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ABSTRACT 

Studies of carbon formation from propylene on n ickel 

ca ta lys ts have been completed under both pyro lys is and steam-

reforming condi t ions, and the e f fec t of hydrogen on the 

react ions was invest igated. Gas i f i ca t ion of the carbon 

deposited on the cata lys ts was also studied. The k ine t i c 

features of a l l of these react ions were fol lowed by continuous 

weighing of ca ta lys t samples suspended from a microbalance 

in a d i f f e r e n t i a l f low reac tor , and by gas-chromatographic 

analysis of the react ion products. 

Carbon formation on nickel f o i l and on supported n ickel 

was examined as a funct ion of react ion condi t ions. At low 

temperatures (below 800K), the spec i f i c ra te of carbon 

deposi t ion v/as found to be the same over both f o i l s and 

supported ca ta lys ts . Nickel c r y s t a l l i t e s were found to be 

carr ied wi th the growing carbon, and the resu l ts have been 

explained in terms of the d i f f u s i o n of carbon through nickel 

being rate-determining. 

Dif ferences in behaviour during gas i f i ca t i on were explained 

in terms of the amount of nickel ava i lab le in the carbon 

formed on f o i l s and on supported ca ta lys ts . Nickel was found 

to be an e f f i c i e n t gas i f i ca t i on ca ta l ys t , and the k ine t i cs of 

g a s i f i c a t i o n by steam and by hydrogen have been establ ished. 

Under cer ta in condi t ions, i t appears that gas i f i ca t i on may 

also be ra te -con t ro l led by the d i f f u s i o n of carbon through 

n icke l . Experimental observations obtained fo r carbon 

formation and gas i f i ca t i on are found to be consistent and to 

throw l i g h t upon the processes involved in both react ions. 



The react ion of propylene with steam was usual ly accompanied 

by carbon deposit ion on the ca ta l ys t , but these deposits d id 

not cause any s i g n i f i c a n t loss of c a t a l y t i c a c t i v i t y . The main 

products of the react ion were found to be hydrogen and carbon . 

d iox ide. The measured react ion orders suggest that the ra te 

con t ro l l i ng step may be a surface react ion in which an assoc-

i a t i v e l y adsorbed o l e f i n reacts wi th steam acfeorbed on d i f f e r e n t 

s i t es . 

A deta i led survey of the l i t e r a t u r e on ca ta lys t deac t iva t ion , 

steam-reforming, carbon formation on metals and carbon g a s i f i c a t i o n 

i s presented in the in t roduc t ion . 



4 

ACKNOWLEDGEMENTS 

.1 would l i k e to express my gra t i tude to Dr D.L. Trimm 

fo r h is supervision and in te res t in t h i s p ro jec t ; to 

Professor R. Guedes de Carvalho and to the Faculty of 

Engineering of the Univers i ty of Oporto fo r a generous 

leave of absence; and to I n s t i t u t o de A l ta Cultura fo r the 

award of a scholarship covering the en t i re period of study. 

Valuable assistance from the technical s t a f f of the 

Department is g r a t e f u l l y acknowledged. My thanks are also 

due to a l l my colleagues in the Department f o r t he i r pleasant 

and he lp fu l companionship. In p a r t i c u l a r , I am indebted to 

Luis Sousa Lobo fo r his advice in the i n i t i a l stages of t h i s 

p ro jec t , to Manuel Jero'nimo and Jose Romao de Sousa f o r t h e i r 

help with computing and fo r t h e i r most s t imulat ing discussions, 

and to Massoud Moayeri f o r h is advice and f r i endsh ip . 

F i n a l l y , I wish to thank a l l my fam i l y , especia l ly my 

wi fe Maria Emi l ia , f o r t he i r understanding and support during 

t h i s long period of study. 

December, 1974 

Department of Chemical Engineering and 

Chemical Technology 

Imperial College 

London S W 7 



5 

A meus Pais 



6 

CONTENTS 

Page 

CHAPTER 1 INTRODUCTION 

CHAPTER 2 EXPERIMENTAL - 71 

CHAPTER 3 RESULTS 101 

CHAPTER 4 DISCUSSION 209 

CONCLUSIONS 251 

APPENDICES 255 

REFERENCES 262 



1 

CHAPTER 1 

INTRODUCTION 

1.1 Deact ivat ion 

Page 

9 

1.1.1 C lass i f i ca t i on 9 

1.1.2 Quant i ta t ive Aspects of Catalyst 

Deactivat ion 

1.1.3 Regeneration of Coked Catalysts I 5 

1.2 The Steam-Reforming Process 16 

1.2.1. Descr ipt ion 16 

1.2.2 Thermodynamics 18 

1.2.3 Catalyst Formulation 20 

1.2.4 Deact ivat ion 24 

1.2.5 The Kinet ics and Mechanism of 

Steam-Reforming 29 

1.2.5.1 Methane Reforming 29 

1.2.5.2 Reforming of Higher Hydrocarbons 33 

1.3 Carbon Formation 43 

1.3.1 Thermodynamics of the Carbon-Hydrogen 

System ^ 43 

1.3.2 The Structure and Deposition of Carbon 46 

1.3.3 Cata ly t i c Carbon Formation 50 

1.3.3.1 Substrate Orientat ion and 

Pretreatment 52 

1.3.3.2 Kinet ics and Mechanism 55 



1.4 Carbon Gas i f ica t ion 62 

1.4.1 Uncatalysed Gas i f i ca t ion 62 

1.4.2 <. Catalysed Gas i f i ca t ion ... 64 

1.5 Present Work 69 



9 

1. INTRODUCTION 

The work described in th is thesis is concerned w i th the 

study of the processes that lead to carbon deposit ion on metal 

cata lysts used fo r the steam-reforming of hydrocarbons. This 

is a form of deact ivat ion very common in hydrocarbon processing, 

and usual ly leads to changes in a c t i v i t y and/or s e l e c t i v i t y . 

This in t roductory chapter is intended to provide a back-

ground fo r the various processes involved. A short discussion 

of the d i f f e r e n t types of ca ta lys t deact ivat ion is presented 

i n i t i a l l y , foilov/ed by a descr ip t ion of the steam-reforming 

process. Carbon formation and carbon gas i f i ca t i on react ions are 

discussed next , w i th the emphasis on metal catalysed systems, 

A review of the per t inent l i t e r a t u r e is included in the i n t r o -

duct ion. 

1.1 DEACTIVATION 

1.1.1 C lass i f i ca t i on 

In most c a t a l y t i c processes the a c t i v i t y of the ca ta lys t 

is found to decrease gradual ly as the react ion proceeds. 

Catalyst deact ivat ion can be div ided in to three main groups: 

a) Poisoning The ca ta lys t surface is slowly modif ied by 

chemisorption on the act ive s i tes by mater ia ls which are usual ly 

present as impur i t ies in the feedstocks. A good example of th is 

type of deact ivat ion is sulphur poisoning of n ickel ca ta lys ts . 

In th is pa r t i cu la r case, the poisoning is revers ib le and the 

a c t i v i t y can be recovered by operating w i th feedstocks of lower 

sulphur concentration (1) . I f the adsorption is not reve rs ib le , 

permanent poisoning resu l t s . In general , a high degree of sus-

c e p t i b i l i t y to poisoning is l im i ted to metals, especia l ly those 
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of groups V I I I and IB. This subject has been reviewed by 

Maxted (2 ) , who has grouped the common poisons of these cata lysts 

under three major headings: 

i ) Compounds of elements in group Vb or VIb; 

i i ) Compounds of a large number of c a t a l y t i c a l l y tox i c 

metals; 

i i i ) Mu l t ip le bond molecules. 

b) Sinter ing This type of ca ta lys t decay is t yp i ca l of 

supported metal ca ta lys ts , and is associated wi th the growth of 

c r y s t a l l i t e s and wi th a decrease of ac t ive surface area: perma-

nent deact ivat ion resu l t s . S inter ing can occur by the loss in 

s t a b i l i t y of the re f rac tory support (e.g. by the act ion of steam 

on alumina (3) ) or by increased mob i l i t y of the metal , which may 

be enhanced by small concentrations of impur i t ies (e.g. t r ans i t i on 

metals can be transported as v o l a t i l e carbonyls, halides or oxides 

(1) ) . Temperature has a marked e f f ec t upon s i n t e r i n g , and 

mob i l i t y is expected to become appreciable above the so-cal led 
t 

"Tammann temperature" (0.4 x melting po in t , in degrees K). The 

ra te of decay of the exposed metal surface area, S, caused by 

thermal s in te r ing has been found to obey an equation of the form 

dS / d t = -ks " 

where the range of the exponent n is between 2 and 8 (4 ,5 ) . 

c) Fouling This type of deact ivat ion is caused by 

deposit ion of "coke", formed by side react ions , phys ica l ly 

blocking the surface of the ca ta lys t and/or plugging the pore 

entrances. The accumulation of coke on the ca ta lys t w i l l also 

increase the pressure drop through the reac to r , and th i s is the 

fac to r that f requent ly determines when the ca ta lys t must be 

regenerated (1) . Regeneration is usually possib le, by burning-
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o f f the coke wi th a i r or steam. Severe ca ta lys t d i s in teg ra t ion 

may also be caused as a resu l t of carbon lay-down w i t h i n the 

ca ta l ys t p e l l e t s , making a complete change of ca ta lys t necessary. 

Some examples of i n d u s t r i a l l y important processes af fected by 

fou l ing are presented i n Table 1.1. The work described i n th is 

thesis is p r imar i l y focused on the fou l ing of cata lysts by 

carbon. 

1.1.2 Quant i ta t ive Aspects of Catalyst Deactivation 

Extensive reviews on th i s subject can be found in the 

l i t e r a t u r e (6, 7, 8 , 9 , 10). In general , ca ta lys t decay can be 

described in terms of four k ine t i c schemes, as summarized in 

Table 1.2. The main d i f fe rence between them is to be found in 

the concentration term of the deact ivat ion equation (7 ) . With 

porous catalysts the progress of ca ta lys t deact ivat ion depends 

not only on the type of decay react ion , but also on the importance 

of pore d i f f u s i o n , as shown in Table 1.3. The fou l ing mechanism 

can be i d e n t i f i e d from the knowledge of the carbon p r o f i l e ins ide 

the p e l l e t , as shown by Masamune and Smith (11) and others 

(12, 13). The experimental determination of carbon p ro f i l e s and 

d i f f u s i v i t i e s in fouled catalysts has been described by 

Richardson (14). The e f f e c t of coke on the surface area and 

e f f ec t i ve d i f f u s i v i t y of the ca ta lys t may be neg l i g ib le f o r low 

coke contents (15) , unless blockage of the pore mouths occurs (16). 

The rate equations that describe deact ivat ing porous 

cata lysts have been considered by Levenspiel (7, 17, 18). In 

p a r t i c u l a r , i t has been found that a simple form of equation, 

-da /d t = k(T) a^, represents and generalizes many of the 

previously proposed decay equations (10). The experimental 



PROCESS . FEED CATALYST• • PRESSURE (atm) TEMPERATURE (°C) 

Steam- HgO + CK^ Ni on AlgO^rMgO 

-Reforming or naphthas or mixtures thereof 

3 5 - 4 0 450 - 1000 

Reforming Naphthas Pt/AlgO^ or 10 - 40 

MoO /̂ 

450 - 530 

Cracking Petroleum SiOj-AlgO^ or 

Fractions zeolites 

2 - 4 450 - 530 

Dehydro-

genatlon 

Light hy-

drocarbons 

Ca sNifPO,)^ , 1 - 3 

AlgO^-OrgO^ , FegO^ 

550 - 650 

Fischer-

-Tropsch 

CO + H. PegC/Fe^O^/Fe ; also 

Co or Ki based 

17 - 25 220 - 350 

Desulphur-

isation 

Naphthas CoO+MoO^/AlgO^ 30 - 40 300 - 400 

Methana-

tion 

CO or COg Ni/AlgOj 

+ Ho 

1 - 30 230 - 450 

Dehydra-

tion 

Alcohols AlgO^, SiOg-AlgO^ 250 - 350 

/ 

Water-gas 

Shift 

CO + HgO 1 - 30 315 - 485 

Ta'ble IQ] i n i u o t r i a l I-Tocesrer Af fected "by Foul ing l-ro'bleir.s 

N 



,Table 1.2 Deactivation Mechanisms 

1 3 

Type of Decay Reaction Deactivation Law 

Parallel ; - R + 

or 
^ R 

" • P I 

i f == 

Series ; R -»-P| 
dt k . c g . a ^ 

Concurrent : |A —» R 

P - ^ P i 

da 
dt k . C p . a ^ 

Independent ; Sintering 

or: 

A — R 

A —— Pi 

R — PI 

ft = 

LEGEND ; A = reactant ; R = product ; P = poison 

P I = deposited or adsorbed poison 

a = activity ; t = time ; n,d = constants 

k = rate constant for deactivation 

0^ = gas-phase concentration of species ± 

d = order of deactivation 

( Compiled from Levenspiel, 1972 ) 
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Table 1.3 Effect of Resistance to Tore Diffusion 

on the Distribution of Poison 

Pore Resistance Distribution of Poison Decay Reaction 

Negligible Uniform / • \ Any type 

Shrinking 

core / \ 

model \ •/ 

Parallel 

or 

Concurrent 

Strong Strong 

Growing X 

core 

model ^ 

Series 

( Compiled from Levenspiel, 1972 ) 
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determination of orders of react ion and deact ivat ion has also 

been discussed (17). 

The e f fec t of fou l ing on s e l e c t i v i t y has been reviewed by 

S a t t e r f i e l d (8) and some chemical engineering aspects of the 

operat ion wi th deact ivat ing cata lysts have been discussed by 

Levenspiel (7) . 

