced
Al to form some sort of supeiﬁmal alloy; a mlld oxidation at 670k to 770k could restore
the catalyst back to its original state with all the surface Pt atoms once again accessible
for chemisorption of Ha.

Turkevich et al.(95) observed this decrease in Pt dispersion as measured. by Hy
chemisorption, oh’exposure of Pt — A!gOg, Pt — 510, and Pt -~ NaY Zeolite catalysts

‘to H, at 570K to 720k and the restoration of the original dispersion ou o.\'i(la.t..ion at
.570kla,n.d reduction at 270k. They ascribed,this loss of dis’persim‘l anfl loss of 3 number

E T
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of catalytic’centers to a decomposi'tion of Pt particles or clusters into molecular forms

involving Pt diads on silica.

Tauster et al. (108) found that reduct:on of noble mctals suppoxtcd on Ti0, at

A
S

R i
470K produced well dlspersed metals whlle reduction of the same nntelmls at 770k

e

-

decreased Hy and CO chemisorption to near zero in all cases. Strangely enough;, Election.

i
Mlcroscopy and X-ray diffr actlon showed that the loss of chelﬁlsm ption ca pauly was not

v

é | . ', due to any sm‘termg or agglogmel ation of :he metal I\)\Mtlcles in the T:0, surface. From
i | \these results Tauster et e,zl (108) concluded that a Strong Mctal Support In‘teractlon
*5@ s - (SMSI) was occuring’ I’01‘1 exposuﬁre of the Pt — TiO; and other catalysts to Hj at lugher
;: : ' tempera,tures . )

| The results of Dautzenl)elg(m?) were contosted by Graham and Wanke (110). These
authors studied the thelma,l stability of supported metal catalysts. They measured the
hydrogen uptakes on {resh sa,mgles of Pt and Ir supported on dlufﬁina after which the
" catalysts were treated in ﬂowmg hydrogen or oxygen at eleva.ted temperatures above
300°C. Thermal treatment times of 1 hour and 16 hours were used. The tempmaturep
range for treatment in O, was 300°C to 600°C and sintering in H, was done at 650¢C
and 800°C. Graham and Wanke(110) never observed decreases in the H/Pt ratios of

the magnitude reported by Dautzenl:;org and co-workers for treatment of Pt — AlO3

catalyst in hydrogen at temperatures of € 600°C. On the Dbasis of their observation,

Gro.ham and Wanke(110) reported that the anomalous results reported by Dautzenberg

B A = L A 3 PR . . S
SRR Ao NS KN S e R RN
. i ; -

and co-workers may be due to the low temperatures at which they (Dauzenberg and co-

workers) measured M, uptal\es, (=78°C and 0°C) and/or the relatively low evacuation

S B ke e

T T T

temperature (400°C) Graham and Wanke reasoned tha,t evacuation at 400°C may be

sufficient to remove adsorbed hydrogen from catalyst, that have not been treated in Hy

at elevated temperatﬁres, but according to Menon and Froment (111) desorption of H,
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’ o . becomes more difficult after Pt— Al O catalyst have been exposed to high temperatures.
+ Menon and Frolment(lll) also even found that the:changés in H, desorption behaviour
N ‘ : , N _ o
~ are not due to m tal support interactions. - -
ooy : e ‘ ' A
' If the obsewatlons! in thls wor}\ rega.rdmg the occurence of’smlcung are l(_dl with

*’ no occurtence of anomahes as 1eported by Dautzenbmg(lO? 109) and (,o-wmlxus and
Tauster et a,l (108) then this author is inclined to ascribe the long deactivation tlmes
durmg the runs with low dlspersmn (Figure 56) to the clea,nel catalyst surface since high

tox1c coke removal characterlsed those runs. Dlspersmn seems to bea dlﬂ'cwnt concept

from clea.n catalyst surface. Thls fact is also supported by Sm[clt and Yates (112). They

. 1nvestigated the spec;ﬁc acl;wnty of 1hod|um for ethane hydmg,enolysls as a function of
state of dlspublon of rhodium and reported that effects on LdeI_}L!( pl()])([“(.’b ‘only
became important when extreme Londltlons were conmducd Smnldlly Boudart and

co-workers (23) concluded that the spcciﬁc activity of pla.tiunm for the hydrogenation

'y
b .
‘ of cyclopropane was elfectively independent of the degree of dispersion of the platinum
-, over a very broad range of activities. .
it _
Hence, from the preceding discussions we can conclude that generally no corelations
\ ; .

. exists between dispersion and activity. The constancy of the activity, despite the low
dispersion, means that the dehydrogenation of cyclohexane to benzene, despite evidence
.

: suggesting the contrary, may fall within the gloup of reactions termed facile 1ea,ct10ns
_ Boudart(23) deﬁnes facile 1eact10n as those that fml to sense the non uniformity of solid

surfaces. These are the reactions which are commonly referred to as structure insensitive
e reactions. Hence, while there could be no correlation between dispersion and activity,
@ - S
Dy , such lack of correlation should be limited to facile reactions or structure insensitive reac-

: tions. This author therefore concludes that for structure insensitive or [acile reactions,
',' a clean catalyst surface is a more crucial factor than dispersion in dctermining catalyst
' i 228
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a.ctivity and life time.

More 31gn1ﬁcantly, this author can conclude in the absence of any means of ivahda.t.—
ing the p0551b1e occurefice of Da.utzenbergs anomalies, that the plO‘Ol'lj_.,dthl‘l of catalyst
lifetime from 22‘cyc1es in a previous work to 52 cycles in this 1nvest1gat|on as seen in our

{.. . . : .
mottality studies derives from the maintenance of a cleaner catalyst surface through pro-

A L]

. longed secondary coke remova,l which leads to sintermg Unfortunately, this improvement

' ]
1\n catalyst lifetime by this procedure may be-limited to facile reaction. '
. . P R NN

)
On the whole, this éxperiment has shown that the catalyst suirface is very unstable

and changes with cycle without affecting the activity for facile reactions.
'

6.2 'MODELLING RESULTS
: & |
6.2.1 Catalyst Regeneration
.Most commonly used industrial reforming catalysts are entlrely p1ec1ous metals or are
precious metals on an inert or a.ctlve support. Their high cost provides sufﬁcxent justifi-
cation for the need to regenerate them and to study the limitations of the regeneration
process. This is with a view to restoring the maximum possible activity. «This is par-
ticularly so when it is realised that regeneration is never completely achieved as not all
of the coké is.removed. While it is possible to detect, via thermocouple networks, the
existence of gross temperature gradients within a fixed bed, such measurements are re-
ally averages. J. J. Carberry(87) ﬁotes_that the direct measurements of temperature and
concentration is impossible. At present, the only alternative is computation based on
existing relations obtained from experiments with either non reactive systems or those
derived from theory. |

As catalyst regeneration is generally considered to be a non-catalytic gas-solid re-
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action, most workers have modelled catalyst regeneration by use of power law kinetics
usually first order to the concentration of the solid reactant and first order to the concen-
tration of the gaseous reactant: Weisz and Goodwin(55,56), Haggerbaumer and Lee(57),
‘Sohn and Szekely(61). One of the most studied limitations of the regencralion reaction
is the intraparticle diffusioﬁ of the regenerating gas through the porous catalyst. Sur-
prisingly, most of the studies hé.ve not taken info account the effect’ of external mass
traﬁgfer limitations though the effect of mass transfer limitations on gas—so.]id lrt:acl.if:ms
are generally known(59). Secondly, despite evidence of catalytirc oxidation of coke, few
" attempts have been made at modelling regeneraﬁion of coked catalyst by assuming the
-fegraneration rea&ion to follow Langmuir-Hinshelwood kinet.ic_s. A pioneering attempt
at rﬁodelling coke gasification by Langmuir-Hinshelwood kinetics was that of Effron and.
Hoelscher(60). They(60) studied i;he low temperatﬁre oxidation of graphite. They as-

sumed the regeneration reaction to proceed by the formation, on the surlace, of an

oxygen—surfa,ce complex before reaction of the gas with carbon.
Hence, the regeneratlon model whose results are dlscussed here is deeined to give

a complete desc1pt10n_ of the regeneration process as it took into account the external
| .

S ] . I
mass transfer limitations in a.ddition to intra.pa,rticle diffusion and with the assumption

I
of Langmun Hmshelwood kinetics. The model was solved numerically by the finite

dlffer?nce a.pproxrmat:ons to yleld coke removal and rea,cta.nt consumplion profiles with

time. The model assumed the 1egenerat:on of 2 umform]y col\ed spherical pellet. ~

i
| . [}

. Though developed for a spherlca,l cata,lyst the model is general as Lo accon"n'!nodaLe

~

o
‘ partlcles of a,ny known georqetry, undergomg regeneratlon and with gd‘: and solid prod-
{
ucts. As expected coke consumption profiles were honzonta,l at bllld” dimensionless

times (F igures 63 to 64). At small dimensionless times § = 0.05, the regenerating gas

has just contacted the catalyst and combustion is just at its initial stage, hence the coke

»
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consumption profiles are horizontal lines as the coke consumption profiles are above 0.97.
However, the coke consumptlon proﬁles 1educe to about 0.82 at dimensionless time of

9 = 3. The gradual departure from the horizontal lines to S-shape at h:gh dimensionless

time reflects non uniform coke consumption caused by rctardatlon of gas flow to the reac-

tion interface due to intraparticle diffusional resistances encountercd by the regenerating
gas. As combustion proceeds and more of product is produced, the limitation to the
flow of reactant gas due to the counter diffusion of the product gas becomes significant,
leading to the ﬂatteniﬁg of the profiles towards the center, for tllg__ coke consumption
profiles.