1.1.3 Regeneration of Coked Catalysts 

Regeneration is accomplished by burn ing-of f the coke, general ly 

w i th a i r , steam, a mixture of a i r and n i t rogen, or a mixture of 

a i r and steam. Most of the l i t e r a t u r e on regeneration re fers to 

the burn-o f f w i th oxygen of coke deposited on cata lysts such as 

SiOg, AlgOg or MgO, which do not catalyse carbon g a s i f i c a t i o n . 

The subject has been reviewed by S a t t e r f i e l d (8) and Thomas (20). 

I f the carbon is assumed to be uniformly d i s t r i bu ted through 

the ca ta l ys t , two extreme regimes may be considered f o r the burn-

o f f : 

a) Reaction control - At s u f f i c i e n t l y low temperature, 

the concentration of reactant w i l l be constant w i th in the p e l l e t , 

and uniform burning resu l t s . 

b) D i f fus ion Control - At higher temperatures the ra te of 

burn-o f f w i l l be f a s t so tha t the process w i l l be so le ly cont ro l led 

by d i f f us i on of the reactant through a she l l of carbon f ree 

s o l i d . This leads to a "shel l -progress ive" b u r n - o f f , as studied 

by Weisz and Goodwin (19). 

When the burn-of f is carr ied out in f ixed-bed reac tors , the 

burning takes place large ly w i th in a burning zone which moves 

slowly through the reac to r , and i t is important to keep the moving 

maximum temperature as low as possib le, to avoid s i n te r i ng . 
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1.2 THE STEAM-REFORMING PROCESS 

1.2.1 Descr ip t ion ' 

The react ion of steam w i th hydrocarbons over a c a t a l y s t has 

found considerable use in i n d u s t r y , prov id ing the s t a r t i n g gas f o r 

the manufacture of ammonia, town gas, subs t i t u t e na tu ra l gas, 

methanol, C^/Cg alcohols (Oxo Synthesis) and f o r the F ischer-

Tropsch synthesis . A de ta i l ed desc r ip t i on of the process can be 

found i n the Cata lyst Handbook (1 ) . 

Natural gas or petroleum f r a c t i o n s are used as feed-s tocks , 

and n icke l i s the ac t i ve component of most ca ta l ys t fo rmula t ions . 

The process condi t ions can be chosen to g ive a va r i e t y of gas 

compositions su i tab le f o r the u l t imate use of the product gas. 

F ig . 1.1 shows a s i m p l i f i e d f low diagram fo r a steam-reforming 

p lan t as used fo r the product ion of ammonia synthesis gas (21). 

The hydro-desulphur isat ion stage is essen t i a l , sulphur compounds 

poisoning the n icke l c a t a l y s t . Since a gas of low methane content 

i s requ i red, high temperatures are used and the process is 

endothermic (See 1 .2 .2 ) . The temperature a t the e x i t of the 

primary reformer w i l l be in the range 750-850°C. In the secondary 

re former , a i r is admitted and temperatures of 1000-1300°C are 

reached, so tha t the methane content w i l l be f u r t h e r reduced, and 

n i t r ogen , needed fo r ammonia syn thes is , w i l l be produced from the 

a i r . In the s h i f t converter the CO concentrat ion is reduced by 

conversion i n t o COg (CO + H^O = COg + Hg) and the l a t t e r gas i s 

subsequently e l iminated ( f o r example, by absorp t ion) . Subsequent 

methanation (CO + SHg = CH^ + HgO ; COg + 4H2 = CH^ + 2H2O) 

removes res idua l carbon oxides. 



PRIMARY 
REFOnVER 

-̂STEAW STACK 
H1 

NAPHTHA ^ r 
NAPHTHA Inof-. 
VAPORISER 

C O B A L T - ' Z N O B 
MOLYBOATE S 

FUEL 

HEAT 
RECOVERY HYDRODtSUU't lUHISER 

AIR-- c o , REMOVAL 

MCIHANATOR 

Fig, 1,1 Diagram of a Steam-Reforming Plant ( 21 ) 

100 

S T E A M DISTILLATE — 1 - 0 l b s / l b 

RATIOS — - - 4 0 l b s / l b 

m m 

Z) GO 

.\GA5 

v-;>; 

t -W •p'j^novyh:-;.'^ 

EXOTh 

5 0 0 6 0 0 7CO 

TEMPERATURE 

1100 

P i g , 1 . 2 EQUILIBRIUM GAS COMPOSITIONS - (DRY) ( 2 5 ) 

DISTILLATE - STEAM 25 ATMOSPHERES 
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1.2.2 Thermodynamics 

Under normal steam-reforming condi t ions, methane is the 

only hydrocarbon thermodynamically stable to any appreciable 

extent , so that in determining the equi l ibr ium composition only 

two reactions need be considered: 

( 1 ) CH4 + HgO = CO + SHg K ( 8 7 3 K ) = 0 . 5 7 4 

( 2 ) CO + HgO = COg + Hg K ( 8 7 3 K ) = 2 . 2 1 

The factors which a f fec t the equi l ibr ium are pressure, tempera-

tu re , C : Hg r a t i o of the feed and the steam-rat io, defined as: 

Steam ra t io = atoms g^of^^Irbon i^Tfeed 

Examples of thermodynamic calculat ions in steam-reforming can be 

found in the l i t e r a t u r e (1, 22, 23, 24) and the Catalyst Handbook 

(1) presents graphs of equi l ibr ium concentrations as a funct ion 

of the operating variables for the steam reforming of methane and 

naphtha. Two l i m i t i n g p o s s i b i l i t i e s may be considered: 

a) No methane present in the product gas - favoured by high 

temperatures, low pressure and high steam r a t i o s , the reaction 

being endothermic; 

b) No hydrogen present in the product gas - favoured at lov/ 

temperatures, high pressures and low steam r a t i o s , the reaction 

being exothermic. I t is to be noted here, however, tha t the 

choice of operating pressure is usually not governed by thermo-

dynamic considerations. For instance, in the case of gas fo r 

ammonia synthesis, since the whole process works at high 

pressures, i t is more economical to operate the steam-reforming 

stage at high pressure (25-40 atm) as we l l . Fig. 1.2 gives an 

idea of the product d i s t r i bu t i on to be expected i f equi l ibr ium 
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is reached in the steam-reforming of a high petroleum d i s t i l l a t e 

at 25 atm (25). Calculat ions are also presented in the Appendix 

fo r the p a r t i a l reforming of C^Hg at various conversion leve ls . 

One of the major problems in the steam-reforming process is 

carbon deposit ion on the ca ta lys t . Carbon can be formed e i ther 

from decomposition of higher hydrocarbons or from any of the 

fo l lowing react ions: 

(3) 2C0 = C + COg K (873K) = 8 . 1 4 

(4) CO + Hg = C + HgO K (873K) = 3.72 

(5) CH^ = C + ZHg K (873K) = 2.13 

Coke o r ig ina t ing from these react ions can usual ly be prevented 

by operating wi th excess steam, so tha t these e q u i l i b r i a are 

displaced to the l e f t . The minimum steam-rat io required f o r 

freedom from carbon can be calculated thermodynamically (22), 

and minimum steam-ratios have been p lo t ted as a funct ion of 

temperature and pressure (1). At 60G°C and 1 atm, the minimum 

steam r a t i o fo r methane reforming is 1.38 (22). However, i f the 

system is not a t equ i l ib r ium, the condit ions may be such tha t 

thermodynamics favour carbon formation by one react ion and i t s 

removal by another. Whether there is a net bui ld-up of carbon 

deposit i s then a k ine t i c question. 

Carbon formation by d i r ec t decomposition of higher hydro-

carbons may be prevented by using excessive amounts of steam, 

but th is procedure is uneconomic. This has led to the develop-

ment of su i tab le ca ta lys ts , capable of operating near the 

thermodynamic minimum steam r a t i o wi thout serious carbon format ion. 

This has been possib le, to a cer ta in extent , by su i tab le choice 
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of the support mater ia ls . 

1.2.3 Catalyst Formulation 

A l l commercial cata lysts are based on n ickel (20) which 

combines good a c t i v i t y f o r steam-reforming w i th low cos t . 

Cobalt and the precious metals could also be used (1) but are 

more expensive. Rostrup-Nielsen (26) invest igated the a c t i v i t y 

of metals supported on alumina and magnesia f o r ethane reforming, 

and reported the fo l low ing a c t i v i t y pa t te rn : 

Rh, Ru > Mi, Pd, Pt > Re > Co 

The main problems wi th n ickel cata lysts are carbon 

formation and s in te r i ng . The Gas Council C.R.G. ca ta l ys t , f o r 

example, has a very high nickel content (75%) to compensate fo r 

i t s i n i t i a l loss of a c t i v i t y , due to s in te r ing (3 ) . 

Recently, the use of ruthenium has been suggested as an 

a l te rna t i ve to nickel catalysts (143) in connection w i th the 

methanation process, and the same conclusions might apply f o r 

steam-reforming. Bas ica l l y , the idea is to use highly dispersed, 

low-metal content supported cata lysts to diminish the p o s s i b i l i t y 

of s i n te r i ng . A more act ive metal i s needed to compensate fo r 

the lower metal content , thus the choice of ruthenium. Although 

th is metal i s much more expensive than n i c k e l , the lower metal 

contents would pa r t l y level o f f the d i f fe rence , and an extra 

advantage would be the lower a c t i v i t y of ruthenium fo r carbon 

formation (16). However, present i ndus t r i a l pract ice has been 

concentrated on nickel based ca ta lys ts . 

The ca ta lys t must operate under severe cond i t ions, so that 

the metal c r y s t a l l i t e s must be supported in a re f rac to ry 
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mater ial to keep s in te r ing to a minimum. Sui table supports are 

AlgOg, MgO or t he i r mixtures. A calcium aluminate cement i s 

usual ly added to increase the physical strength of the ca ta lys t . 

In the case of naphtha-reforming, a fu r the r problem is the greater 

ease of carbon deposit ion on the c a t a l y s t , by cracking of the 

hydrocarbons - e i ther homogeneously or c a t a l y t i c a l l y . Not only 

is n icke l a ca ta l ys t f o r carbon format ion, but also ac id ic 

mater ia ls , such as a luminos i l i ca tes , can catalyse hydrocarbon 

cracking. This has led to the use of basic support mater ials f o r 

steam-reforming, such as MgO or MgAlgO^ (Spine l ) . Andrew (29) 

has reported some studies in th is context. Minimum steam-ratios 

( i . e . the lowest possible operating value before coking occurs) 

were measured fo r naphtha reforming at 30 atm, using n ickel 

cata lysts supported on china clay (plus calcium aluminate cement), 

alumina, magnesia and lime (supported on c<-alumina). The 

resu l ts are shown in Table 1,4, and show that the ease of carbon 

formation increases wi th the ac id i t y of the support. However, 

the change from AlgO^ to MgO to CaO brings l i t t l e improvement. 

Another series of experiments (Table 1.5) has shown the importance 

of homogeneous processes in promoting carbon formation. From the 

resu l ts in the absence of n i c k e l , i t can be concluded tha t massive 

carbon formation requires (under normal steam-reforming condit ions 

and in the absence of an acid ca ta lys t ) the presence of both a 

high amount of voids and of a n ickel ca ta lys t . Summarizing then, 

Andrew suggests that o l e f i n s , produced by hydrocarbon cracking, 

could be the f i r s t stage of carbon format ion, according to the 

scheme shown in Fig. 1.3. 

One way of minimizing carbon formation is to add an a l k a l i , 

as w i th various ICI catalysts (1). This w i l l , in pa r t , neut ra l i se 



Table 1.4 Minimum Steam-Patios for Nickel Catalysts 

Supported on Materials of Decreasing Acidity 

Naphtha reforming, 30 atm, exit temperature 750°C 

Support material SiOg ^^2^3 
MgO CaO 

Minimum steam-
10 4.3 3.7 3.7 

-ratio 

( Compiled from Andrew, 1969 ) 

Table 1.5 Minimum Steam-Ratios for Fixed-Beds of 

Decreasing Nickel Content 

Naphtha reforming, 30 atm, exit temperature 750°C 

Bed composition Ni/SiOg 3/4 Ni/SiOg 

1/4 oC—Al20^ 

1/5 Ni/SiOg 

4/5(<-Al202 

AlgO^ 

Minimum steam-
5.0 8.0 10.5 

-ratio 

* In this case there is no steam-reforming, but opera-

tion at low steam-ratios is possible without massive 

carbon formation. 

( Compiled from Andrew, 1969 ) 
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ac id i t y by forming compounds such as KAlSiO^ (29). Under steam-

reforming condit ions these decompose s lowly , releasing potash, 

which is a ca ta lys t f o r carbon gas i f i ca t i on by steam (30). 

and SiOg produced by decomposition of the potassium complexes 

react w i th magnesia added to the ca ta lys t f o r that purpose, 

forming spinels of lower a c i d i t y . In p rac t i ce , the e f f e c t of 

adding a l k a l i is to allow the operation near the thermodynamic 

minimum steam r a t i o . A reduction in minimum steam r a t i o from 

10 to 1.5 by adding 1% a l k a l i to a Ni/SiOg-MgO ca ta lys t has 

been reported (29). 

Recently, a nickel/urania/cxC-alumina ca ta lys t has been 

developed by the Gas Council (31, 32, 33) which seems to provide 

an a l te rna t i ve mechanism to prevent the accumulation of carbo-

naceous deposits. Lower rates of carbon deposit ion were observed 

wi th cata lysts of increasing U:Ni r a t i o (33) and, in add i t i on , 

k i ne t i c studies on the reforming of butane (34) led to the con-

clusion that the surface of urania containing cata lysts is f u l l y 

saturated wi th adsorbed water. This p re fe ren t ia l adsorption i s 

probably the key fac to r in decreasing carbon format ion, since UOg 

has been reported to have neg l i g ib le a c t i v i t y f o r carbon gas i f i ca -

t ion (35). By cont ras t , on a simple nickel /alumina ca ta lys t the 

k ine t i c resu l ts suggest that the surface is covered w i th adsorbed 

hydrocarbon species (36). Furthermore, the presence of non-

s to ich iometr ic oxides in the urania ca ta lys t (ranging from UOg to 

UgOg) can lead to enhanced d issoc ia t ion of steam, as discussed 

by Dowden e t . a l . (27). This w i l l tend to favour hydrogenation 

rather than dehydrogenation react ions. 

Mention should also be made of the use of WÔ  supported 

n ickel cata lysts (37) fo r the low temperature production of gases 
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su i tab le fo r the Oxo, Fischer-Tropsch and methanol syntheses, 

i . e . gases consist ing mainly of hydrogen and carbon monoxide. 

With conventional ca ta lys ts , th is is favoured by high temperature 

operation (See Fig. 1.2). The higher s e l e c t i v i t y of the Ni/WO^ 

ca ta lys t for CO formation has been explained on the basis that the 

ca ta lys t does not promote the water-gas-sh i f t reaction (37). 

Recently, h igh -ac t i v i t y nickel and cobalt catalysts for 

steam-reforming have been prepared by ion exchange from synthet ic 

zeo l i tes . The a c t i v i t y fo r n-hexane at 400-500°C was found to 

be 8-30 times higher than the conventional Ni/Al^O^ cata lyst (38). 

No data are yet avai lable on the long-term s t a b i l i t y and a c t i v i t y 

of such cata lysts . 

F i n a l l y , the theoret ica l design of steam reforming catalysts 

has been discussed by Dowden e t . a l . (27). The chemical functions 

that the cata lys t must perform were examined on the basis of a 

v i r t u a l mechanism (28), and a c t i v i t y patterns fo r the d i f f e r e n t 

ca ta lys t components were presented: 

a) Metals: Precious metals > Ni > Co > Fe 

b) Supports: MgAlgO^ > p-Al^O^ > AlgO^ > ZrOg 

c) Promoters: UOg > Pr^O^iCeO^) > MoOg > CaO ^ MgO> AlgOg 

1.2.4 Deactivation 

Deactivation of steam-reforming catalysts may occur by 

poisoning, s in ter ing and fou l ing . 

The tendency of nickel catalysts to sulphur poisoning is 

wel l known, but other elements may cause deact ivat ion, such as 

halogens and some metals. Sulphur and halogens are revers ib le 

poisons, but arsenic causes permanent deact ivat ion (1) . In 



f u l l scale operat ion, poisoning of the ca ta lys t w i l l become 

apparent as an increase in the concentrat ion of aromatics a t the 

reformer e x i t . 

The chemisorption of hydrogen su l f i de on supported n icke l 

cata lysts was shown to be revers ib le (39), coverage being a 

funct ion of the r a t i o PfHgSj/PfHg). A satura t ion layer was 

observed even when the concentration of HgS was not large enough 

to cause the formation of a bulk n ickel sulphide. I t s s t ruc tu re 

can be regarded as a two-dimensional sulphide phase, as discussed 

by McCarroll e t al (40). As a r e s u l t , the poisoning e f f e c t of 

HgS on nickel catalysts may be ascribed to a revers ib le blocking 

of the meta l l i c surface. The regeneration of sulphur poisoned 

nickel cata lysts has also been considered (41). 

The main cause of s in te r ing of steam-reforming cata lysts is 

probably the thermal i n s t a b i l i t y of the AlgO^ support. Studies 

on the s in te r i ng of Ni/Al^O^ have been reported (3 ) , showing 

tha t steam plays an important ro le in th is context . I t is thought 

that the loss in nickel surface area is caused by coalescence of 

the n icke l par t i c les when they are brought together by the 

s in te r i ng of the alumina, accelerated under the hydrothermal 

condi t ions. Pore size d i s t r i bu t i ons obtained fo r f resh ca ta lys t 

and s intered ca ta lys t show t h a t , under steam treatment at 600°C, 

the f i n e pore s t ruc ture of the fresh ca ta lys t gradual ly disappears 

w i th time. This is most probably associated w i th the transforma-

t i on of V-AI2O3 in to c^-AlgOg. 

Recent studies of the s in te r ing behaviour of n ickel f i lms 

supported on various substrates (42) at 400-600°C, have shown 

that hydrogen induces massive surface reorganisat ion in the 

n i c k e l , grain boundary grooving con t ro l l i ng the early stages of 
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the process. A pecul iar s in te r ing pat tern emerged, which was 

a t t r i bu ted to the formation of tv/o f . c . c . n ickel hydrides: a 

p-phase ( l a t t i c e constant a = 3.8 %) was formed at low p a r t i a l 

pressures ( 100 t o r r ) and a new phase, X, ( l a t t i c e constant 

a = 4.2 8) was important a t higher hydrogen pressures. At low 

hydrogen pressures a f as t rate of n ickel s i n te r i ng was observed, 

but a t high hydrogen pressures, s in te r i ng rates were decreased 

as the resu l t of phase X hydride s t a b i l i s i n g the surface. Under 

steam-reforming condi t ions, n ickel s in te r ing was hampered as a 

resu l t of hydride and carbide formation (which s tab i l i sed the 

surface) and played only a minor ro le in ca ta lys t deact ivat ion. 

In p rac t i ce , then, s in te r ing causes an i n i t i a l l y f a s t loss of 

a c t i v i t y (3 ) , and fu r ther deact ivat ion can be a t t r i bu ted to 

carbon deposit ion on the ca ta lys t (43). 

Several studies have been reported on the coking of steam-

reforming cata lysts (15, 35, 42-45) and the i n t e r - r e l a t i onsh ip 

between carbon formation and ca ta lys t formulat ion has already 

been discussed (See section 1 .2 .3 . ) . Coking on the support 

mater ia l alone is neg l ig ib le below 650°C (16). 

Moseley et al (43) and Bhatta et al (35) explained the 

deact ivat ion of a Ni/AlgOg ca ta lys t at temperatures between 400 

and 500°C by formation of a f i l m of polymers blocking the nickel 

sur face, and high molecular weight hydrocarbons were i d e n t i f i e d 

in an ext ract of the deactivated ca ta lys t (36). The deact ivat ion 

was found to decrease w i th increasing steam r a t i o and temperature 

(43) and was found to be independent of the pa r t i a l pressure of 

the hydrocarbon. The accumulated amounts of carbon during 

deact ivat ion appeared to be neg l ig ib le . Reaction of the gaseous 
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hydrocarbon with some surface species was suggested to be the 

poisoning react ion (43). However, Macak et al (35) suggested 

that the carbonaceous deposits block the nickel surface and that 

the reactants have to d i f fuse through the coke layer to react on 

the nickel surface. At low temperatures, the coke layer is 

permeable to reactants and products, but above about 600°C, 

g raph i t i za t ion causes increased d i f fus ion r e s t r i c t i o n s , thereby 

reducing the reaction rate. This explanation is in c o n f l i c t 

w i th the lower temperature observations of Moseley et a l (43) 

showing formation of a polymer f i l m blocking the surface, and 

also with the results of Rostrup-Nielsen (16) who found no 

deact ivat ion e f fec ts , at 500°C, as a resu l t of coking. The 

presence of carbon may not necessari ly deactivate the cata lys t . 

Thus, for example, in studying the reaction of steam wi th propy-

lene on supported nickel f i lms Moayeri (42) observed increased 

a c t i v i t y a f te r coking, and a t t r i bu ted th is resu l t to the presence 

of nickel par t ic les in the carbon. 

Maxima in coking rates with temperature were observed by 

Macak et al (35), by Saito et al (44) and by Rostrup-Nielsen (16) 

under steam-reforming condit ions, and also by Lobo (131) fo r 

carbon formation from olef ins on nickel f o i l s . 

I t becomes apparent, then, that the nature of coking in 

steam-reforming varies wi th temperature: At low temperatures ,a 

s i gn i f i can t deact ivat ion of steam-reforming react ion occurs, 

whi le the accumulated amounts of coke remain small . When the 

temperature is increased, the deact ivat ion rate decreases and 

coking increases, a maximum being observed at around 550°C. At 

even higher temperatures, thermal pyrolysis and cracking on the 

support material may contr ibute to the formation of coke. 
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1.2.5 The Kinet ics and Mechanism of Steam-Reforming 

Because of the increased tendency to form carbon, the 

reforming of naphthas requires special ca ta lys t formulat ion 

(see 1.2.3) which in turn a f fec ts the k ine t i cs of the process^ 

Therefore, t h i s review w i l l be subdivided, and methane re -

forming considered separately. 

1.2.5.1 Methane Reforming 

The react ion between methane and steam was studied by 

Gordon (47) at 1000-1100°C in the absence of a so l id ca ta l ys t . 

A react ion mechanism was proposed, based on the i n i t i a l decom-

pos i t ion of methane and subsequent react ion of the carbon formed 

wi th steam to produce carbon oxides. 

Bodrov et al (48) studied the react ion on nickel f o i l at 

800-900°C and 1 atm, and came to the fo l lowing conclusions: 

a) The decomposition of methane and the react ion of 

methane wi th steam or COg were neg l i g ib le in the absence of 

ca ta l ys t ; 

b) The water gas s h i f t equ i l ib r ium was always establ ished; 

c) The resu l ts could be described by the equation 

k.PfCH^) 

PfHgO) 
' + a- F i n l r + b.P(CO) , 

and at 9 0 0 ° C the i n h i b i t i o n by CO was neg l i g i b l e ; 

d) The a c t i v i t y of the ca ta lys t was af fected by i t s previous 

h i s t o r y , and t h i s was explained in terms of ox idat ion-reduct ion 

d isrupt ing the surface; 

e) In the temperature range 800-900°C, the ac t i va t ion 

energy determined was 31 kcal/mole; 
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f ) The decomposition of methane to carbon on the nickel 

surface was much slower than the react ion of methane with steam, 

making any mechanism based on i n i t i a l decomposition of methane 

to carbon and hydrogen improbable. The ro le of chemisorbed. 
* * 

CHg and CĤ  species was established by Kemball (49) in 

studying the exchange of methane with deuterium on nickel f i l m s , 

and an ac t iva t ion energy of 31 kcal/mole was associated wi th a 

mechanism involving formation of CHg rad ica ls . From these 

observations, the fo l lowing mechanism was proposed: 

(1) CH^ + ( ) (CHg) 4H2 

(2) (CHg) + HgO = (CO) + ZHg 

( 3 ) (CO) = ( ) + C 0 

( 4 ) H g O f ( ) = ((% + ^ 

( 5 ) CO + ( 0 ) = COg + ( ) 

where ( ) is an act ive s i t e on the nickel surface (assumed 

to be homogeneous) and (X) represents adsorbed species; step 

(1) is assumed rate determining. The same rate determining step 

was also postulated by Akers et al (50) in t he i r study of the 

react ion over nickel /k ieselguhr cata lys t at 335-538°C, although 

t he i r experimental ac t iva t ion energy was only 9 kcal/mole, re f lec-

t ing possible d i f f us ion l im i t a t i ons . Bodrov et al have also 

reported resul ts with supported nickel cata lys ts . At 700-900°C 

they met wi th d i f fus ion problems (51) but at 400-500°C the 

react ion was found to proceed in the k ine t i c regime (52). They 

obtained an act iva t ion energy of 36 kcal/mole and found that the 

react ion was inh ib i ted by hydrogen, although th is became 

neg l ig ib le at higher temperatures. The equation 
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r = k.PfCH^i/PfHg) 

was found to describe t he i r resu l ts w e l l . Here, the rate l i m i t i n g 

step was assumed to be the surface react ion involv ing adsorbed 

CHg rad ica l s . 

Ross et al (53) used a s t a t i c vacuum system to study the 

methane-steam react ion at 500-600°C over a coprec ip i ta ted n icke l -

alumina ca ta l ys t . On the carbided c a t a l y s t , they observed 1st . 

order dependency both in methane and water , but on the f resh 

ca ta lys t the experimental order of react ion i n HgO was -0 .5 . An 

ac t i va t i on energy of 7 kcal/mole was found. Their main conclusions 

are as fo l lows: 

a) Decomposition of CH^ in the absence of steam at 600°C 

produced only hydrogen; 

b) The ra te of th i s react ion was greater than the steam-

reforming of methane and showed 1st . order dependency on the 

methane p a r t i a l pressure; 

c) Carbon gas i f i ca t i on by steam over "carbided" ca ta lys t 

at 600°C produced CO and Hg and there was no sign of methane 

format ion; 

d) Carbon gas i f i ca t i on by steam was fas te r than the ra te of 

the steam-reforming react ion of methane over both the carbided 

ca ta lys t and the reduced fresh ca ta l ys t . They proposed the 

mechanism shown in Fig. 1.4, where, again, the ra te determining 

step was assumed to be the d issoc ia t i ve adsorption of CH^ to form 

adsorbed CĤ  and CHg rad ica ls , water competing wi th methane f o r 

the act ive s i t es . Consideration of the determined rates fo r 

gas i f i ca t i on and fo r the methane-steam react ion explains why 

carbon deposit ion does not occur during the reforming reac t ion , 

because, even i f carbon atoms are formed, they are immediately 



Ref. . Catalyst Temp.°C Pressure 

(atra) 

Reaction 

«^4 

orders, 

HgO kcal/mole 

Observations 

(50) Ni/kies-. 
elguhr 

335-638 1 1 0 9 CO and COp are primary products. Rate determining step is 
CH^ decomposition 

(48) Ki foil 800-900 1 « « 31 Idem, to form CH^ chemisorbed species 

(51) Ni/AlgOg 700-900 1 1 0 19. Pore diffusion 

(52) II 400-600 1 1 0 . 3 6 r = k.P^g^^ /^hydr ^2 inhibition disappears at high T 

(53) ff 500-680 ^.013 1 -.5 7 Dissociative adsorption, of CH^ is rate determining 

(55) "carbided II II 1 1 

(26) Ki/MgO 500 1 26 

* Kinetic equation : r = / (1 + aP^ Q./ Pg + bP^^) 
4 . 2 2 

Table 1,6 Methane Steam-Reforming 

w 
w 
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removed by react ion wi th water vapour. In the course of t h e i r 

s tud ies , Ross et al (53) also observed that the ca ta lys t f resh ly 

reduced in hydrogen was fu r ther reduced by the react ion mixture, 

implying tha t reduction of some phase l i k e NiAlgO^^ was occurr ing. . 