Wen (63) intergrated the general model with the assumption of only intraparticle
diffusion and no bulk mass transfer limitation for a rate equation which was nt order to
the concentration of the gas and m'* h order to the concentratlon of the solid concentration.
A further assumption in Wen’s model was equal access of the 1eacta.nt gas at all radial
possitions. Hence, for all values of dimensionless concentrations, he obtained straight.
horizontal lines as a result of the assumptions. Wen's variation of dimensionless t-,ime
betw&an the minimum and maxinim was just 5 fold whereas the variation of dimensionless
time in this work, from 0.05 to 3 was 60 fold.

~Weisz and Goodwin(55) showed that parallel coke proﬁies are obtained during the

regeneration process in agreement with the results of Wen(63) and this work at low

~ dimensionless times. On changing modified Biot number in this work, the bulk mass

“transfer, the change of the dimensionless coke from 0.82 at a modiﬁcd Biot number of

10 to 0.88 at a mod:ﬁed Biot number of 0.05, for a mod:ﬁed Biot number change of

' 200 fold, was not an appreciable numemcal change. For the highly cxothex mic reaction

(most regeneration reactions are), and for surface reaction controlling, the reaction rate

increases towards the zone of higher concentration of the solid reactant. If the process
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were not limited by diffusion of the gas towards the reaction surface, then the profile
would have been entirely stfaight lines towards the center of the pellet as Wen observed.

It is clear that for the model developed here, and for the parameters selected, the

increase in interfacial resistance is not sufficient to offset the rapid reaction rate. Hence,

for this model, the controlling parameter seems to be a combination of surface reaction

and diffusion.

The similarity of the profiles deve]oped. in this work with well known ecstablished
profiles such as those of Wen(63) for the general model and Weisz and Good\f“'vin‘(_55) for
the shell progressive model shows that the regenéra;.tion process is also adequately mod-
elled by assumptions of Langmuir-Hinsheiwodd kinetics. This similarity may indicate a
very weak surface adsorption of the reactant gas and hence conﬁrms the validity of the
assumption of Effron and Hoelscher(60) u.rho.a.pproximated their reaction scheme to a
power law as a result of the assumption of weak adsorption of éurface-oxygen complex

in their analysis of the oxidation of .graphite. ‘ b

6.2.2 Maultilayer Coking Model On Real Surface

The multilayer coking model on real surface was developed by the introduction of suitable
modifications of the Klingman’s multilayer coking model to reflect the energy variation

due to the non uniformity of the real surface. The multilayer coking model ralates the

.coke content as a function of activity. The para{}neters in the multilayer coking model on

real surface were successfully lumped and estimated with experimental data of residual
activity after coking of Pt — Al,O3 in a CSTR, (Table 10).' This is the very first time,
known to this author, that the multilayer coke parameters would be estimated for the

specific case of Pt — ALO3 datain a CSTR.

A comparison of the metal prediction showed that the monolayer coverages for the real

+ . .232'



surfce was 0.025g carbon while that on ideal surface was 0.0128g carbon. To appreciate
the implications of this result, it is pertinent to recall first of all the considerations and
assumptions leading to the development of Klingman and Lee’s multilayer coking model.
It éhould be recalled that the model takes root from the gas adsorption on muitilayers
T  as presented by Branauer, Emmet and Teller(BET)(64), the BET development itself

'~ * being an extension of the Langmuir adsorption isotherm. The Langmuir isotherm relates
\ _ _ the uptake of gas with increase in pressure up to the adsorption of a monolayer. .On
i adsorption éf a monolayer of gas, a much lower energy barrier is presented against
Ef"‘ - further adsor ptionof 2 second layer. However BET theory further extends this Langmuir
theory to the case for the adsorptlon of subsequent layers The BET theory explained

oo . -the non linear region in the La.ngmmrs isotherm as due to multilayer adsorption of

" gas. Analogous to the multilayer gas adsorption, the deacti‘vat.ion of a reactive surface
.E - by the uptake of coke in multiiayers wé,s.presented by Klingman: and Leé. The major
assumption, at vatiance with the reality of a reactive surface, is the umfo: mity of the
surface. Ev:dence abound that the surface is not uniform(16,19,20). By assuming s suxface |
F N _ uniformity, Klingman and Lee’s(41) multilayer coking model by extension, assumed that
ﬁ' ' | the energies of adsorption of subsequent gas molecules and layers were the same. The
multilayer coking model on x;ea.l surfa.'ce, however, by eliminating that assumption is a

_much more realistic model.

el
-

‘ | , 1

It is thh the above background that the d:fferences in the par ameters between the

multllayer coking on real surface and ideal surface are easnly explained. Slmply, the

( higher monolayer coke coverage Q, in the multilayer coke on‘ real surface means it re-
quires much more coke to provide complete monol.;;myer coverage. Somorja.i’is ’I\surfaice

. 'rnodel(lQ) shows that'réa.ctivelsﬁrfaces are gqeneraly characterized by corr.nell‘:;, kinks, and

S y T . ] N
s R R \uspa.ces which coke species have to fill to attain monolayer. Frof_m{ the data of the coke
R ! ’ : :
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deposition on Pt— AI;O3 in & CSTR, the mulf.llayer coke model on 1ea,1 suxface was seen
to predlct the expenmenta.l coke profile although the model predicted a higher coke than
, \ ¥ | ~

' o the experlmental at higher act:vrt:es (Figure 61). It then requued the apphcntion of the
C finite Iayer assumption to predict the coke in the ent1re range of activities. The lumped

parameter, ', deactivation parameter for coking on real surface was estimated to be 4.2

while I, was 4.0 on ideal surface. From chapter 3

k,,l

A=t T Or

.
r

and the equivalent for idéal surface coking (Klingmans and Lee’s model) is

K,
a+a)y

T =
The values 4.2 and 4.0 can be said to be the same. This is probably due to the much
lower energy required to deposit the second and subsequent layers of coke. From the

+ theory of coking, once deposited, the coke acts as centers for further deposition(104)
3 particularly for this analysis where it is assumed that the main and coking reactions

take place on the same sites. Hence the deactivation parameters could not have been

expected to be much different.

6.2.3 Modelling Of Reaction-Deactivation Kinetics Of Cyclo-

“hexane

Parameter-estimation of the reaction deactivation kinetic model for £ =1 and h # 1 was

carried out by the non-linear regression routine the modifed Nelder and Mead non-linear

regresrsion routine(Flexible Polyhedron). The models were dynamic models and used
dea,ctwa,t.lon run data on fresh catalyst. The parameter estxmat:on was carried out by a

method that did not requlre decoupling of the main reactlon from the col\mg reaction.
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On confronting the data with the models, they were fou-nd to give a good fit for the entire
period of the run. h is the number of active sites participating in the coking reaction.
The standard derivation for the model with h = [, is 10% while that for A # 1is 12%.
None of the models is supcrior to the other. For having a lower standard deviation,
hox_vever, the model with h =1 is prefered to that with & # 1.

Deactivation parameters estimated without decoupling the model are found to be

- accurate and hence constitute an alternative method of estimating paramaters accurately

~.and doing so with a lower number of runs. The model formulation has also been able to

Y

compute an estimate of the level pf residual a.ctiifity after catalyst deactivation. A high
value of the partial deactivation constant, f, as was obtained in the analysis 0.948 and
0.917, indicates low residual activity i.e (1-0.948) (1-0.917} respectively. This of course
implies a very efficient utlhza.tlon of the active sites a,nd good control of the opexatmg
condltlons duung dea.ctwa,tlon runs.

| Estimation of reaction-deactivation kinetic model parameters by a similar computa-
t:iona.l p;‘oéedure are rare in li.terra;ut‘ure; The only one known to this' author isL that of
Forzatti and Ferraris(42). Forzatti :am,nd ‘Ferraris studied the reaction-deactivation kinet-
ics of methanol oxidation over. a silica suﬁported Fey03 — MoO; ca.ta]);:sl, in a plug flow

]

reactor. They described the redction- deactivation kinetics of F €205 — M o3 with two

Y &

, models. The mbdels were derived by a consfdera,t:on of two deactwa.tlon mechanisms -

ba,sed on, the chemlca.l investigation of the deactwatxon of the fresh and deadtivated
F 8203 -M 003 cata.lyst by Carbuc:cchlo et al. (84) The: parametelrs of \th;a model were
sxmulated w1th the saine plocedure used here. Both models gave gobdd lnedlctlons ancl \
the mean percentage error for the models were 15.97% and 13.48%.

This work has proved that the methodology for the straight-forward simultaneous

determination of both reaction kinetics and decay rates, without decoupling the main

235



F}

L3

reaction from the decay, used by Forzatti and Ferraris for an intergral reactor data is also
applicable for the system examined here with success. This success has demoistrated
the reliability of the reaction deactivation model developed. Both models were found to

adequé,tely represent the deactivation data.
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| Chapt er 7

CONCLUSIONS
The following conclusions have been drawn from the results of the investigation.
. - _

1). Comparing the mortality studies results in this work and that of Omoleye and
8 | _

Susu(6), toxic coke removal in the highest possible quantity is responsible for the pro-

:Iongatlon by more tha.n two fold (22 cycles in a previous work to 52 cycles here) of Lhe

L i -1

life of the catalyst Hénce a balance is necessary between the savings f1om the added life
time of the catalyst and the cost of hydrogen. A more than two fold increase in cata.lyst
life ‘time is evidently in favour of more investment in hydrogen especzally since hydlogen

. . .
i 1

1s generated durmg the reforming process.
\

(2): The seconda.ry coke is ‘confirmed to be dep051ted in layers on the catal yblt surface
and cor.131sts of several ty;)es W1th va,rymg reactivity ih Ha. f‘xve types were cleally
distinguishable here. Three of them were similar to the three deposited on Pt — Al O,
catalyst during MCP reforming (9). All five layers deposited here occured within the
same time as the three deposit‘;ed in MCP(9). Therefore the number of'reducea.b.lc cokes

formed may be dependent on the coking propensity of the reactant while the type of

reduceable coke formed 1s not.

-k 2'37



(3). After prolonged removal, not all the coke could b_(?‘rcmovcd confirming the
existence of three types of coke deposited on the catalyst surface. The first, oxidizable
coke, removed by ox1datlon in air. The second reduceable coke, removed by 1cduct10u
to methane and the third, tertiary coke, is resistant to bothpxidatmu and reduction and
hence suggested to be graphitic in nature. The tertiary coke is found to lie closest to the
catalyst-coke interface. ’ |

(4). Omoleye and Susu found that three stability states occuled in the oxxdlzable

coke level per cycle. In this mvestlgatlon however, the level of ox1dnza,ble md toxic

~ coke per .cycle is characterised by oscillations in between some fairly stable mte1 vals.

Characterization of the catalyst surface with each cycle in this work has revealed the

“occurence of redispersion which indicates the instability of the catalyst surface and the

probable cause of the oscillations in oxidizable and toxic coke with cycle number:

(5). This work confirms the postulated'coking sequence of Osaheni and Susu
Coke precursor — oxidizable coke — toxic coke — tertiary coke.

Coke formation; in whatever location it occurs, follows the above sequence. Conse-
quently, coke of a particular level of C/H at a given location is due to the propertiesAof
the location {Brgnsted or Lewis acid sites).

(6). No clear cut correlations botween catalyst parameters exist. Where correlations
exist, they are dependent on too many conditions. Even the location of coke, as con-
cisely shown by J. Barbier(17) changes with process conditions - pressurc, temperature,
reactant flowrate etc. Hence the results from a reactive sutface is an interplay ol a lot
of factors many of which may not'be easily undeilstood.

(7). No couelat)on exists between activity and dispersion. The deactivation times

were found to be highest in the cycles characterized by the lowest d]SpelSlOll and highest

238



toxic coke removal. Hence highest toxic coke removal was responsible for high activity
and hence determining the catalyst life-time. This confirms the conclusions reached in
this work and by others before (6,7,9,16,34) that toxic coke is responsible for the catalyst
mortality. Toxic coke is therefore more cruc1a.1 in determining catalyst life-time than the
level of dlspersmn The relationship between dlspers:on and activity has generated so
much controversy. The conclusion from this work is clear - no correlation is found to
exist between activity and dispersion. |

(8). During multiple deactivation-regeneration cycles, the catalyst sinters during
reduction and redisperses during oxidation. Usiﬁg our scheme and conditions it takes’
about 6 cycles to produce 1'edispel'si011 during oxidation.

(9). The multilayer coking model on real surface adequately describes the data of
residual activity and coke content. TFrom the model, the monola.y(;r coke coverage has
been evaluated to be 0.025g coke as agai‘nst 0.0128g coke for the ideal surface. The
difference bet\\;éen the values have been explained. |

_ s

(10). The computational technique in reaction-deactivation kinetic -lmc.ndelling which
gives a straight forward prediction of decline in rates, without decoupling the coking
reaction from the main reaction has been successfully applied. The technique was first

used by Forzatti and Ferrari for models developed from a chemical investigation of the

deactivation of Fe;O03 — MoOj. In this work it was used on models developed from a

. mechanistic investigation of the deactivation of Pt - Al O3 catalyst. None of the models

" developed here is better than the other, though on statistical grounds, the model with

the number of active sites in the coking reaction, b = 1, is beiter. It may be appropriate
to propose that deactivation by coking in this work occured preferably by a single site

mechamsm of the rate controlling step of the coking 1ea.ct10n
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Appendix A

Determination of metal Area,

-

Metal Dispé’rsion anc_l average

4 ¥

particle diameter by hydrogen
Chemisorption Technique.
| |

I

The metal area dispersion and pa,rtic!e:diameter were calculated from the experimen-
T A 1"'&'5_“' ,’: '5&:. et !
' !

tal data according to the stoichiometry proposed by Benson and Bourdari hydrogen

o, . .1 . f

d?ﬁg!!?&lzptmu on oxidized platinum below.

TR Gy T .
: i . P )

‘ | .
Pt— 0 +3/2H,—Pt — H + HyD

Dimension of sampling valve |
AT T W W ‘% ;:%‘F e ‘
[

_ - Length = 42em:
" a

Diameter = 1.5mm

0.15)” |
Kolumc = wg—?l- x 42 = 0.742¢m*
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T e g TT b e ey Fomem o s
: 74
. - BEa

1]

i+
i
7 L
i &

%

Assume; Ideality

S PV
"TRT
Operating Conditions:

I’ =t almospherc

T =30°C

R'= .06 STl
T gm — mol. K

Reactor temperature 430°C

Saturator Temperature 14°C

lggact.iva,tioxl runs in Ny, 1y, 100 frnan
b .

l}.g?gtants-cyclollle,\"ane, methylcyclopentane

i

_H:eductio_tj temperature H00°C — 2 hours

k]

T QD 1‘qp}p§ratgre 70°C
. Attqnua@ig}} }
) _Cz}talyst Wb:ghg § gms
The number of moles |

_PV_ IxV
= RT T §2.06 x 303

n

n=402x10"°xV

Ithe number é),f particlen = 4.02 X 1075 x V x Avogadros number
RO .-,(,;H-_..‘ "f".l:‘ﬂ :2,‘ by :, ) ;

¥ "

!

Sample Calculation
':}r-,t..-l.‘ :-Aﬁ:"l-‘f!":;\‘m Lt

P

., ' 954

! $4.02 x 107° x 6.03 x 107



7

§
g For Run 1
: A '
Jj Average Hydrogen titre = 0.7318em®
: Hence the number of H atoms:
. | = 4.02x 107° x 0,732 x 107
i = 1.774412 x 16"

° Calculation of the Surface Pt atoms

1
2 -

The chemisorption equation

s . assume$ that 1 atom of Pt is on the surface and interacts with one atom of oxygen or
' . ~ hydrogen.
. From the stoichiometry:
i et : ~
. < (3/2) H, = 1.774412 x 10atoms H
;l"‘ 1 H atom from étoichiometry is equivalent to ‘ |
1.774412 ' g
—3 X Lolgatoms H adsorbed
"g ‘ t::
' Hence :
! 1H atom = 5.914706 x 10'%atoms H
i ' Hence Pt surface atoms is = 5.914706 x 10'®
_ 5:914706 x 10'8
Number of moles of Pt n = — = 9.808799 x 107°
¥ ity S 16.03 x 102
LT | .

-~ I

e Calculation 95 dispersion of Ptlatoms or Support (Alumina)

‘I‘; T
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At weigh_t

!

Pt = 195.05

and fo.!'_ OJ{”t — Al Oy

a—— C%}. .
=
2
o
o
=
o
l

R,

moles Pt surface

Dispersion =

. i total moles
_ 1 9.808799 x 1076

. 1 1538 x 1070
Dispersion :: 0.637763 '
|

B {5 I

o

. I\dgt‘al Area Caiculation

Metal atea occupied by hydrogen on Pt has been reported.to be 11 Anstrong wnits. Area
L T

. : Hon Pt = 11 -7>~'<_‘1;0:2°7n2 Hence total area due to Pt
-4 S T = 5.914706 x 10 x 11 x 10%m?
‘ [ ’
= 0.650617m"
‘:’ = 6.50617 x 103cm?

i : ¢ Average Gluster Diameter, d |
. ,"E‘:f*‘*’ AR N *‘ E

The average diameter is given by:
Y T S
6V

7-¥

A

_,__._
-

where V s the volume of metal and A the metal area. For monomettallic cluster of Pt
< AT S I

ato,gg_g

=
fl

: 256
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. e

- 4‘1 “&“; T -:-_

.;‘.-;?7._;-‘,‘ -

wlle;j;=:5
mp, = 0.003¢
pp = 21.45-L
cam
Apr = 6.50617 x 10%cm?