The a c t i v i t y f o r steam-reforming over various cata lysts was also 

t en ta t i ve l y corre lated wi th the amount of spinel present (54) 

a f te r f a i l u r e to corre la te a c t i v i t y wi th n ickel area, although 

th is contradicts the f ind ings of Takemura et al (55) , who 

a t t r i bu ted the observed i n i t i a l deact ivat ion of steam-reforming 

cata lysts to spinel format ion. 

A summary of these k ine t i c studies is shown in Table 1.6. 

1.2.5.2 Reforming of Higher Hydrocarbons 

The obvious d i f ference between methane reforming and reforming 

of higher hydrocarbons is that rupture of C-C bonds is required 

in the l a t t e r case. Three d i f f e r e n t mechanisms may be postulated: 

a) I n i t i a l decomposition of the hydrocarbons to carbon and 

hydrogen, fol lowed by react ion of carbon wi th steam (47); 

b) Stepwise breakdown of the hydrocarbons and d i r e c t react ion 

of steam w i th hydrocarbon fragments on the ca ta lys t surface (56); 

c) Direct react ion of hydrocarbons wi th steam, g iv ing oxygen-

containing intermediates, possibly in the form of surface compounds 

on the ca ta lys t (57). 

A large amount of l i t e r a t u r e aimed at the e luc idat ion of the 

mechanism of steam-reforming has appeared in recent years. The 

emphasis has been placed e i ther on low nickel content, a lka l ised 

catalysts as pioneered by ICI (21, 29, 58) fo r production of 

hydrogen r i ch gases at high temperatures, or on high n icke l content 

ca ta l ys ts , such as developed by the Gas Council (32, 43, 59, 60) 
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for the production of methane r i ch gases at lower temperatures 

(400-500°C). 

Balashova et al (56) studied steam-reforming of cyclohexane 

and concluded that the rate determining step in the process was 

the rupture of C-C bonds, producing adsorbed hydrocarbon radicals 

on the nickel surface. 

Rostrup-Nielsen has reported comprehensive studies on steam-

reforming (26) and a strong inf luence of the support on a c t i v i t y 

and on the k inet ics was observed. The major d i f ferences in k inet ics 

were found in the influence of steam pa r t i a l pressure, in d i rec t 

re la t i on to the a b i l i t y of the support material towards steam 

adsorption. At temperatures near 500°C, the resul ts indicated 

mul t ip le f i s s i on (on the nickel surface) of C-C bonds f o r most 

nonaromatic hydrocarbons. The resul ts were q u a l i t a t i v e l y 

discussed in terms of a simple speculative sequence. Chemisorp-

t i on of the hydrocarbon on nickel was assumed to fo l low the 

pattern usually proposed in hydrogenolysis studies. An i n i t i a l 

chemisorption step on a dual s i t e involving dehydrogenation is 

fol lowed by C-C bond rupture and formation of surface radicals 
* 

CH^ . For ethane: 

CgiHg + 2S-J = (S-jJg - CgH^ + — H g (1) 

(S,)2 - CgH; + Hg = 2S, - CHx (2) 

HgO + Sg = Sg - HgO (3) 

Sg - HgO + - 0 + HgSg (4) 

- C H ^ + - 0 = 2S^ + CO + ( 5 ) 

CO + S-, - 0 = + COg ( 6 ) 



where S-j and Sg represent empty s i tes on the surface of nickel 

and the support, respect ively. Since the d issoc ia t ive chemisorp-

t ion of ethane is most probably i r r eve rs ib le (52) in the temperature 

range considered, and since the surface react ion step can also be 

1 

considered as i r r e v e r s i b l e , - ^2 ~ 2 "^5' ^ h i l e steps (3) and 

(4) are considered in equi l ibr ium. The surface species S^-0 and 

S-j-CH^ are considered the most abundant, the concentrations of 

other intermediates being neg l ig ib le . Using Langmuir equations, 

the fo l lowing rate expression was obtained: 

k.PfCgHg) 
P — • ' ' • 

[1 + a.PfCgHgi.PfHgX/PfHgO) + b.PfHgOj/PfHgjZ 

From th is expression i t can be seen that the experimental order 

of react ion in steam may become pos i t i ve or negative depending on 

the magnitude of the equi l ibr ium constant fo r steam adsorption 

and the r e l a t i ve sizes of the rate constants fo r hydrocarbon 

adsorption and surface react ion. The value of ^ is strongly 

influenced by the adsorption propert ies of the support mater ia l , 

since i t is the product of the equi l ibr ium constants of steps (3) 

and (4) . I t is d i f f i c u l t to determine whether CH^ or the i n i t i a l l y 

formed radicals par t i c ipa te in carbon forming react ions. A point 

in favour of the l a t t e r is the d i f ference in coking rates obtained 

wi th various hydrocarbons (16). 

Results obtained in the steam reforming of propane, butane, 

heptane and benzene over ICI cata lys t 46-1 have been reported 

(21, 58). For heptane at 750°C at long contact time (contact 

time = cata lyst volume/gas flow rate at NTP) the ex i t gas com-

pos i t ion approached that corresponding to the methane-steam and 

water gas s h i f t equ i l i b r i a . At short contact t imes, s ign i f i can t 
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concentrations of saturated and unsaturated compounds were observed 

(Fig. 1 .5) . At 500°C, however, these lower hydrocarbons were not 

detected (F ig .1 .6 ) . Comparison runs in the absence of ca ta lys t 

helped to establ ish the importance of thermal decomposition of 

hydrocarbon: a t 750°C, the pyrolys is gases contained about 50% 

unsaturated compounds and 20% saturated compounds, but a t 500°C 

no decomposition was observed. The ac t i va t ion energy f o r the 

react ion was found to be 14 kcal/mole at low temperatures, but 

increased wi th temperature to become 54 kcal/mole above 800°C, 

very close to the ac t i va t ion energy reported (61) fo r the thermal 

pyro lys is of heptane (58 kcal /mole). I t was therefore concluded 

tha t at low temperatures (around 500°C) the steam-reforming of 

heptane was essent ia l l y a ca ta l y t i c process, w i th thermal cracking 

becoming important only at higher temperatures. On the other hand, 

no thermal cracking was observed in the steam-reforming of 

benzene even a t BOO^C. 

The reactions of propane and butane wi th steam were 

invest igated a t even shorter contact times ( < 10 ^ s ) . The gas 

produced was found to contain large amounts of saturated and 

unsaturated compounds (CH^, C^H^, C^Hg) and l i t t l e CO, COg and H^, 

as shown in Fig. 1.7. Since the thermal react ion is very slow a t 

600°C, the conclusion emerged that these hydrocarbons were produced 

by ca ta l y t i c cracking and subsequently reformed to CO, COg and Hg 

which eventual ly would come to equi l ib r ium wi th methane and steam. 

The f a c t tha t the methane concentrations are higher a t these 

shorter contact times than the methane-steam equi l ib r ium would 

pred ic t supports th is view. The process thus produces o le f ins and 

methane se lec t i ve ly a t short contact times and hydrogen plus 

carbon oxides at long contact times. 
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Carbon dioxide was found to be the f i r s t formed oxide of 

carbon, carbon monoxide being formed l a te r by the water-gas s h i f t 

react ion. At any t ime, the product gas was found to contain more 

COg than would be present i f the water-gas s h i f t equ i l ib r ium were 

establ ished, showing that th is react ion was slower than the 

react ion of steam with unsaturated intermediates, which produces 

the carbon d iox ide. On the basis of the above r e s u l t s , the scheme 

shown i n Fig. 1.8 was proposed fo r the react ion of steam w i th 

hydrocarbons, three major stages being considered: 

a) Cata ly t i c cracking and dehydrogenation (and, above 650°C, 

also thermal cracking) leading mainly to o le f ins of low molecular 

weight , methane and some hydrogen; 

b) Reaction of the primary intermediates (o le f ins and 

methane) w i th steam, leading i n i t i a l l y to hydrogen and carbon 

d iox ide; 

c) Equ i l ib ra t ion reactions between hydrogen, steam, carbon 

d iox ide , carbon monoxide and methane, so tha t the composition of 

the f i n a l gas is approximately defined by these e q u i l i b r i a a t the 

pressure and temperature of the ca ta lys t bed e x i t : 

CO + HgO = COg + H g 

CH^ + HgO = CO + SHg 

In add i t i on , the react ion of o le f ins w i th steam competes wi th 

reactions leading to coke on the surface of the ca ta l ys t . Steam 

and hydrogen react also wi th these carbonaceous deposi ts, but 

too slowly to provide a major route f o r the main react ion (44). 

Aromatic compounds in the feed are decomposed by the c a t a l y t i c 

react ion alone (21) forming CO, COg and from which methane is 

then produced. 
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Paraffins 
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Low paraffins 01 BPiriss Hz .CH4 

Steam cracking 
+ H2O 

Intermediate 3 2 

toV.'paraffins Aldchyccs| KcLonc: CH' 
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End-products at equilibrium 
CO2 Hg CO ' C i l 4 

Pig. 1.8. Proposed Mechanism for the Steam-Reforming 

of Paraffins ( 1, 58 ) 
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In contrast wi th these f i nd ings , Ph i l l i ps et al (59 , 60) 

suggest that the primary products of react ion of n-heptane and 

n-hexane over a nickel-alumina cata lyst in the temperature range 

350-500°C at 13 atm are hydrogen and carbon monoxide, and that 

methane is formed from carbon oxides and hydrogen. They propose 

a Langmuir-type mechanism involv ing adsorption of the hydrocarbon 

fol lowed by i t s rapid decomposition to produce CH species on the 

surface; these react wi th steam strongly adsorbed on d i f f e r e n t 

s i tes to produce hydrogen and carbon oxides which desorb and 

subsequently in te rac t to form equi l ibr ium gas mixtures (Fig. 1.9). 

The surface reaction between CH and adsorbed water species was 

considered rate con t ro l l i ng , explaining the s i m i l a r i t y of react ion 

rates and act iva t ion energies (21 + 1 kcal/mole) obtained wi th 

n-hexane and n-heptane. 

Bhatta and Dixon (34, 35) studied the react ion of butane 

wi th steam over nickel-alumina and nickel-urania-alumina cata lysts . 

D i f f e ren t k ine t ic expressions were found, establ ishing the ro le of 

the support as a suppl ier of oxygenated species ( resu l t ing from 

adsorption of water) to the surface of the nickel (Fig. 1.10). 

The steam-reforming of cyclohexane and ethane was also studied on 

s im i la r catalysts (35). Once again, the resul ts were explained 
•k 

in terms of adsorbed CĤ  radicals reacting wi th adsorbed water 

species: -

(1) CgHg + 2( )--»2(CH2*) + Hg 

(2) HgO + ( ) = (HgO) 

(3) (CHg*) + (HgO) = (CO) + 2H2 + ( ) 



fig. 1.9 Steam-Reforming Mechanism Proposed by 

Phillips et. al.( 59 ) 

411 

HjO 
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Pig. 1.10 Steam-Reforming Mechanism Proposed by 

Bhatta et. al.( 34 ) 
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Process 
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( I = Intermediate products and hydrocarbon radicals ) 
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Table 1.7 Steam-Reforming of Higher Hydrocarbons 

Kef. Cata lys t Hydrocarbon Tomp.°C P atm Reaction 
Hydroc. 

orders 
steam kcal /mol i 

(56) Ni/SlOg cyclo-CgH^2 400-460 1 - 0 0 -1 22-24 

Ni/G 11 no a c t i v i t y 

(36) Nl/Y-AlgOg n-C^H^Q 425-475 •• 30 0 1 13 

(34) Nl /^ -A lgO^/ < 

/UOg (.3KK) M 404-491 30 1 - . 6 24 

(59) . N i / f -A lgOg "-06*14 
n-C^H^g 

360-450 15 .3 0 21 + 1 

(145) ' Ni/SiOg 370-450 1 0 1 -

(44) • ft ' " - ^6*14 500-750 1 0 1 (14) 

(35) Ni /C-AlgOj OgHs 550 1 * •* 

Nl/u^-AlgO^/ 

/UOg II tl n @ @ 

(42) Ni/SiOg 536-710 1 .75 .6 15 

(26) Nl/MgO 02*6 500 1 .5 —v3 18 

Ni/MgAlgO^ II II II .4 - 1 . 1 

Nl/AlgO^ . If 11 II .6 .13 

(139) N i / k i e -
selguhr 02*6 15 

(140) H cyclo-GgH^2 19 

(141) Ni/AlpOg 03*8 500-700 1 12 

(146) n cyclo-C^H^g 250-350 19 

(147) Nl/CrgOg II 510-360 21 

* r = 19.7 ) / (1+0.49 PfHgO)) 

@ r = 41.9 ) / (1+1.41 PdipO)) 
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( 4 ) ( C O ) + ( H g O ) = COg + H g + 2 ( ) 

(5) (CO) = CO + ( ) 

(6) (CHg*) + Hg = CH^ + ( ) 

Step (1) was considered rate determining and, at the same t ime, 

carbon formation was possible by dehydrogenative polymerisation of 
•k 

the species (CHg ) . 