Hence:
<

6(0.003/21.45)
6.50617 x 10°

= 1.28982 x 10" "an

'd P =

= 12.89824

e Calculation of Turn Over Number(TON)

e
¥

Turn Over number = Moles product per hour exposed mole of metals
wnk i '.-.’ﬁ‘.“ ’r"‘ AN ] o,

F'CpaX
nW

e

TON =

flowrate (1/hy)

E
=
.. 8
®
=
9!

g T g
Al

Ayerage Concentration
AN :

- l\,‘;"}
’ J\ = . .(_,-011 Ve.l'SiOll
b B b

# F number of moles exposed metal on 1 gm catalyst (moles/g)

w = 3¢

e 7 e

¢ Sample Calculation
GO S B *:

Turn Over Number fur Run 1

Cao = 0.00324molefl



o+ L r—

Wy

Y U7

f

n

TON

0.808799 x 10 %mole

6Lfhr

6 x 0.00324 x 0.51 { mol |
(9————-‘808729“05 X §) hr | mol

1010.76hr~!
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Appendix B

CALALYST REGENERATION

I
i !

From the ?guhdary condition, at # = 10 equation 47 we have, after rearranging
R " !
T 5(Np +20+ Pidepog€)anog) + 20005 = Np + berojé[F — P

This equation i8 combined witl the other equations generated from the mam equation at
BT w ,.z‘ :_? ' .
i=19,to7=0,to give a set of 11 linear simultaneous equations: Writing the equations,

we have,

~(Ng + 20 + Pidero,5€)baqog + 2004 400,5) =

Np + ¢e10)¢IP ~ B

10006 4(10,5) = (1800 + P19¢e(0,,)8) b a(05) + 8008ass) = 9¢uqu | P - P

'900¢A{9_J-) e (LQ,UO Tf' {?1{3969(8.:')).5)‘1511(6.;«') + 7006 aqr.5) = 8dbes )EIP — P2

8006 .4(s,5) — (1400 + P Tde(r5)€) +600¢a(s) = Ther[P — P

700¢.4(r,5) = (1200 # Pi6¢esiné)bace.i) + 5008455 60e0.)E [P — P2
LN 3 N .

<" 600¢46.5) — (1000 + Pr58c(s,5)¢)Pasg) + 1006445y = 5bes.n€lP — Pl
! 900¢4(s.5) — (800 + Piddeia)€)baas) + 300045 = 46capélP — P

!
7 . 239



[
;

%)

-:.r‘-
e

K
vLL'

400 a¢a,;) — (600 + Pi3dea€) by + 20004025 = 3o ELP — Pa)
f 300¢ 43,5y — (100 + Py de2 3€)Pacasy + 100daq;) = 2¢.2.)E(P — P2l
| 200425y — (200 + PrdoyE0¢apsy = dnnélld — 4]

60094015 — (€dc(0i) 1 + 1)) = ooy [P — Pi]

=

and fram equation 3.107 Generally

¥

bergy = 1 = 0P + dagiyPr— P, (B.1)
Writting from = 10, to 2 = 0 11 equations will be gencrated

$e0s) = 1= OuojenP + bapoi i = Pl,,

begog) = 1= O+l + b = P 2jau

Tfuss) = 1Ol baei P — Pal,,

$ery) = 1= Ozin[P + qu,.(z_',ij._ - P, !
$eisg) = 1~ OegenlP + ¢A(6l,...i)f’1 — P,

b5y = 1 0(5;j+1)[-P + daga P — Pal,,
‘P;(IJ) = 1- 0(‘1.j+1JI[P + ¢A(‘_I:.JJPI - Pl
beiziy = 1—0@sn[P+ baaP — Pil,,
b2y = 1= OpienlP +baginhr - P,
borg) = 1-— 9(1,,-111,[}’ + bainPr — Pil,,

| \ .
be05) = 1-— 00,40 [P + Pawitr — Pol,, i
E .

'
Procedur_e

At 0 +1) (dnmenalonless time), the ¢A(,,) profile 1s guessed and @, ;) is computed

from the set of above Now the calculated set of ¢>c(, 4) are then substituted into the

first set of llIng:}: ts;;gg!j}a.nous equations tp calculate ¢a(; ;). These calculated ¢4y; ;) are
o S -
-y [260
1 I 1
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< W |

i
!.[ now }1!5\(3(1 as the new guesses in the second set of simultanous linear equations, This
b‘t .‘ -' ;S—‘-. ‘.g l , ) .

4 L]

TR

.
. ' i
,
i
.
.
i

L

L iy - ——————
~

’
-

3
[ fu 3 ] f
5
| L]
L] i ,
!
) |
v 13
-
i
i !
1
1
| i
1

| on *
ijtw : :
i K
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procedure continues till convergence is achieved.
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-
csnoexr R : P . :
PROGRAM TO COMPUTE THE BAS'CONSUMP!ION AND COKE

DEPLETION PROFILE FOR VARIOUS DIMENSIONLESS
TIMES- uss cr FINITE DIFFERENCE APPROXIMATION.
BOUNDARY CONDITION AT THE
EXTERNAL SURFACE OF THE PARTICLE DISCRETIZED BY CENTRAL
DIFFERENCE. THE ENTIRE SOLUTION PROCEDURE IS AS

FOLLOWS. THE GAS CONSUMPTION
PROFILE IS FIRST GUESSED AND THE COKE CONSUMTION PROFILE
COMPUTED FROM THE EQUATION IN THE MAIN PROGRAM. THEN
THIS COKE DEPLETION PROFILE IS THEN USED TO COMPUTE NEW
VALUES FOR THE GAS CONSUMPTION PROFILE. THIS COMPUTED
GAS CONSUMPTION PROFILE NOW REPLACES THE GUESSED VALUES
IN THE MAIN EQUATION. EFFECT OF DIFFUSION ON PROFILES

IS OBSERVED BY CHANGING BIOT NUMBER, NB, AND SIGMA.
IMPLICIT REAL*8 (A-H,0-2)
DIMENSION A(20,20),COKE(20),AV(20),GAS(20)
T\ DIMENSION TH(20)
g}_ OPENE1,FILE=/MODELT.INP")

! OPEN(2, FILEr‘HODELE INP /)

. OPEN(3, FlLE-'MOOEL} INP' )
OPEN(4, slgzjguqquk ouT )
lt READ(1,%) TA,GAO,B,N,SIGMA
N © PP=0.0 T
By BT=0.0
120.0
NN=EN-1
NZ=N-2 .
NTEN-3 wer
PT2TA*GAO )
S . DT=1+TA%GAD Y
DS—(1+TA*6AO)*'2 0
P=PI/DT JETT

1
1
|
]
,
l.

nnnnnnnnnnnnnn

h
Ty

P1=TA/DT ©
P2=PT/DS

c READ .IN GUESSES OF INITIAL GAS PROFILE HERE AND VALUES OF
IHETA(DIHEHSIONEE?? TIME), J'S, AT WHICH THE COMPUTATICNS

WILL BE noué

; READ(2,*)’ (GAS(I) 1=1,N)
i READ(3, *) (lH(LL) LtL=1,5)
;' LL=1 . :
} 125 CONTINUE

DO: 50 =1,

< AV(I)= (P+GA5(I)*PI-P2)/(4 0)
COKE(I)~1-TH(LL)’AV(I)
50 CONTINUE,
A(1,2)-ZQQ;9
0O 75 1=2,N2
Lserer &
ACI,LS)=800, ;7
i H

%ﬁﬁ T=1+100.0 : -
. 75 courtnué . .
l AC11,10)= 2000

DO 15 Ls=1 NZ .
LS+ ‘.a“ !

L]
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ma s A g

15

29

32

10

18

370

37

319

128

91

A(1,1.5)51000.0-87 g

B1= ar+1oo 7

CONTINUE ' |

DO 29 I1=1, nr ;

DO 29 LSsI+2,N |

A(1,.§)=0.0

A{9,11)=0.0 . 1

AC10,11)=0.0 e ;

CONTINUE

A(3,1)=0.0

DO 32 I=4,N

00 32 LS=1,1-2

ACI,LS)=0. 0

CONTINUE

DO 10 1=2,NW

A(1,1)=-(B+20+4COKE(1)*SIGMA)

ACN,N)=-(SIGMA*COKE(11)*P1+1)

A(I,1)=-(1800-PP)+P1*(N-1)*COKE(1)*SIGHA

PP=PP+2060.0

CONTINUE '

00 18 1=2,NN

ACT,N+1)=B+COKE(1)*SIGMA*(P-P2)

ACN,H+1)=SIGMA*COKE(N)*(P-P2)

ACE,N+1)=((NN-I)+1)*COKE(I)*SIGHA*(P-P2)

CONTINUE

CALL GAUSL(20,20,N,1,A)

DO 37 1=1,N

TOL=A(I, N+1)}-GASCI)

IF(ABS{TOL) GE.0.0001) THEN

po 370 X=1,

CALL IHTCHG(A(K Ne1), GRS CKD)

CONTINUE ‘

Go TO 125

ENDIF

CONTINUE

WRITE(4,%) ¢ ¢

WRITE(G %) ¢

WRITE(G,*) !

WRITE(4,*) !

PO 128 1=1,N i

WRITE (4, 319) ABS(ACT, N*1)), COKECD)

FORMAT(/2X,F8.3, ax TEB. 3)

CONTINUE

LLELL#*T .