This var ie ty of k ine t i c resul ts has been summarized in 

Table 1.7, and re f lec ts mainly the ef fects of d i f f e r e n t operating 

condit ions and cata lys t formulat ions. On the other hand, there 

is general agreement that the s imp l i f i ed scheme of Fig. 1.11 

represents the steam reforming process we l l . 

1.3 CARBON FORMATION 

1.3.1 Thermodynamics of the Carbon-Hydrogen System 

Standard f ree energies of formation of some hydrocarbons are 

represented in Fig 1.12 as a funct ion of temperature, showing the 

r e l a t i ve s t a b i l i t i e s of the d i f f e r e n t compounds. Possible conver-

sions of hydrocarbons can be predicted from an analysis of th is 

diagram, as summarised by Germain (79): 

- At low temperatures, hydrogenation of o lef ins to the 

corresponding paraf f ins is favoured, whi le the reverse react ion 

takes over at higher temperatures; 

- High temperatures favour hydrogenolysis and cracking of 

high paraf f ins to low molecular weight products and favour the 

cracking of aromatic side chains; 

- Alkylat ions and o le f i n polymerization are favoured by 

low temperatures. Under a given set of conditions mu l t ip le con-

version paths are open fo r each system, the actual products being 
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determined by the r e l a t i v e react ion ra tes. As a r e s u l t , spec i f i c 

hydrocarbon conversions are dependent on the use of h ighly 

se lec t ive ca ta lys ts , so that one of the numerous thermodynamically 

possible paths is favoured. 

Inspection of Fig 1.12 also shows that acetylene is thermo-

dynamically unstable over the whole temperature range, and tends 

to decompose to an equ i l ib r ium mixture containing large proportions 

of carbon and hydrogen. Methane is the most stable of the p a r a f f i n s , 

and should decompose spontaneously to carbon and hydrogen only 

above 570°C. Above room temperature a l l o l e f i n s , acety lenic and 

aromatic hydrocarbons, as wel l as paraf f ins higher than Cg, should 

d issoc iate to carbon and hydrogen. However, d i rec t e q u i l i b r i a 

between hydrocarbons and carbon are not experimental ly f eas ib l e , 

except fo r the case of methane. This equ i l ib r ium has been 

approached from both sides in the presence of metal cata lysts 

(Fe, Co, N i ) , as shown in Fig. 1.13, and several studies on these 

systems have been published recent ly (81, 82). I t has been 

cons is tent ly observed, however, that equi l ibr ium constants 

experimental ly determined in the presence of nickel ca ta l ys t s , 

deviate from those based on graphi te data (75, 81, 83). The 

subject was invest igated by Rostrup-Nielsen (81) and a good 

cor re la t ion between these deviat ions and the maximum c r y s t a l l i t e 

s ize of the catalysts was found. Greater deviat ions were observed 

on catalysts wi th small n icke l c r y s t a l l i t e s . S t i l l higher deviat ions 

were observed in the case of the Boudouard react ion (81), these 

resu l ts ind ica t ing formation of nonideal graphi te . 

Another e f f ec t to consider when metal catalysts are used is 

the possible presence of other so l i d phases. Thus, f o r example, 

oxide formation has been observed on i r o n , n i c ke l , and cobalt under 
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apparently reducing condit ions (99) and two f . c . c . hydride 

phases (a = 0.38 and a = 0.42 nm) have been i d e n t i f i e d a f t e r 

hydrogen treatment of n ickel f i lms (42). In add i t i on , the 

p o s s i b i l i t y of carbide formation is always present wi th reactions 

invo lv ing hydrocarbons on t r a n s i t i o n metal cata lysts (46, 99). 

1.3.2. The Structure and Deposition of Carbon 

Carbon deposits can present a var ie ty of s t ructures ranging 

from the near amorphous to a highly c r y s t a l l i n e g raph i t i c s ta te , 

depending on the mechanisms by which they are formed. The stable 

a l l o t r o p i c form of carbon at normal temperatures and pressures i s 

graphi te . The ideal l a t t i c e consists of planes of hexagons in a 

stacking sequence ABAB..., and the un i t ce l l has dimensions 

a = 0.246nm and c = 0.671nm, wi th an i n te r l aye r spacing of 0.335nm 

(84, 85). A metastable rhombohedral form wi th the layer stacking 

ABCABC... has also been shown to e x i s t , but only in associat ion 

w i th the hexagonal form. 

The so-cal led "amorphous carbons" ac tua l ly consist of small 

c r y s t a l l i t e s wi th the i r hexagonal layers arranged roughly pa ra l l e l 

and equ id is tan t , but w i th random or ien ta t ion wi th respect to each 

other. This s t ruc tu re is known as " t u rbos t ra t i c " (86) and resu l ts 

in weaker bonding between the layer planes, the in te r layer 

spacing increasing to 0.344nm when the stacking sequence is 

completely random. As a consequence of th is s t ruc tu re , d i f f r a c -

t i on patterns show d i f f use r ings . 

The in te r layer spacing, d, is the parameter most f requent ly 

used in the character izat ion of carbons, and has been corre lated 

wi th the degree of three dimensional order and wi th the 

c r y s t a l l i t e dimensions (La = c r y s t a l l i t e diameter, Lc = c r y s t a l l i t e 
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he igh t ) , as reviewed by Bokros (88) , Ergun (87) and Ruland (85). 

Py ro ly t i c carbons are formed from carbon containing gases at 

high temperatures, e i ther homogeneously or heterogeneously, g iv ing 

two d i s t i n c t types of carbon (gas phase and surface carbon). Gas 

phase carbon is a m ic roc rys ta l l i ne form of carbon, produced in 

spherical par t i c les wi th c r y s t a l l i t e s or iented approximately 

pa ra l l e l to the surface. Surface carbons are obtained as f i lms 

wi th wel l ordered c r y s t a l l i t e s deposited on s o l i d substrates. 

This type of carbon is nearer to graphi te than gas-phase carbon, 

having bigger c r y s t a l l i t e s , higher density and lower i n te r l aye r 

spacings (Table 1,8) . The formation of both types of carbon is 

large ly determined by the condit ions of pyro lys is rather than by 

the s t ruc tu re of the s ta r t i ng gas (89). The s t ruc tu re of gas-

phase carbons is l i t t l e af fected by the temperature of reac t ion , 

in contrast w i th surface carbons (89) , in which a high degree of 

order is obtained when the deposit ion temperature approaches 2000°C. 

Carbons of much higher c r y s t a l l i n i t y are obtained at lower 

temperatures on c a t a l y t i c surfaces, p a r t i c u l a r l y on t r ans i t i on 

metals. N icke l , cobalt and i ron have been found to be p a r t i c u l a r l y 

act ive catalysts at low temperatures (350-750°C) and have been the 

subject of numerous studies ( c f . Table 1 .9) . A good example of 

the d i s t i n c t i o n between i n e r t and c a t a l y t i c surfaces is found in 

the work of Banerjee et al (90) , who studied carbon formation from 

carbon suboxide on porce la in , n i c k e l , copper and platinum a t 713°C. 

Electron d i f f r a c t i o n of the deposits obtained on n ickel revealed 

extensive three dimensional ordering and substant ia l c r y s t a l l i t e 

s i ze , t u rbos t ra t i c carbons being found on the other substrates; 

they produced s im i la r d i f f r a c t i o n patterns to those of n ickel only 

a f te r heating to 2000°C. 
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Carbons 

Type of Temp. d Lc la C/H Density 

Carbon °C nm nm nm atomic g/cc 

Gas-phase 1000 . 3 6 1 - . 3 7 0 1.2^ 4.2 8 

Surface 1000 .346-,354 2 . 8 5.1 >80 2 .00 

Catalytic 600 • .337 20. 40. 20 

Graphite .335 CO oo 60 2 .26 

Compiled from : Palmer and Cullis ( 1965 ) 

Cullis et.al. ( 1965 ) 

Walker et.al. ( 1959 ) 
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Typical values of some parameters of py ro l y t i c carbons are-

presented in Table 1.8. 

Three d i s t i n c t types of carbon deposits have been obtained 

on c a t a l y t i c surfaces: laminar g raph i te , non-oriented carbon and 

f ib rous carbon. Laminar graph i te , consist ing of numerous s ing le 

crys ta ls or iented wi th the i r basal planes pa ra l l e l to the substrate 

sur face, has been obtained between 500-1200°C under condit ions 

which favour low deposi t ion rates (93-100). Non-oriented graph i te , 

also described as " p o l y c r y s t a l l i n e " , is formed together w i th 

laminar graphi te a t higher rates of carbon deposit ion (94, 95-100). 

The c r y s t a l l i t e s ize is usually small and the c r y s t a l l i t e s lack 

o r ien ta t ion wi th the substrate. The formation of non-oriented and 

laminar graphi te appears to be complementary (101), the nature of 

the deposit being changed from laminar to non-oriented by increasing 

the reactant pressure at f i xed temperature (94) whi le a r i se i n 

temperature at f i xed pressure resu l ts in the formation of laminar 

graphi te from a non-oriented deposit . In add i t i on , carbon f lakes 

formed on n ickel and cobalt at high temperatures and pressures 

have been found to exh ib i t s im i l a r appearance to the non-oriented 

deposits in t he i r upper surface, whi le the lower surface shows 

features normally associated w i th laminar graphi te. Electron probe 

analysis has shown the presence of s i g n i f i c a n t concentrations of 

metal on the lower surface of the f l akes , but very l i t t l e on t h e i r 

upper surface (101). Filamentary carbon has been obtained in 

many py ro l y t i c systems (81, 92, 102-112), and the s t ruc tu re of 

carbon f i b res formed over i r o n , cobalt and n ickel has been i n v e s t i -

gated (102, 103). They are t u r b o s t r a t i c , wi th a preferred 

o r ien ta t ion of the basal planes pa ra l l e l to the f i b r e ax is . They 
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are long and t h i n , sometimes up to 7 ^m long and 0.1 wide, and 

have a hollow tubular core. The f i b r e t i p contains a p a r t i c l e of 

metal or carbide, whose size appears re lated to the f i b r e and core 

diameters. Metal or metal carbide par t i c les are also found 

d i s t r i bu ted in the hollow core along the f i b r e length (81, 92, 

102-110). 

Metal carbides have also been i d e n t i f i e d in systems where 

laminar and f ibrous carbons are formed (45, 99, 107, 109, 110, 113) 

and they are thought to play an important ro le in the mechanism 

of carbon format ion, as discussed below. 

1.3.3 Cata ly t ic Carbon Formation 

Certain metals, especia l ly i r o n , cobalt and n i c k e l , exh ib i t 

high c a t a l y t i c a c t i v i t y fo r carbon formation. They not only 

accelerate the rate of carbon formation but also a f f ec t the 

s t ruc ture of the carbons formed, as discussed i n 1.3.2. 

Most of the ea r l i e r l i t e r a t u r e on the subject was devoted to 

the study of carbon deposit ion from carbon monoxide on i r o n , and 

has been reviewed by Renshaw et al (109). In te res t in th i s system 

was re la ted wi th the study of the Fisher-Tropsch process (115, 116) 

and also w i th the need to minimize carbon formation in the brickwork 

of b las t furnaces (117). More recen t l y , the use of supported 

metal catalysts in reforming and steam-reforming processes and 

the i n te res t in avoiding carbon deposit ion on reactor wal ls and 

heat exchangers has d i rected more a t ten t ion to the study of carbon 

formation from hydrocarbons on metals. A summary of the per t inent 

l i t e r a t u r e is shown in Table 1.9 and some features of the process 

are now considered in more d e t a i l . 
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Table 1,9 Studies of Carbon Formation on Metals 

Author A: rpfei'encp Keactmnta Kptnla Temp/K ObnorvntionB 

Clmlno {1?lO V 1 4 M ^/o-bro 

Cuniiliifihnm (iro) Cr"4 Ki 7?0 Effect of crystal face 

Karu (124) G"4 K1 1175-1375 Graphite growth 

Lafltau (127) CH, K1 1270 C diffusion controls, ?>37 kcal/cole 

leoonnet (B2) CH, N1 670-1270 E=20-35 kcal/mole 

Escoubca (120) CH^ r * XI 460-5SO K»??.5 kcal/rolf, C diffusion controls 

Patrlkcev (148) C?"4 111 570-820 Kain £as products: C2l-̂ ( 7O0i;),CH^(7O0-Pr0K),E2C t=r0K) ^ 

Patrlkeev (149) Co 

Tamul (115) Fe. Nl 1140-1300 Kinetic study 

TRmal (114) 

®2"6 

idem Fc. Ni 1170-1270 Effect of hydrogen; mechanism 

Prealand (95) Ft, Ki 1270 Xechanlsm proposed 

Robertson (96) 
" 4 Fe. Co, I.'i 920-1020 Growth of graphite 

Robertson (10}) CH, Fe, Co, Ki 920-1020 Flake and polycrystalline carbon; metal found in carbon 

Teener (108) C2«2 XI--Cr 720-970 Carbon fibres. Kinetics. Metal in carbon 

Moayerl (100) C«4 'Wi. Co 1070-1370 Growth of graphite. Ni(ll1) Ki(llO) 

Prealnnd (93) CgH; Ni 1270 EffGet of crystal face on epitaxial growth 

Blau (94) NI 1070-1470 Effeet of pressure and temperature on crystallinity 

Sal to (129) =2=2 Nl, ,?e 870 

I.obo. (130) Hi 670-970 Complex temperature dependency. Gas-phase above 870E 

Balrd (102) CH^.CjHg Nl 970 Structure of carbon fibres.Sucgeats atoaic Kl In Carbon 

Tonita (125) Benzene Ki 870-1240 Flake and sooty carbon. Metal in carbon 

Baiter (98) CH^/CO/COj Fe 725-1225 Kechanisms for ar;orphous C & graphite fomation 

Baker (105) CgHg Nl 870-1300 yechanlsm for fibrous C formation. C diffusion In Kl 

Rofltrup-Nlelsen(81) =»4 ni 720-970 Equilibrium studies.Correlation with crystallite size 

Robertson (104) <="4 Fe .Co, ,Ni 9 2 0 - 1 0 2 0 Factors affecting flake or polycrystalllne C fomatlon 

Lobo (131) 
6 r C O . • Ki 570-1070 rd,Pt,Cu,Ag,Au,Inactive. 