1FCLL.GT.5) 6O 10 9)

6o 10 125 " S

CLOSE(4)

STOP

END

SUBROUTINE INTC

IMPLICIT REALB(S
0KE (290

'1r<

)

G)
;Z
(20),655539),Th(20>

DIMEHS!DN C
T= A i
A=G *
G=T~

AL'UES G(1l} COKE VALUES,

i**tit**u*t *ﬁ*tt****iﬁtﬁ****ti*l

COKE(1)*
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END o

THIS 1S THE GAUSEAN ELIMINATION SUBROUTINE.

GAUSL SULVES A*X=B, WHERE A IS NXN AND B 'IS NXNS,
GAUSSIAN ELIMINATION WITH PARTIAL PIVOTING. THE MATRIX
(OR VECTOR) 8 IS PLACED ADJACENT TO A IN COLUMNS K+1 TO
N+NS

A IS DESTROYED,
SUBROUTINE GAUSL(ND,NCOL,N,NS,A)
IMPLICIT REAL*8(A-K,0-2)
DIMENSION A(ND,NCOL) i
N1 = N + 1 !
RT =N + NS !
IF (N .EQ. 1) GO TO 50 :
START ELIMINATION

AND THE RESULTING MATRIX X. REPLACES 8.

..F........-.-..-..----..

P =1 -1

11 = 1P

X = DABSCA(11,11))

0 11 J = I,N

IF (DABSCACJ,11)) .LT. X) GO TO ¥
X = DABS(CACJ, I11)) 1
TITH D .
CONTINUE . :

1F (IP Q, 112 99 Tq 13 i

DO 10 1=2,N ' !
|

ROW INTERCHANGE

pa 12 J s 11, ur )

X 5 ACTY, )

ALY, ) = ACIP,Y)

ACIP, ) = X

PO 10 4 £ I,N

X B ACI,I1)/AC11,11)

00 10 K = I,NT .

ACI,K) = ACI,K) - X*ACI1,K) ,
! ‘ |

FL]MINA:IDN FINISHED, NOW BACK SUBSTITUTION.

..... L L R R I R I I B T R R R A R

DO 20 IP = 1,N
I = N1 - 1P

po 20 x:; N1,NT

ACT,K) = ACE,K)ZACL, 1)

TF (1 .EG. 1) 6D 10 20

1M =1 - 1

PO 25 J = 1, I1,

ACI,K) = ACS,K) - ACI,KI*ACJ, 1)

CONTINUE ' *
RETURN ' :

END



FLEXTY. FOR

‘
.

C H X ! TOIAL gUMBER oF INDEPEN?ENT VARIABLES
[ NC TOTAL NUMBER OF EQUALITY CONSTRAINTS
: t  NIC TOTAL NOMBER OF INEQUALITY CONSTRAINTS
.? c SI12E EDGE LEHGTH OF THE INITIAL PDLYHEDRON -
n! c CONVER CONVERGENCE CRITERION FOR TERHINATION OF THE SEARCH
%:% C ALFA THE REFLECTION COEFFICIENT
r Cc BETA THE CONTRACTYION COEFFICIENT
. c GAMA THE EXPANSION COEFFICIENT
; c xX(I) THE ASSUMED VECTOR TO INITIATE THE SEARCH
- c FDIFER THE TOLERANCE CRITERTION FOR CONSTRAINT VIOLATION
c ICONT A COUNTER T0 RECORD - STAGE COMPUTATIONS
{
i c ESTIHATION OF THE PARAMETERS OF A DEACTIVATIUON KINETIC MODEL
! c TO BE USED IN THE PREDlCTION OF DEACTIVATION PROFILES
% C THIS 1S THE FLEX!BLE POLYHEDROWN SEARCH TECHNIQUE KNOWN AS
! C THE BOX METHOD FOR NON LINEAR PARAMETER ESTIMATION.
DIMENSION RT(50)
DIMENSION X(50),X1¢50,50),%X2(50,50),R(100),SUM(503, F(S0),SR(50)
OIMENSION ROLD(100),4¢50),CAC50),XA(50),XAREA(50),CONC(50),RX(50)
COMMON/A/NX NC,NIC, STEP,ALFA,BETA, GAMA, IN,INF, FOIFER,SEQL,K1, K2
COHMOHIBIKS K&, KS K6, KT, K8 K9 X,X1,X2,R,SUM,f ,S5R,ROLD, QCALE FQLD
i COHMON/CILFEAS LS,L6,LT7, LB L9 R1A,R2A,R3A,CONC, XAREA,XA,RX,RT,CA
y OPEN(1,FILE='FLEXTY.INP')
! OPEN(2, FlLE"FLEXTYZ INP )
; OPENC(3, FlLE=‘FLEKTY ouT )
i, READ(1,*) NX, nc n1c S1ZE,CONVER
- ALFA=1.0
BETA=.5
' GAMA=2.
; STEP=S1ZE
ﬁa C -THE ASSUMED INITIAL VECTOR IS READ IN AFTER THIS CARD
' READCT, %) ¢X¢1), 151,NX)
READ((Z, ") (XACHN), MN=1.14) ’
11 K1=NX+1 :
%4 K2=HX+2
e K3=NX¥3
: K4=NX+4
i » KS5=NX+5
i K6=NC+NIC
’ K7=NC+1
K8=NC+NIC
; K9=KB+1
: NeNX-NC
; "N1aN+1 .
' . 1F¢(N1.GE.3) GO IO 50
Y N1=3 A
: N=2
50 MH2=N+2
] N3=N+3 '
: NezN+4 o '
“" NSaN+5 - ' . '
i N6=N+6 : ; ' i
1 N7=N+7 . \
NB=N+8 .
XN=N -




i XHX=NX

XN1=N1

: R1A=.5%(SART(5.)-1.)
& RZA=RTA%RTA

¥ R3AZ RZA*R1A

Q?. LS=NX+S

. L6eNX+b
' L7eNX+7
LAB=NX+8
T LO=NN+9 .
bi ICONT=1 '
NCONT=1

! WRITE(3,*) (X(d), J=1,NX)
FDIFER=2.%(NC+1)*STEP
FOLD=FDIFER
IN=N1
CALL SUMR
: SR(N1)=SQRT(SEQL)
Eﬁ 1F¢(SR(N1).LT.FDIFER) GO TO 341
g CALL WRITEX :
WRITE(3,*) fTHESE. INITIAL VECTORS UNSATISFIE’ CRITER
INF=R1 '

: STEP=0,05*FDIFER
. . CALL FEASBL
| WRITE(3,*) 'THESE VECTORS SATISFY CRITERION’, CSATIS

IF(FOLD.LT.1.0E-09) GO TO 80
i; 341 WRITE(3,%) 'STAGE CALCULATION NUMBER',ICONT, FDIFER
- CALL WRITEX '

! FTERE=R(KD)
' WRITE(3,*) !'THIS ARSEVEN IS’ ,FTER
K C COMPUTE CENTROID OF ALL VERTICES"OF INITIAL POLYHEDRON
X 237 STEP1= STERY(SQRI(XNX$1.)4XNX-1.)/(XNX*SQRT(2.))
STEPZ=STEP"(SORT(KNK+1.)-‘l Y/ CXNX*SQRT(2.))
ETA-.csrep1+<xnx-1.)*STEPZ)/(xnx+1.)
DO 4 J=1,NX
g X{dy= xcd) ETA
o 4 CONTINUE
CALL START
0o ﬂ 1=1,N1
po J=1,NX
xz¢tl, 4)=x1¢1,9)
9 CONTINUE
_ . bo sl I=1,81
] : . IN=1
DO 6 J=1,WX
6 x(a>=x2(x J)
E‘ CALL SUMR
g SR(1)=SQRT(SEQL) .
IF(SRCI).LT.FDIFER) GO TO 8
CALL FEASBL ' :
1F(FOLD,LT.1.0E-09) GO TO 80
8 CALL PROTWO C .
© FC1)=R(KS)
CONTINUE
STEP =0.0S*FDIFER

‘a wn

El




.
t

ICQ@T?lCONTO'I

SELECT LARGEST VALUE OF OBJECTIVE FUNCTION FROM POLYHEDRON VERTICES
FA=EC1)

LHIGH=1

0O 16 1=2,N)

IFCF(1),LT.FH) GO TO 16

FH=F (1)

LH;'H=|

.

16 CONTINUE
SELECT [MINIMUM VALUE OF OBJECTIVE FUNCTION FROM POLYHEDRON VERTICES
41 FLEF(1)
Lo¢=1
DO 17 1=2,N1
YFCFLLLT.FCI)) GO TO 17
FL=F{I)
Low=1
17 CONTINUE
DO 86 J=1,NX
86 X(J)=N2(LOW,Jd)
IN=LOW : .
CALL SUMR :
SR{LOW)=SQRT(SEAL)
1F(SR(LOW).LT.FDIFER) GO TO 87
INF=LOW
CALL FEASBL
IFCFOLDO.LT.1.0E-09) GO TO 80
CALL PROTWO
FCLON)=R(KD)
6o YO 41
87 CONTINUE
FIND CENTROID OF POINTS WITH | DIFFERENT THAN LWIGH
DO 19 J=1,NX

-

SUM2=0, . -
po 20 1=1, :
20 sunz:sum2+x2<| J) ' .
19 X2(N2,J)=1. /xu*(sunz X2¢(LRIGK,J)) .