®4"6'°4"8 
Pd, 

Ae. 

, Ft, 

, Au 

, Cu 
flechaniso : C diffusion In %i, XI crystallites transported 

Lobo (152) Iden, plus Ni 670-870 Autocatalytlc deposition froz olefins,very slow with paraffins 

CH^.CjHg.CjKg Effect of pretreatment 

Baker (112) Fe, Co, ,Cr 785-1270 Kechanlsm of fibre growth: C diffusion in netal 

fryer (111) 
'̂ t"l2 Pt 650 C fibres cf graphitic nature 

lobo (155) Ki 740-P20 Nucl*^atlon and rrowlh rodels 

NJohlyaxs (154) Benzene Xi/Cu n̂ O-1170 diffusion of C in netal 

iJcrbyehlre (101) Fe, Co, :;i 770-1370 Conditionn of formation of laminar, non-oriented and fibrous 

Cgll̂ , benzene carbon and metal carbides 

Vo.iycrl (42) 
S " 6 Ki P70 Graphite formad Initially, then coot 
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1.3.3.1 Substrate Orientat ion and Pretreatrnent 

The c a t a l y t i c a c t i v i t y of the metal has been shown to depend 

on the c rys ta l faces presented to the gas phase (118-121). 

D i f f e re n t faces show d i f f e r e n t a c t i v i t i e s and only cer ta in faces 

may be stable in a pa r t i cu la r react ion environment; on occasions, 

the surface w i l l rearrange to expose these faces (42, 122). Thus, 

f o r example, f o r carbon deposit ion from CO over n icke l s ing le 

crys ta l spheres (118) and monocrystal l ine th in f i lms (123), the 

a c t i v i t y pattern observed was [321] > [ l l l l > [ l i o ] > [lOOj and 

s im i la r resu l ts were found fo r the low temperature hydrogenation 

of ethylene (120). Presland (93) and Moayeri (100) also found 

tha t the rate of carbon formation from hydrocarbons was greater 

over the Ni [ i l l ] face than the [ l lO ] face and, as a r e s u l t , a more 

c r y s t a l l i n e deposit was obtained over the l a t t e r . However, i n the 

case of ethylene decomposition, Cunningham and Gwathmey (120) 

found tha t the Ni [ i l l ] face was less ac t i ve , and pretreatment 

w i th argon completely i nh ib i t ed carbon deposit ion on the [ i l l ] and 

[lOO] faces. Thus, the geometry of the surface seems to play an 

important ro le in carbon formation and, in th is context , reference 

should also be made to the work of McCarroll e t al (40) , who 

reported that the Ni [ i l l ] face develops [lOo] o r ien ta t ion i n the 

presence of HgS, CgH^ and benzene. This rearrangement seems to be 

caused by surface d i f f u s i o n , the rates of t h i s process being increased 

by one or two orders of magnitude in the presence of such adsorbed 

species (122). 

Substrate pretreatment is also an important f ac to r . Vacuum 

annealing has been found to lead to more c r y s t a l l i n e deposits 

(93, 124) and freedom from surface oxide is an essent ial require-

ment i f wel l ordered graphi te i s desired (93). On the other hand. 



higher rates of carbon formation were obtained a f t e r preheating 

n ickel f o i l s i n a i r (125), whi le untreated f o i l s and those reduced 

in hydrogen gave s im i l a r rates of deposit ion (113). One of the 

possible e f fec ts of these annealing procedures may be to induce 

pa r t i cu la r c r y s t a l l i n e rearrangements (42) which, i n tu rn , may 

ass is t or re tard the c a t a l y t i c act ion of the metal. 

1 .3.3.2 Kinet ics and Mechanism 

A survey of the l i t e r a t u r e on c a t a l y t i c carbon formation 

(Table 1.9) reveals several common features in a large number of 

d i f f e r e n t systems: 

I Rates of deposit ion remain constant f o r extended periods 

of time (125, 132, 134, 135); 

I I The inc lus ion of metal i n carbon deposits has been 

reported fo r deposit ion from hydrocarbons (81, 102^ 103, 105, 108, 

125, 132, 134) as wel l as in the case of CO d ispropor t ionat ion (106, 

10 7, 110, 135); 

I I I The presence of carbides has been reported under s im i l a r 

circumstances (46, 99, 107, 109, 113); 

IV A maximum ra te of carbon formation has been observed at 

temperatures in the region 550-600°C (99, 108, 110, 130, 135, 136) 

and approximately zero order k ine t ics have been determined fo r the 

low temperature region (99, 127, 131, 135); 

V Hydrogen has been general ly found to increase the rates 

of deposit ion (108, 131, 134, 135, 136); 

VI The rate determining step has been associated wi th a 

so l i d - s t a t e d i f f us i on mechanism by a large number of researchers. 



both at low termperatures (< 350^C) where carbides are the f i n a l 

s o l i d products (125, 128, 137), and at higher temperatures where 

carbon is formed (112, 127, 131, 134, 136). 

These observations suggest that a general mechanism fo r carbon 

formation must apply under a var ie ty of circumstances. 

The formation of py ro l y t i c graphi te on n i c k e l , cobal t and i ron 

f o i l s was studied by Derbyshire (99). One of the features of the 

k i ne t i c data obtained w i th n ickel was the coincidence of laminar 

graphi te formation wi th a pa r t i cu la r type of curve of uptake vs . t ime, 

the rate of growth f a l l i n g to zero a f t e r a s i g n i f i c a n t react ion time. 

In every case, the f i n a l weight corresponded closely to the so lub i -

l i t y of carbon in n ickel a t the deposit ion temperature (Fig. 1.14). 

In add i t i on , amorphous carbon evaporated onto n ickel f o i l s could be 

dissolved by increasing the temperature and then reprec ip i ta ted as a 

graphi te f i l m upon cool ing (138). The same behaviour was observed 

w i th deposits of non-oriented graph i te , which p rec ip i ta ted on 

cool ing as a laminar graphi te f i l m , s im i l a r to those f i lms d i r e c t l y 

formed by py ro lys is . These resu l ts show t h a t , under cer ta in condi-

t ions of py ro l ys i s , the uptake of carbon by the nickel f o i l i s 

l im i t ed by the carbon s o l u b i l i t y , and demonstrates that a d i f f u -

sion p rec ip i t a t i on process must play a major ro le in the formation 

of laminar graphi te f i lms on n icke l . 

Studies of carbon deposit ion from l i g h t hydrocarbons on metal 

f o i l s were also car r ied out by Lobo (46); only n i c k e l , cobal t and 

i ron showed c a t a l y t i c a c t i v i t y below 600°C, as shown in Table 1.10. 

For n i cke l , a complex temperature dependency was observed f o r the 

rates of deposi t ion, wi th a maximum at 500-550°C and a minimum at 
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TABLE 1.10 . 

Typical rates of carbon formation on a selection 
of metalso Conditions: 100 torr cis-2-butene, 
50 torr hydrogen, 550 C. 

GROUP VIII GROUP IB 

Fe Co Ni Cu 
3 5 150 0.00 

Ru Rh Pd Ag 
0 0.00 

Os Ir Pt Au 
— 0.0 0.00 

2 
Tlie rates are expressed in ^g/cm min. 



600-650°C, def in ing three regions in the Arrhenius p l o t . At the 

lower temperatures, deposi t ion rates were found to be independent 

of the nature and pressure of the unsaturated hydrocarbon used, 

wi th ac t i va t ion energies in the range 29-34 kcal/mole. Above. 

600-650°C, the carbon forming react ion has been i d e n t i f i e d as gas-

phase pyro lys is in the case of acetylene (130), the order of 

react ion (2nd) and ac t i va t ion energy (50 kcal/mole) being in agree-

ment wi th reported values fo r the pyro lys is . This is probably t rue 

f o r o le f ins as w e l l , carbon forming on a l l the metals used at 

s im i la r rates above 600°C (131). In the intermediate temperature 

region, negative temperature dependencies were observed and the 

rates were dependent on the p a r t i a l pressures of hydrocarbon and 

hydrogen. Hydrogen did not a f f ec t deposit ion from acetylene, but 

some minimum r a t i o hydrogen: o l e f i n was found to be necessary fo r 

a f a s t deposit ion from C3-C4 o l e f i ns . The fo l lowing mechanism of 

carbon formation on n icke l f o i l s was proposed (131); 

The adsorption of o le f ins on the surface is fol lowed by 

dehydrogenation and hydrogenolysis reactions to produce carbon 

atoms; these then migrate through the n ickel to ac t ive growth 

regions. Disrupt ion of the n icke l takes place and c r y s t a l l i t e s , 

detached from the sur face, are car r ied w i th the growing carbon 

(Fig. 1.15) and catalyse fu r ther production of carbon. Induction 

per iods, observed under cer ta in condi t ions, are accounted fo r i n 

terms of the nucleation of a new so l i d phase presenting an i n i t i a l 

energy b a r r i e r . The ra te determining step at low temperatures is 

considered to be the d i f f us ion of carbon through the n icke l . Lobo 

suggested that the overal l process may involve the formation of 
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Table 1.11 Solid Phases Detected In Carbon Deposits 

on Nickel ( 46 ) 

Phase Symmetry a (nm) d ( nm ) L (nm) Conditions 

Cubic .71-.74 

late stages 

30 Low tempe-

ratures (*) 

Q FCC 1.86-1.96 

Late stages 

150 High tempe-

ratures (*) 

Graphite d^=.333-.342 Lc=50 Late stages 

d^=.210-.211 La=130 (*) 

FCC,or .446 

Cubic .223 

or HCP .184 

Early stages 

only after 

annealing (@) 

(*) - By X-ray diffraction 

(@) - By electron diffraction 
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carbides, and X-ray and electron d i f f r a c t i o n studies of the so l i d 

products of react ion (46) revealed the presence of several new 

phases, as shown in Table 1.11. Carbide L was i den t i f i ed at the 

early stages of react ion, whi le carbides P and Q, together w i th 

graphi te , were found at the la te r stages. The fas t deposit ion of 

carbon did not occur on f o i l s with carbide Q alone, so that a l l 

the avai lable evidence supported the sequence: 

Nickel phase L phase P —> graphite 

Baker e t . a l . (98, 105, 112) studied pyrolysis over metal f i lms 

evaporated onto s i l i c a and graphite substrates. The metal nucleated 

in to par t ic les upon heating, and graphite p la te le ts were observed to 

grow from the edges of larger par t ic les which had los t t he i r mob i l i t y . 

I t was proposed that the metal par t ic les were immobilized when the 

concentration of dissolved carbon reached the s o l u b i l i t y l i m i t . The 

p la te le ts were then formed by surface d i f fus ion and c r y s t a l l i z a t i o n 

of carbon. For the growth of carbon f ib res from pyrolysis of acety-

lene, they proposed the fo l lowing mechanism (Fig. 1.16): 

- The formation of a f loccu len t amorphous deposit around the 

nickel par t ic les is a t t r ibu ted to the gas phase polymerization of 

the hydrocarbon. The heat released by acetylene decomposition on 

the exposed surfaces then sets up a temperature gradient across the 

pa r t i c les . Carbon from decomposed acetylene is taken in to so lu t ion , 

d i f fuses in and is deposited from the pa r t i c l e in the cooler regions 

protected by the amorphous deposit. This p rec ip i ta t ion of carbon 

at the rear of the pa r t i c l e bui lds up a deposit which forces i t 

away from the support. From then on, the nickel par t ic les w i l l be 

carr ied on top of the growing f i b r e , accounting fo r the observed 



constant ra te k i n e t i c s . D i f f us ion of carbon through the metal is 

the proposed ra te determining s tep , s ince the a c t i v a t i o n energies 

f o r the process agree we l l w i t h publ ished values f o r carbon d i f -

f u s i o n , i n the cases of i r o n , n i c k e l , chromium and cobal t (112). 

Excess carbon w i l l thus be deposited a t the exposed surface of the 

p a r t i c l e , and t h i s can migrate by surface d i f f u s i o n , accounting f o r 

the d i f f e r e n t s t r uc tu re of the f i b r e sk in (105). Eventua l ly , the 

surface of the metal p a r t i c l e w i l l become encapsulated and the 

f i b r e w i l l cease to grow. This has been observed exper imental ly 

(105, 112). 

The incorporat ion of a tomica l l y dispersed metal i n the carbon 

layers was suggested by Baird e t . a l . (102) and confirmed by 

ox ida t ion s tud ies , these f i n e dispersions becoming v i s i b l e upon 

agglomeration. They based t h e i r mechanism of carbon growth (97) 

on the c a t a l y t i c a c t i v i t y of these metal atoms (or small c lus te rs of 

atoms) tha t d i f f u s e i n t o the carbon. 

Carbon format ion from benzene on Cu-Ni a l l oys has been recent ly 

s tudied by Nishiyama e t . a l . (134). They reported the format ion of 

two d i f f e r e n t types of carbon, a t h i n f i l m formed at high temperatures 

and a black powder, s i m i l a r to carbon b lack , formed at low termpera-

tu res . A l loys oF 40-80% Ni showed higher c a t a l y t i c a c t i v i t y than pure 

n i c k e l . P re fe ren t i a l nucleat ion at g ra in boundaries was suggested to 

explain the presence of metal grains in the carbon depos i ts , wh i le 

nuc leat ion on the surface was suggested to be responsib le f o r encapsu-

l a t i o n of the metal and i n h i b i t i o n of f u r t h e r depos i t ion . The 

observed enhancement of deposi t ion by hydrogen was ascribed to the 

e l im ina t ion of carbon nucle i at the sur face , preventing encapsulat ion. 
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1.4 CARBON GASIFICATION 

1.4.1 Uncatalysed Gas i f i ca t ion 

The uncatalysed gas i f i ca t i on of carbon has been the subject of 

numerous studies and reviev/s (63, 64, 65, 65). However, the greatest 

i n t e r e s t has been centered around gas i f i ca t i on by oxygen or carbon 

d iox ide. The former react ion is of s i g n i f i c a n t p rac t i ca l importance, 

mainly in the context of combustion processes, whi le the l a t t e r has 

been recent ly studied i n the context of gas-cooled nuclear reactors. 

Re la t ive ly l i t t l e work has been published on gas i f i ca t i on by steam 

or hydrogen. 

The r e l a t i v e rates of gas-carbon reactions have been compared 

at 800°C and 0.1 atm pressure (63), as shown i n Table 1.12. A sum-

mary of thermodynamic considerations re levant to carbon gas i f i ca t i on 

is presented in (63). Carbon gas i f i ca t i on by oxygen and hydrogen i s 

exothermic, and by steam and carbon dioxide i s endothermic. The 

carbon-steam react ion 

c + h 2 o = c o + h g 

i s accompanied by the secondary react ions: 

c o + h g o = c o g + h g 

C + COg = 2C0 

C + ZHg = CH^ 

Thermodynamic considerations (53) show that the oxidat ion of carbon 

to carbon monoxide and carbon dioxide is not r e s t r i c t e d by e q u i l i b -

rium at normal working temperatures, bu t , in the case of C + ZHg = 

CH^, the production of methane is ser ious ly l im i ted at 1 atm. 
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Table 1.12 Approximate Relative Rates of Gaa-Carb&n 

Reactions at 800°G and 0.1 atm Pressure 

Reaction Rate 

c " ° 2 1 X 10^ 

c - H g O 3 

c - COg 1 

c - ^ 2 3 X 10-5 

( From Walker et.al., ref. 63 ) 



The uncatalysecl react ion of carbon wi th steam has been des-

cr ibed successful ly by the equation: 

KiPfHgO) 
r = ! (67, 68) 

1 + KgPfHg) + kgPCHgO) 

from which orders of react ion w . r . t . HgO ranging f ran 0 to 1 are 

expected. At low temperatures and atmospheric pressure, the 

react ion is of zero order , and is expected to become 1st order 

only above 1640K (65). Ac t iva t ion energies in the range 60-80 kca l / 

mole have been reported (63). 

Zie lke and Gorin (69) studied the gas i f i ca t i on of a low-

temperature char wi th hydrogen and proposed the ra te equation: 

a.PtHg)^ 

1 + b.PfHg) 

from which react ion orders betv/een 1 and 2 are expected. These 

authors repor t an ac t i va t ion energy of about 50 kcal/mole f o r the 

l a te r stages of bu rn -o f f , when the s t ruc ture of the carbon residue 

Is thought to approach that of graphi te . 

1.4.2 Catalysed Gas i f ica t ion 

The cata lys is of carbon g a s i f i c a t i o n has been reviewed by 

Walker e t . a l . (70) and resu l ts are reported f o r the c a t a l y t i c 

e f fec ts of Fe, Co and Ni on the gas i f i ca t i on of carbon w i th carbon 

diox ide (at 800-1000°C). In most cases, the gas i f i ca t i on ra te 

increased i n i t i a l l y (up to ca. 15% burn-o f f ) and the ra te then 

remained constant over a considerable burn-of f range. The i n i t i a l 

increase in ra te was a t t r i bu ted to some i n i t i a l increase in surface 



area of the sample. With Fe and, to a lower extent wi th Co, the 

rates of gas i f i ca t ion were found to level o f f a f te r a period of 

constant rate. With increasing temperature th is e f fec t occurred 

at shorter t imes, but , due to the faster ra te , the burn-of f achieved 

was higher. This was caused by deact ivat ion (by oxidat ion) of the 

ca ta l ys t , and a c t i v i t y could be restored by Hg, by CO or by thermal 

treatment. Subsequent invest igat ion showed that Fe^O^ and FegOg 

were not catalysts fo r the react ion; FeO increased the rate of gasi-

f i c a t i o n by a factor of 5 and meta l l i c Fe by a fac tor of 180-240, 

The ca ta l y t i c a c t i v i t i e s fol lowed the order Fe >Co>Ni and any of 

these metals succeeded in lowering the ac t iva t ion energy f o r gasi-

f i c a t i o n by COg (87 kcal/mole fo r the pure graphite samples). How-

ever, the in te rpre ta t ion of the Arrhenius. plots was complicated by 

cata lys t deact ivat ion and by d i f fus ion e f fec ts . Deactivation of 

n ickel was not observed, as expected from thermodynamic considera-

t i ons , since the equi l ibr ium 

Ni + COg = NiO + CO 

was well to the l e f t under reaction condi t ions, wi th about 1% of CO 

in the gas mixture being enough to maintain Ni in the meta l l i c s ta te . 

In th is case, an ac t iva t ion energy of 76 kcal/mole was determined i n 

the range 850-960°C, which was considered to correspond to chemical 

cont ro l . The presence of Ni (300 ppm) was found to increase the 

gas i f i ca t i on rate by 200-fold over the uncatalysed ra te . 

The e f fec t of the products in the C-COg and C-HgO reactions on 

the gas i f i ca t ion rate is dependent upon whether the reactions are 

being catalysed or not. In the uncatalysed react ion, CO and Hg are 

i nh ib i t o rs of the gas i f i ca t ion (63), whi le in the catalysed react ion, 

the i r presence in s u f f i c i e n t amounts helps to maintain the cata lys t 
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in the reduced (act ive) state (70). The uncatalysed combustion of 

carbon usually produces some CO, the r a t i o of CO to COg increasing 

wi th temperature. Gasi f icat ion catalysts change the nature of the 

react ion i n that the COiCOg r a t i o is reduced and is usually zero 

(20, 63). A s im i la r e f f ec t has been reported by Tuddenham and H i l l 

(71) fo r gas i f i ca t ion of carbon wi th steam, catalysed by n icke l . 

I t has been questioned as to whether the cata lyst changes the 

r a t i o of CO to COg. Heuchamps et al (72) concluded that the primary 

r a t i o i t s e l f is af fected. 

Two general theories of cata lys is of the gas i f i ca t ion of carbon 

have been proposed (70), the oxygen-transfer and the electron-

t ransfer mechanisms. These w i l l be summarised below, fo r the 

par t i cu la r case of catalysis by t rans i t i on metals. 

The e lect ron- t ransfer mechanism supposes that the t rans i t i on 

metal has unpaired electrons in i t s d-band and, when in contact 

w i th graphi te , % electrons in the graphite w i l l pair up wi th these 

electrons. As a r e s u l t , 7Celectrons are loca l ised, and the number 

of mobile A electrons in the graphite decreases, weakening the 

average strength of the bonds between peripheral carbon atoms and 

carbon-oxygen complexes. As a r e s u l t , gas i f i ca t ion of the l a t t e r 

w i l l be enhanced. On the basis of thermoelectr ic power studies 

Walker et al (73) concluded that the mechanism of catalysis by Fe 

in t he i r invest igat ion could not be pr imar i ly a t t r i bu ted to such 

a process. 

The essential features of the oxygen-transfer mechanism 

involve the assumption that the cata lyst undergoes a cycle between 

two oxidation s ta tes, such as metal-oxide or lower oxide-higher 

oxide. For the case of the C-COg reaction catalysed by Fe, the 

mechanism can be represented by the equations (74): 



0 ? 

xCOp + yFe Fe 0 + xCO 
^ y X 

pGyO^ + xC = yPe + xCO 

Experimental evidence has been presented (70) to support the contention 

tha t the metal acts as a d issoc ia t ion center , thereby producing 

act ive species - oxygen atoms. These can d i f f use across the metal 

surface to the meta l -graph i te- in ter face and react there to form CO. 

Walker et al (70) explain the i r resu l ts on the basis of th is mechanism. 

The marked reduction in ca ta l y t i c a c t i v i t y when the Fe i s oxidised 

appears consistent w i th th is view, since the d issoc ia t ive chemisorption 

of COg on metal oxides has not been reported. S imi lar considerations 

can be applied t o the catalysed gas i f i ca t i on of carbon w i th steam. 

The react ion of hydrogen wi th carbon deposited on a n i cke l -

s i l i c a gel ca ta l ys t , was invest igated by G i l l i l a n d et al (75). The 

carbon was deposited on the ca ta lys t from decomposition of methane, 

carbon monoxide and butane. Gasi f icat ion wi th hydrogen produced methane 

wi th only occasional traces of higher hydrocarbons, and an ac t i va t ion 

energy of 35-6 kcal/mole was measured. More recen t l y , Tomita et al 

(76, 77) reported studies of the hydrogenation of carbons catalysed 

by t r ans i t i on metals. Three kinds of carbon were used, an act ive 

2 2 
carbon (1230 m / g ) , a carbon black (78 m /g) and a natural graphite 

scale. These were impregnated wi th aquous solut ions of the group V I I I 

t r a n s i t i o n metal s a l t s , so that the resu l t i ng materials contained 

about 4.8 wt% of metal. Thermogravimetric studies (76) revealed the 

presence of two or three stages in the hydrogenation of carbon. The 

pattern of methane formation was dependent on the metal ca ta lys t 

present, the type of carbon and the preparat ive method of the metal-

carbon system. With n i cke l /ac t i ve carbon, about 50% of the carbon 

was gas i f ied in the region 500-700°C. A plateau was then observed 
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in the thermogram, fol lowed by fu r ther hydrogenation above 800°C. 

Maximum methane concentration was observed at 550°C; a second (but 

lower) peak occurred at 950°C. The behaviour of Ru and Rh was qu i te 

s im i l a r to that of n i cke l . Maxima in the methane concentration curve 

were found at 605-610°C and 880-890°C. Fe, Co and Pd showed lov/ 

a c t i v i t y and the f i r s t stage of hydrogenation was absent. I r id ium and 

platinum showed unique pat terns: Three maxima (590,550,780°C) were 

observed wi th the former, whereas the f i r s t stage of the platinum-

catalysed react ion was observed only at about 770°C. The order of 

a c t i v i t i e s determined was: 

Rh> Ru > I r > Pt> N i»Pd>Co> Fe 

The react ion k inet ics at constant temperature was also 

invest igated in the case of n ickel and platinum (77). Rates of 

g a s i f i c a t i o n in the presence of n ickel were 6 orders of magnitude 

higher than f o r the uncatalysed reac t ion , and a complex dependency 

of the rate on temperature was observed, wi th maxima at 540°C and 

683°C. At higher temperatures, the rates of gas i f i ca t i on were 

found to decrease wi th increasing temperature, pa ra l l e l i ng the 

decrease in methane content at equ i l ib r ium. The ac t i va t ion energy 

determined fo r the second stage of gas i f i ca t i on was 25 kcal/mole, 

whereas the noncatalyt ic i n i t i a l rates were associated w i th an 

ac t i va t ion energy of 41 kcal/mole. The same authors (76) reported 

ac t i va t i on energies fo r the f i r s t stage of hydrogenation only in 

the case of Rh (30-34 kcal/mole) and Pt (36 kcal /mole). The 

r e a c t i v i t i e s of the various carbons fol lowed the pat tern: act ive 

carbon > carbon black > graphi te . The f i r s t stage of gas i f i ca t i on 

was found to be spec i f i c fo r the c a t a l y t i c process, whereas the 
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second stage was found to occur in the same temperature region as 

the uncatalysed react ion. The ro le of the ca ta l ys t , however, does 

not explain the presence of two stages, since the hydrogenation of 

graphi te was found to proceed only in a s ing le stage, even i f an 

act ive ca ta lys t was added. The s t ruc ture of carbon was recognised 

therefore as an important fac tor and the fo l lowing explanation was 

proposed (77): 

- The f i r s t stage react ion is considered to be the hydro-

genation of the amorphous f rac t i on of the carbon, and the second 

stage the gas i f i ca t i on of the c r y s t a l l i n e carbon. When the s ta r t i ng 

mater ial is per fec t l y amorphous, g raph i t i za t i on in the presence of 

the metal ca ta lys t may account f o r the development of a c r y s t a l l i n e 

carbon during the course of the reac t ion , as evidenced by X-ray 

studies. The metal ca ta lys t provides the act ive s i tes f o r hydrogen 

chemisorption, producing hydrogen atoms which then migrate across 

the in te r face to react wi th the carbon (76). The t ransport of hydro-

gen from the metal to the carbon may involve a s p i l l - o v e r phenomenon, 

as discussed by Boudart (78). 

1.5 PRESENT WORK. 

The l i t e r a t u r e review presented in the previous sections reveals 

the need fo r more quan t i t a t i ve information on the carbon formation pro-

cesses occurring i n the steam-reforming of hydrocarbons. The present 

work was i n i t i a t e d i n order to provide such k ine t i c data and to help 

in e luc idat ing the mechanism of carbon deposit ion on metal ca ta lys ts . 