SUM2z0 o . o
Do 36 I1z1,N1 .
DO 36 J=1,NX ,
suM2= sun2+<x2(| dy-X2(N2,4))1%2 :
36 CONTINUE ‘
FOLFER=(NG#1)/XNI*SQRT(SUN2)
IF(FDIFER LT, FOLD) 60 TO 98
- FDIFER=FOLD

GO TO 198 : .
98 FOLD=FPIFER ? .
198  CONYINUE ' "

FTERZF(LOW) i
137 NCONT= ncour+1
IF(NCONT.LT. 4*u1) G0 TO 37
IF(ICONT.LT. 1500) GO TO0 337
FOLD 0. S‘FOLD ¢
337 NCONT=0
CALL WRITEX s
37 lF(FDIFﬁR.LT,FQgMER) 60 T0 81
5 R TEA B




e

Lo

L ‘ '
c sELECT SECOND LARGEST vALUE Of OBJEFTIVE FUNCTlON

i

!- lF(LHlGH ga.1) 60 10 43

f © ps=FC1) :

i#-‘_. LSEC =1 .
co Go 10 44 _
b 43 FS$ sF(2) 7
'Lsic 22

i.', w4 0o 18 1= M | .
' lF(L“IG“ E@.1? GO 10118

TTSASRE L7.Fs) 60 10 18
% E§?F(l)
psec=1
48 CONTINUE .
REFLECT RIGH POINT THROUGH CENTROID

! po 61 3=1.NX

" . X2(N3, )= x2(nz J)+ALFA*(!2(H2.J)-X2
A 61 X(4yeX2(N3, 92

IN=N3

(L AN
[ 2]

(LHIGH,J))

§
i .
2 - CALL SUMR
| SR(N3IZ cgQRT(SEAL)
| gg 1FLSRIN3D: 1 fprrery 6o 1O 82
BT LELE | '
cALL FEASBL
Je(eoLD. LT og-09) 6o 10 8°
gz CONTIWUE |
~7 caLL PROTWO
‘ o F(N3)=R(K9)
i TFCE(N3Y-LT CpeLowy) 60 1o 84
. LECF(N3)-LT- F(Lsecy) 60 10 92

e Nl =

i oms

2 aman
o -._‘,‘ T
Coow -
(1]
o
-4
o
o
o

92 . po 93 J4=1.8X
93 xZ(Lﬁlﬁu;qu=x2(n3,J)

t
s
-~ N
o
~
e
=
—
I )
- <
-
L}
oy
=
o~
=
w
L

F(LﬂlGH)iﬁ(HS)
; 60 10 1000

EXPAND | VECTOR cgarcH ALONG PIR
: REFLECTED ‘ ECTOR
| RS 1. g 23 421 NX

SR TILLY J)=X2(N3.J)+GAMA'(X2(N3,J)-XZ(NZ.J))
X(J)=KZ(N& H
1 tueNs '
| . caLL SUMR .
!i . SR(NLD= =sQRT(SEQL) '
2 IF(SR(N&) LT.EDIFER) go 10 25
; INF=Né
cALL FEASEL ,
E {F(FOLO.LT- 1 0g-09) 6o 10 80
25 CcALb pPROTWO
3 f(HEI=RIKD)

1F(F(LOH) L1, F(ne))y 60 TO 92

pg 26 J=1.NX
26 X2(LHIGH, )T Sx2(Nb, 4D
T pLNIGH)YFINGD

SR(LHIGH)=SRENGD

go 10 1000

1

gCcT10N THROUGH CENTRO!D AND

0 O

TR
VN
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. - . —re mem——
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60

65
&4

66

67

69

71

72
70

68
73

81

80
9999

' ) *

TF(F(N3).GT. F(LHIGH)) GO TO 64
DO 65 J=1,

X2(LHIGH,J)—X2(N3,J) .
DO 66 J=1,NX .
X2(N&,J)=BETA*X2(LKIGH,J)+(1.0-BETA)*X2(N2,J)
XCJY=X2(N&, ) ; :
IN=N& i
CALL SUMR
SR(N4)=SQRT(SEQL) .
IF(SR(H4).LT.FDIFER) GO TO 67 :
INFsN&

CALL FEASBL ,
IF¢FOLD.LT.1.0E-09) GO TO 80 .
CALL PROTWO

FC(N&I=R(KD)

IF(FCLHIGH) .GT.F(N4)) GO TO 68
DO 69 J=1,NX h .

DO 69 I=1,N1
X2¢1,d)=0.5%(X2(1,J)+X2(LOW,Jd))
DO 70 I=1,N1
DO 71 J=1,NX
XCII=X2(1,4) ‘
k=1 %;‘ |
CALL SUMR :
SR(I)=SQRT(SEQL)
IF(SR(I).LT.FDIFER) GO T0 72
INF=1

CALL FEASBL

IFC(FOLD.LT.1.0E-09) GO TO 80

CALL PROTWO

FCIIER(KD)

Go T0 1000

pg 73 J=1,

X2(LKIGH, $ye xz(n4 1)

SRCLHIGH)= sn(n4>

FCLHIGHYRF(N&) i

GO TQ 1000 .
WRITE(3,*)'TOTAL NUMBER OF STAGE CALCULATIONS ARQ',ICONT,FDIFER
CALL WRITEX

HRITE(3 ')‘TOTAL NUMBER Of STAGES CALCULATIONS ARE' ICONT,FDIFER
ser i

END

SUBROUTINE FEASBL
o:ueusuou X(50) x1<so 50),%X2¢50,50),R¢100),SUM(50),F(50), SR(SO)
DIMENSION ROLD(iOO) R2(100),R3(100),FLG(10), H(SO) CA(50)
onnensnou n1(1oo> XA(50) XAREA(50), couc<50) Rx(so),nT(so)
CONMON/A/HX Ne, NIC STEP,DUM1,DUM2,DUM3, IN,INF,FDIFER,SEQL,K1,K2
connon;s/xs K4, KS5,K6,K7,K8, K9,X,41,%2,R, suu F,SR,ROLD,SCALE,FOLD
COMMON/C/LFEAS 's,L6,L7,L8,L9,R14,R2A,R3A,CONC, XAREA, XA RX RT CA
ALFA=1.
BETA=0.5
GAMA=2.
XN X =NX
ICANT=0
LCHEK=0



s

A Ay TR e e e -
-;'Ed . N

60

65
64

66

&7

69

71

72
44

68,

73
81

80
9999

DO 71 4=1,NX

IF;f;&}).GT.F(LHlGH)) GO TO 64
00 65’ J=1,NX

X2(LHIGH, J)—x2(n3,J) .
00 66 J=1,

XZ(N4, )= BETA*XZ(LHIGN Jy+¢1.0- ssra;*xzcuz J)
XCdY=X2(Nb,d) !
IN?NG !

CALL SUMR | .
SR(N4)=SQRT(SEQL) : ’
IFCSR(N4).LT.FDIFER) GO TO 67 |

INFeN& I

CALL FEASBL

[FCFOLD.LT.1.0E-09) GO TO 80
CALL PROTWO .

FONG)=R(KD)
LECFCLHIGH).GT.F(N4)) GO TO 68
DO 69 Jy=1,RX ' :

DO 69 I1=1,81
X2(1,d)=0.5%(X2(1,J)+X2(LOW,4))
DO 70 I=1,N1

X{Jy=X201, 0 ,
1N=1 - |
CALL SUMR h
SR(1)=SQRT(SEQL)
1F(SR(I).LT.FDIFER) GO TO 72
INF=1

CALL FEASSL
1FCFOLD.LT.1.0E-09) GO TO B8O
CALL PROTWO

FCI)=R(KD)

G0 TO0 1000

DO 73 J=1,NX

X2C(LHIGH, J)=X2(N&,d)
SRCLHIGH) =SR(N&) ,

FCLHIGH)=F(N&) . i

GO TO 1000 :
WRITE(3,*)'TOTAL NUMBER OF STAGE CALCULATIONS ARL', ICONT,FDIFER

CALL WRITEX

WRITE(3, *)!TOTAL WUMBER OF STAGES CALCULATIONS ARE’ JCONT,FDIFER
STOP

END

SUBROUTINE FEASBL
DIMENSION X(50),X1(50,50),X2(50,50),RC100), SUM(50),F(50), SR(50)
DIMENSJON ROLD(100),R2(100), R3(100),FLG(1D),H(50) CA(50)
DIMENSION R1(100), XA(50),XAREA(50), coucc50) RX(50),RT(50)
COMMON/A/NX NC,NIC,STEP DUM1,DUM2,DUNI TN, INF, FOTFER,SEQL, KT, K2
COMMON/8/K3, K4, K5, K6,K7,KB, K9, X, X1,X2,R, sun F,SR,ROLD,SCALE, FoLD
COMKON/C/LFEAS, LS L6 L7,L8,L9,R14, nzn R3A,CONC, XAREA XA,RX,RT,CA
ALFA=1.
BETA=0,5
GAMAS2.
XNX=NX
1CONT=0
LCHEK=0



c

25

10

ICHEK=0

_ CALL START

P03 1=21,K1

0O 4 J=1,NX :
X1¢1,4)=0.

XCdI=X1¢1,d)

IN=1

CALL SUMR

CONTINUE _
SELECT LARGEST VALUE OF SUM(I) IN SIMPLEX
SUMH=SUM(1)

INDEX=1

0O 7 I=2,K1

IF(SUM(I).LE.SUMH) GO TO 7

SUMH=SUM( 1)

INDEX=]

CONTINUE

SELECT MINIMUM VALUE. OF SUM(I) IN SIMPLEX
SUML=SUM(1)

KOUNT=1

00 8 1=2,K1

IF(SUML.LE.SUM(1)) GO TO 8

SUML=SUM( 1)

KOUNT=1,

CONTINUE

FIND CEkTROID OF POINTS WITH 1 DIFFERENT THANK INDEX
po & J=1,HX

SUMZ=0.

00 10 1=1,K1

SUMZ=SUM2+X1¢1,J)
X1(K2,4)=1./XNX*(SUR2-XTCINDEX, J))

FIND REFLECTION OF HIGH POINT THROUGH CENTRGID
X1(K3,43=22.%X1(K2,d)-X1(INDEX,J)
xedy=x1¢x3,0

1NdK3 .

CA4L SUMR

TFGSUM(K3).LT.SUML) GO TO 11

i

. SELECT SECOND LARGEST VALUE IN SIMPLEX

38

39

12

"

15

IFCINDEX.EQ.1) GO TO 38
SUMS=SUM(1)

GO O 39

SUMS=SUM(2)

DO 12 I1=1,K1
IFC(INDEX-1).EQ.0) GO TO 12
IFCSUM(1).LE.SUMS) GO TO 12
SUMS=SUM(T) ;
CONTINUE

[F(SUM(K3).GT.SUNS) GO TO 13
GO TO 14

FORM EKPANSiOﬂ OF NEW MINIMUM IF REFLECTICN HAS PRODUCED ONE

0O 15 J=1,NX : )
XK, J)2NT(K2,0)+2. % (X1(K3,4)-X1(K2,J))
XC)=X1(K4,d)

IN=K4 ' .
CALL SUMR

MINIMUM



g 1

13

18
17

19

20

30

23

27

16

ra|

T4

22

26

36

24

[

S 1CONT=0

IFCSUMCK4).LT.SUNL) GO TO 16
6O 10,14

IF(SUM<K3) GT.SUMH) GO To 17
DO 18 J=1,NX

X1CINDEX, dy=X1(K3,4)

00 19 J=1,NX

X1¢K&,J)=0.5*XT(INDEX,J) +0.5*X1(K2,d)

X(JI)=X1(K&,Jd)

IN=K&

CALL SUMR
TF(SUMH.GT.SUM{(K4)} GO TO 6

REDUCE SIMPLEX BY HALF IF REFLECTION HAPPENS TO PRODUCE A LARGER

THAN THE MAXTMUM
Do 20 J=1,
00 20 1=1,K1

X101,J3=20.5%"¢(X1(1,J)+X1(KOUNT, J)}

DO 29 I=1,NX

00 30 J=1,NKX
X(dr=x1¢1,d)

IN=]

CALL SUMR

CONTINUE

SUML=SUM(T)

KOUNT=1

0o 23 1=2,K}
TF(SUML.LT.SUMCI}) GO TO 23
SUML=SUM(I)

KOUNT=1

CONTINUE

SROINF)= sonr<sun(xouur))
Do 27 4=1, RS
X(J)= x1<xouu7 $)

GO Y0 zs

po 31 X

x1(runsx a: X1€KA,J)
sunctnoex>=sun(x4)

60 7O §5'

po 21 J=1,

X1CINDEX, J) X1(K5,J)
XCII=XICINDEX, 4) .
SUMCINDEX)=SUM(K: )
SRCINFI=SART(SUMCKS))

GO TO 26 :

0O 22 J=1,NX
X1CINDEX,d)= X1¢K3, )
XCI3=X1(INDEX, )
SUM(INDEX)=SUM(K3)
SRCINF)=SQRT(SUM(K3))
ICONT=ICONT+1 '

DO 36 J4=1,NX

XZCINF, d)=X(d)
IFCICONT.LT.2*K1) GO TO 50

DO @4 J=1,NX
X(Jd3=X1(K2,4)

VALUE



57

o000

* 51

52

. |
j
|

by 54

55

C ONE
97

I -

IN=K2
CALL-SUMR
DIFER=0.

DO 57 I=1,K!

DIFER =DIFER +(SUM(1)-SUM(K2))**2
DIFER =1./(KT7T*XNX)*SQRT(DIFER)}
1F(DIFER.GT.1,0E-14) GO TO 50

JF FLEXIBLE SIMPLEX METHOD FAILLED TO SATISFY THE CONSTRAINTS

IN=K1
STEP=20.*FDIFER
CALL SUMR

SRCINF)=SQRT(SEQL)

DO 52 J=1,NX
X1(K1,J)?X(J)
po 53 J=1,
FACTOR =1,

X(J)=X1(K1, JJ+FACTOR*STEP

L1CLY, J)=X( )
IN=LY '
CALL SUMR

X(J)=X1($1,J)'FACTOR‘STEP

X1(LS,d3=X(d)
IN=LS
CALL SUMR ,

IF{SUM(LY). LT SUM(K1)) GO T0 54
IF{SUM(LS). LT 5UM(K1)) GO TO 55

‘.<

60 TO 97

X1(L5 JI=X1CKRT, 4D

SUMCLS)=SUK(KT)

X1CKT1,4)=sX1¢(L9, )
SUM(K1)=SUMILS) 4

FACTOR= FACTOR+1.

X(J) X1(K1 J)+FACTOR*STEP

1N=L®
CALL SUMR
GO TO 56

X1¢L9,3)=X1(K1, )

SUM{L9)=SUM(KI)

X1¢K1,4)=X1(L5, )

SUMCK1)=SUM(LS)
FACTOR=FACTOR #1.

XeJdy=x1¢x1t, J)'FACTOR*STEP

IN=LS .
CALL SUHR »
Go TQ S6

WITHIN THE TOLERANCE CRITERION FOR THE CURRENT STAGE,
PERTURBED FROM THE POSITION WHERE TRE X VECTOR 1S STUCK AND FEA
REPEATED ONCE MORE FROM THE BEGINNING

THE SEARCH I[S
SBL

DIHENSIDHAL SEARCH BY GOLDEN SECTIOH ALONG EACH COORDINATE

H(d)~ l1(L9 J- X1( 5 d)
X1(L6, J)=X1(L5 J)*H(J)*R1A

XCJI=XTCLE, )
IN=L6
CALL SUMR

X1(L7,0)=X1(L5,J)+R(JI"R2A

L4

L3

18



76

r 68

;i‘ | 71

i | 75
53
|
!
, 760
761
50
C
QE N
-
B
;G‘ 139
40

Ces WA T L oa,,

:
XCd)=X1(LT7, )
1n-|7 "
CALL SUMR

IF(SUM(L6).GT.SUM(LT)) GO TO 68

X1¢LB,Jy=X1¢{L5,d)+(}
X1GLS, J3=X1(L7,d)

x<4>-x1(La.J)
INﬂLB
CALL SUMR

ScR3AIYHO )

IF(SUM(LB).GT SUM(L6Y) GO TO 76

X1(L5 J)=x1(L6 J)
SUH(LS) SUM(Lb)

GO T8 75 .,

XI(L9,J)=X1(L8,J)
SUM(LS)=SUM(LE)

GO TO 7%

X1(L9,J)=X1(L6,J)

X1(LB,4)=XT(LS,JI+RIA®NH{J)

X(JI=X1(LB,J)
IN=LB ‘
CALL sumr |
STEP =SIZE
SUM(LPY=SUM(L6)

TF(SUK(L7),6T.SUMCL8)) GO TO 71

X1CLS,d)FX1(L8,4)

SUM{LS)= SUH(LB)
GO To 75 .

X1(L9,Jd)= X1(L7 J)

SUM(L9)= SUM(L?)

L]

’

IF(ARS(X!(L? J) Xl(LS J)).GT.0.01*FDI1FER) GO 10 97

X1¢K1,
X(4)=X1(LT, 4)
SUM(K1)=SUM(L5)

d)z K1(LT J)

.},_

SRCINF)=SAQRT(SUH(K1))
IFCSRCINF),LT.FDIFER) GO TO 760

CONT]NQE L

ICHEK={CHEK+1
STEP=FDIFER i

TFCICHEK.LE.2) GO TO 25

FOLD=1.0E-12
GO T0 46
00 761 J=1,NX

+

X2CINF, JX=X1(KT,J)

X(J)=x1¢(K1, 1)

IFCSRCINF).GT.FDIFER)Y GO TO 28

MODIFIED LAGRAHGE

INTERPOLATION FORK TIGHT

IFCSRCINF).GT.0.) GO TO 35

CALL PROTWO

"FINT=R(K?)

00 139 4=1,NX
XCJI=X2CINF,J)
CALL PROONE
DO 40 J=K7,K8
RTCJI=RCS)

D0 41 J=1,NX

1

lNéﬂUALITIES



41
42

43

&4

45

. &8

49
465

46
&7
35

335 °

X(J)=X1(KOUNT, J) .
CALL PROONE :
DO 42 J=K7,XB )
R3(J)I=R(J) : K
0O 43 J=1,NX . -
HOJIEXT(KOURT, 43 -X2CINF,J) )
XCJ)=X2CINF,J)*0.5%H(J) .
CALL PROONE '

FLG(1)=0,

FLG(2)=0.

FLG(3)=0.

DO 44 J=K7,KB .
1F(R3(J).GE.O.) GO TO &4
FLGCT)aFLG(1)+RICII*RIC) %
FL6(2)=FLG(2)+R(JI*REI) ! .
FLG(3)=FLG(3)+RICJI*RI(J) | ‘
CONTINUE | '
SRCINFI=SART(FLG(1)) !
1F(SR(INF).LT.FDIFER) GO TO 35
ALFAT=FLG(1)-2."FLG(2)+FLG(3)
BETA1=3.*FLG(1)-4.*FLG(2)+FLG(3)
RATID=BETA1/(4.*ALFA?T)

DO 45 J4=1,NX

X¢J)=X2CINF, JI+HCJI*RATIO

IN=INF ‘

CALL SUMR

SRCINF)=SORT(SEQL)

1F(SRCINF), LT.FDIFER) GO TO 465
po 49 t=1,20 . '

DO 48 J=1,KX R
X¢J)=X(J)-0. us*u(J)
CALL SUMR
SRCINF)=SQRT(SEQL) .

IFCSROINFY.LT. roern) GO TO 465

CONTINUE

CALL PROTMD

TFCFINT.GT.R(KS)) §O TO 46

SRCINFI=0.

60 TO 35

20 47 y=1,NX

X2(INF, d)= X(J)

conrlgue |

00 335 J=1,NX

X(JI=X2CINF, J)

RETURN

END

SUBROUTINE START

DIMENSIQN RK(SO) R1(50)

DIMENSION X(50), /%1¢50,50),%2¢50,50),R(100),SUK(50),F(50),SR(50)
DIMENSION ROLD(100),A(S0,50),C0NC(50), xA(50) CA(50),XAREA(50)
COMMUN/A/NX,NC, NIC, STEP,ALFA BETA, GAMA, IN, INF, FDIFER, SEQL, KT, K2
COMMON/B/K3,K4,K5,K6,K7,K8,K9,X,X1,X2,R, SUM, F,SR,RULD,SCALE, FOLD
COMMON/C/LFEAS, L5 L6,L7,18,19,R1A,R2A, R3A, CONC, XAREA,XA,RX,RT,CA
YN=NX

stEP1~§TEB/(VN*sqgr<2.0))*(soR[(yn+1.)+VN-1.)

Y



PN 4
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,LJ
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[ ¢
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PN
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STEP2= srsp/cvnwsua1<2 DI*CSART (VN1 -1
00 1 J=1, "4 ,
A(TtJ)fp' '

Do Z 1=2,K1 ,
DO & JE1,NX

ACtiayesTEP2 . .

Le1< - T

ACI, L)=STEP! :

CONTINUE -

DO 3 =1, K1 )

Do . 3 d=1, , -
x1(l,4);x(J)+A(I,J)
RETURN |

END

SUBROUTINE WRITEX
DIMENSIOK RT(50)
DIMENSION X(50),X1(50,50),X2(50,50),R(100),5UM(50),F(50),SR(50)
DIMENSION ROLD(100),CA(50),XA(50), XAREA(SO) CONC(50),RX(50) .
COMMON/A/NK,NC,NIC,STEP, ALFA,BETA, GAMA, IN, INF, FOIFER, SEQL, K1, K2
cbhnou;s/gs,xa,xs,xé,x7,Ka,xo,x,XI,xz,R,sun,r,sa,ROLD,SCALE,FOLD
COMMON/C/LFEAS,L5,L6,L7,L8,L9,R1A,R2A, R3A, CONC, XAREA, XA, RX,RT,CA
CALL PROTWO | .

WRITE(3,%) ‘OBJECTIVE FUNCTION VALUE 1S, R(6)

WRITE(3,*) R(6J oo
WRITE(3,%) ‘THE 1uoep5unsur vgcroﬂs ARE *, {X(TY, J=1,NX)
WRITEC3, %) (X€J), J=1,NX) | .

CALL PROOME i. i

WRITE(3,*)!THE INEQUALITY CONSTRAINT VALUES ARE‘,(R(J), J=K7,K6)
RETURN ' T | .

END I ‘
SUBROUTINE SUMR

DIMENSION RT(50)

DIMENSION X(50),X1¢50,50),%X2¢50,50),R(100),SUN(50),F(50),SRC50)
DIMENSION ROLD(100),CONC(50), XA(SO) CA(50),XAREA(50) ,RX(50)
COMMON/A/NX,NC, NTC,STEP ALFA,BETA,GAMA, IN, INF, FOIFER, SEOL K1, K2
COMMON/B/K3,K4 KS, K6 ,K7,K8,K9,X,X1,X2 R, SUM, F, SR, ROLD, SCALE, FOLD
COMMON/C/LFEAS,LS, L6,L7,18,L9,R14, R2A . R3R,CONC,XAREA, XA, RX,RT, CA
SUMCINY=0. . | \

CALL PROONE o _ ! '

SEQL=0. '

IF(NIC.EQ,0) GO 1O &

0O 1 J=KT7,K8

1F(RCJ).GE.O.) GO TO 1

SEOL=SEQL+R(JI*R(J)

CONTINUE. .
IF(NC.EQ.0.) GO T0 3 :

CALL PROTWD .

DO 2 J=1,NC

SEQL=SEQL+R(HTRUY)

SUM(IN)=SEQL’

RETURN " . "y

END '

SUBROUTINE PROTNO

DIMEWSION RT(50)

DIMENSION X(50),X1(50,50),X2(50,50),R(100), SUK(50), F(50), SR(50)

11



DIHEHSION ROLD(100),XA(50),CONC(50), CA{S0), XAREA(50) ,RX (50}
COHMOHIAIHX NC,NIC,STEP,ALFA, BETA,GAMA,IN,INF, FDIFER,SEQL,XK1,K2
COHHQN/B/KS K&,K5,K6,K7,K8, K9 ,X,%1,%X2,R,SUNM,F ,5R,ROLD,SCALE, FOLD
COMHON/C/LFEAS LS,L6,L7,L8, L9 R1A,R2A,R3A,CONC,XAREA, XA,RX,RT,CA
ZETA=0.699
NP=15§
ITINE=225
.« R(8)u0. ' ]
AREL=O. ' .
CA0=0,00424 - & . % .. u oa
DO 17 MN=1,14 .
XT=CAO*(1-XA(HN)) S H .

E

CACMNYIsXT/XL #t . 4 .
C KOW RAISE CONCENTRATION'TD THE APPROPRIATE ﬁOHERlI
CONCCMNIE(CA(MNI**2)/(1+X(2I*CA(MN)) :
J=NN- 1 B - » C 4
1ECJ.EQ.0) GO TO 17 . '
XAREA(HN)=AREL+ITIME*ICONC(MN)+CONC(J))/(NP 1)*2 '
Pf:(K(})**Z)*x<1>*(x(7)*cnan>)**z ' :
0T= (1+X(2)'CA(MN))”*2 cot ) e
RT(MH)=RT/DT. .
RX(MH)Y=C1-X(4)*C1-EXPC- X(5)*X(2)*XAREA(HN))))*'2
ARELaXAREACHN) 'ﬁig?
R(é)nR(b)o(XA(HN)*S 04- RT(MN)'RX{MN))*'Z SWERE
17 CONTINUE _ : co
RETURN ' * # * . S
_t END . v ; :
. susnourlue PROONE ' o
DIMENSION'RT(50) g : ! ‘a‘ .
DIMENSION X(50),X1(50,50),X2¢50,50),R(100), SUM(SO),F(SO) sn<50>
“DIMENSION ROLD(100), XA(50),CONC(50),CA{50),XAREA(50),RX(50) .
COHHOH/AINX NC, HIC STEP,ALFA,BETA, GAHA IN, INF FD[FER SEO? K1,K2
conuoulafxs K4, x5 xs K7,K8,K9,X, XALK24R, SUM;F, SR, ROLD SCALE, FOLD
COMMON/C/LFEAS,LS, L6 LT L8,LY, n1n'$za usa CONC, XAREA, XA, RX,RT,CA

4

-

¥

CR({1)=X(1) s s .tr : 1
R(E)“K(_Z) . i} - . .
, RCII=X(3)P \ . ' l 4 (3)
) « . R{4)=X(4) . ~ v ] el [
" R(5)=X(5) "{; e
RETqBN * , ‘. *
- EN'D; . % L] ' ) 4
‘
S T ¢ '
¢ j » * .
1 h ! ¢
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3 L - ] *
* 6 *_ ! z ‘
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L ', . ¢
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4
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] > 1 -
.. ik 3 ¥ ¥

XL=1+ZETA*XACMNY**2 t - : . .