The fo l lowing reactions were thus invest igated; 

a) carbon formation on nickel cata lysts f ran propylene in 

the absence of steam; 
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b) gas i f i ca t i on (by hydrogen and by steam) of the carbon 

deposits obtained; 

c) carbon formation in the presence of steam, as a side 

react ion of the steam-reforming process. 

Previous invest igat ions (58) had revealed tha t o le f ins were 

l i k e l y intermediates in carbon formation from other hydrocarbons. 

Since propylene is one of the major products from the cracking of 

naphthas (142), a t ten t ion was focussed on the reactions of th i s o l e f i n . 
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2.1 INTRODUCTION 

The main Reaction system consisted of a microbalance and asso-

ciated f low reac to r , furnace and temperature c o n t r o l l e r , feed system 

fo r reactants and a gas chromatograph on l i n e , as shown in F ig . 2.1. 

The sample of ca ta lys t was suspended from the microbalance arm, the 

system was f lushed wi th n i t rogen, or evacuated w i th a ro tary pump, 

and brought to the react ion temperature. The reactants were then 

admitted to the reactor and the weight change of the ca ta lys t sample 

was continuously recorded. The amounts of reactants del ivered were 

con t ro l led by needle-valves and measured by ca l ib ra ted rotameters. 

Gas products were analysed gas chromatographically. 

Surface areas of catalysts and carbons were determined from 

ni trogen adsorption isotherms by the B.E.T. method. A gravimetr ic 

technique was adopted, using the vacuum microbalance and associated 

vacuum l i ne (Fig. 2 .7 ) . Metal surface areas of supported cata lysts 

were measured by carbon monoxide chemisorption in a chromatographic 

f low system (Fig. 2.10). 

A more deta i led descr ip t ion of the experimental set-up fo l lows, 

2.2 EQUIPMENT 

2.2.1 The Microbalance and Reactor 

A C. I . Electronics MK.2B vacuum microbalance head was used in 

a pyrex glass vacuum b o t t l e wi th B34 conical glass connection. The 

balance head was connected to the e l e c t r i c a l contro l cabinet and to a 

Honeywell recorder (1 mV) v ia a matching un i t (C . I . E lec t ron ics ) ; 

damping and range extending f a c i l i t i e s were provided in the matching 

un i t . 
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Key to ?iK.2.1 

MB MicroDJilance 

V/S Water saturator 

P Furnace 

H Heater 

WT • Water trap 

GG Gas chromatograph 

VS Vacuum system 

T Thermocouple 

M Manometer 

MX Mixer 

WV ' Needle valve 

R , ' Rotameter 

OR Two-stage pressure regulator 

SBM • Bubble meter 
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The microbalance had the fo l lowing cha rac te r i s t i cs : 

Capacity 1 gram sample, 1 gram counterweight 

S e n s i t i v i t y 0.5% 

Reproduc ib i l i ty t o . S ^ g . 

Ranges 0 - 25 | i g 

0 - 250 ^ g 

0 - 2.5 mg -

0 - 10 mg 

0 - 100 mg 

E lec t r i ca l tare up to 12 mg 

The volume of the vacuum b o t t l e wi th counterweight f l ask was approxi-

3 

mately 660 cm . 

The microbalance was suspended from a metal bar mounted in a 

concrete block standing on the f l o o r . A f l e x i b l e coupling (Edwards) 

was used between the balance and the vacuum l i n e , i n order to minimize 

v ib ra t ions . 

Pieces of Ni wire were used as counterweight and suspended from 

the balance arm by means of a glass f i b r e , 10 cm long. Three s i l i c a 

f ib res (10-15 cm) were hooked together and used to suspend the sample. 

The use of small segments instead of a long suspension f i b r e was pre-

f e r red , in that a bet ter pos i t ion ing of the sample i n the centre of the 

reactor tube could be achieved. Long suspension f i b res were more 

f r a g i l e and very d i f f i c u l t to make s t r a i g h t . Better damping of 

osc i l l a t i ons could also be achieved by using segments. The only pro-

blem encountered wi th these f ib res was the need fo r extra care to avoid 

e l ec t r os ta t i c charges between the f ib res and the reactor wa l l s . Metal 

suspensions would have been bet ter in th is respect , but th is would 

increase the suspended load, causing more noise (which is proport ional 

to the load). The weight of the 3 hangdown f ib res was about 100 mg. 
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Powdered cata lysts were placed in small s i l i c a baskets 

3 

(0.1 - 0.3 mg and 0.3 - 1.5 cm ) . Metal f o i l s were suspended from 

the hangdown wire hook through a hole. Pel le ts could be suspended 

by fastening a small piece of tungsten wi re (0.13 cm diameter) around 

them. 

The f low of gases along the sample was found to cause a small 

de f lec t ion on the microbalance reading, but th is was of no consequence, 

the de f lec t ion being of constant magnitude fo r each value of the t o t a l 

f low ra te . Noise was not great ly a f fected by f l ow , and rates of carbon 

formation were usual ly so high that there was no need to use the more 

sens i t ive ranges of the balance. 

No sh ie ld ing or paint ing of the microbalance b o t t l e was found 

to be necessary in the present system. Changes in the level of lumino-

s i t y of tbe room, which could a f f e c t the balance s t a b i l i t y , were pre-

vented merely by keeping the l i gh ts on at a l l t imes. E lec t ros ta t i c 

charges between the suspension f ib res and the wal ls of the reactor were 

only induced by f r i c t i o n , usually when cleaning the conical connections; 

and th is could be avoided by using a damp c lo th . No charging was found 

to develop in the operation of the f low system. 

The f low reactor used in associat ion wi th the microbalance is 

shown in Fig. 2.2. I t is a modi f icat ion of the "Universal Attachment" 

avai lab le from C. I . E lect ron ics , and was designed to minimize f low 

ef fec ts on the sample and to avoid condensation in the balance head. 

The main body was made of Pyrex g lass, and the inner tube and reactor 

tube were made of s i l i c a . The lower cone connection was provided wi th 

a cooling jacket . The gas could f low in through the inner tube, 

passing over the sample and then emerging through the annular space 
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between the inner tube and the outer wa l l s . The balance head could 

be kept f lushed wi th Ng or other gas. A me ta l l i c disk wi th a small 

hole was b u i l t in j u s t above the reactor i n l e t i n order to prevent 

back d i f f u s i o n of water vapour i n to the balance mechanism. Without 

th is disk some condensation was observed in the balance head, even when 

i t was being f lushed wi th a large excess of n i t rogen. 

The cone and socket connections were sealed wi th s i l i cone 

grease (Edwards) which is leak t i g h t at temperatures of up to 200°C. 

The temperature in the reactor connection was kept below th is l i m i t by 

the f low of cooling water through the jacke t . However, th i s procedure 

could not be used in runs where water vapour was a reactant . In these 

cases th.e cool ing water was turned o f f , but some water was l e f t ins ide 

the jacket . A f te r some time th is would s t a r t b o i l i n g , thereby keeping 

the temperature constant at about 100°C. 

The design of the reactor proved very e f f e c t i v e fo r moderate 

f low rates (up to 500 cm /min) because a counterflow path of gas was 

establ ished which provided e f fec t i ve preheating v ia heat t ransfer from 

the hot gas leaving the react ion zone to the cold i n l e t gas. 

3 

The to ta l volume of the reactor was 180 cm . Since i t operated 

at low conversions (d i l u t e feed and small loads of ca ta lys t ) the 

reactor could be treated as d i f f e r e n t i a l . 

2.2.2 The Fixed-bed Reactor 

The major i ty of runs were performed using the microbalance f low 

reactor described in 2.2.1. However, under cer ta in cond i t ions, f i l m 

d i f f us i on l im i t a t i ons were encountered when using the more act ive 

ca ta lys ts . Increasing the gas f low ra tes , w i th in the l i m i t s imposed by 

the equipment used, did not solve the problem, as a resu l t of the method 

used f o r suspending the ca ta l ys t , i . e . , inside a basket. As a r e s u l t , 
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the gas did not in fac t pass through the ca ta lys t bed, but rather 

impinged on the top surface. 

In order to obtain a complete p ic ture of the react ions under 

study, a tubular reactor was designed fo r use wi th very f a s t react ions, 

This reactor was made of s i l i c a tube, 7 mm diameter and 41.5 cm long, 

provided wi th a porous s i l i c a disk in the middle, to act as a support 

f o r the ca ta lys t bed. This disk was supplied by Thermal Syndicate 

and had a maximum pore diameter of 0.150 mm. The cata lys t bed was 

made of equal amounts of ca ta lys t and pumice stone wi th the same par-

t i c l e s ize. 

An ice t rap was placed at the ou t l e t of the reactor . Product 

gases were passed through the chromatograph sampling valve and carbon 

lay down was estimated by a mass balance. The formation of carbon was 

accompanied by an increase in the pressure drop through the reac tor , 

and t h i s could also serve as a measure of carbon deposi t ion i f the 

deposit was assumed to have constant poros i ty . 

2.2.3 Furnace and Temperature Control 

The furnace was constructed by winding about 10 metres of 

nichrome tape around a porcelain tube 20.5 cm long and 4.6 cm in d ia-

meter. The furnace winding had an e l ec t r i ca l resistance of 33 ohm and 

the furnace could operate at temperatures up to 1000°C. In an attempt 

to get a good temperature p r o f i l e , the nichrome tape was wound more 

closely at both ends of the furnace tube. The winding was covered 

wi th a layer of alumina cement (Thermal Syndicate type C60) and the 

tube v/as placed in a case made up of asbestos slab in a Dexion frame. 

The i n t e r i o r of th i s case was f i l l e d with vermicu l i te . 
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Temperature p ro f i l e s and other ca l ib ra t ions of the furnace are 

shown in F ig . 2.3, 2 .4 , 2.5. 

A three mode (propor t iona l , d e r i v a t i v e , i n teg ra l ) temperature 

con t ro l l e r was designed and b u i l t i n the departmental E lect ronic 

Workshop; de ta i l s are given in the Appendix. The con t ro l l e r worked in 

conjunction w i th a chromel-alutnel thermocouple, and was f i t t e d w i th a 

d i g i t a l d isplay to show the temperature in the furnace. However, t h i s 

indicated temperature had to be corrected, since no compensation f o r • 

the temperature of the cold junc t ion was provided. Usually another 

thermocouple connected to a portable potentiometer was used (Croydon 

Precision Instruments, type P.6) . 

The three mode con t ro l l e r proved to be a very r e l i a b l e un i t and 

was claimed to keep the temperature constant w i t h i n -0.5°C. The con-

t r o l l e r set t ings (gain, reset rate and time constant) were adjusted 

in order to give a f as t ra te of heating coupled wi th a f a s t approach 

to the set po in t . The furnace could be brought up from room temperature 

to contro l at 500°C in 15 minutes. 

The temperature measured j u s t outside the reactor wa l l was 

found to be nearly the same as that measured inside the reactor f o r 

moderate f low ra tes , as shown in Table 2.1. 

2 . 2 . 4 Feed System fo r Reactants 

Gases were supplied from cy l inders , through two-stage pressure 

regu la tors , ca l ibra ted rotameters and f i ne control needle valves 

(Edwards, model LB2B). The rotameters were ca l ib ra ted by bubble-meters. 

Water vapour was produced in a pick-up system consist ing of 

3 
two Drechsell bot t les (500 cm each) in ser ies , immersed in a water 
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Table 2.1 Tenrporature Diffcrnncen accrnr.,3 the 

Reactor Wall in the Reaction Zone 

N2 Flow Rate 

(cm^/min) 

Temperature 
( °o ) 

AT 
( ° c ) 

240 480 0 

' 240 527 0 

500 526 +1 

500 575 0 

500 443 +1 

230 444 0 

Table 2.2 Calibration Factors and Retention 

Times for Gas Chromatogjraphy 

Component Retention Calibration 

factors 

«2 35 0 .00028 

^2 53 0 .00292 

CO 68 0 .00364 

CH^ 90 0 .00083 

* GOg 65 0.00316 

* C3H6 170 0 .00087 

•* At 150 °C 
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bath kept at constant temperature as shown in Fig. 2.1. Nitrogen 

bubbling through d i s t i l l e d water in the bot t les carr ied the vapour to 

the reactor v ia a heated glass l i n e . A former system, consist ing of a 

bo i l e r and a set of condensers placed ins ide the thermostat ic bath, was 

found to be unsat is fac to ry , causing large pulsat ions which disturbed 

the microbalance readings. 

The amount of water del ivered could be var ied by changing the 

f low ra te of pick-up gas or by se t t ing the thermostat at d i f f e r e n t 

temperatures. .The pick-up system was ca l ibrated by condensation of 

the water del ivered in a f i xed time (Fig. 2 .6) . The ca l i b ra t i on was 

checked eventual ly by gas-chromatography, using a "Porapak Q" 

column. 

The temperature of the water bath was cont ro l led by a 

Gallenkamp's "Thermost i r rer " , th is un i t comprising a 1 kW heater, 

s t i r r e r , contact thermometer and s o l i d s ta te re lay . This was claimed 

to contro l the temperature w i t h i n - 0.05°C, wi th a maximum var ia t ion 

of 0.3°C over the whole bath volume. 

2.25 Gas Chromatograph 

Gases were analysed in a PYE Panchronatograph f i t t e d w i th a 

mlcrokatharometer detector (Servomex Mk.l58). A s i l i c a gel column 

(80/100 mesh) of 4 mm diameter and 1.5m long was used to separate 

Hg, Ng, CO and CH^ when operating at room temperature, and CÔ  and 

C^Hg when operating a t 150°C. Argon (f low ra te = 75 cm^/min) was 

used as ca r r i e r gas a f te r p u r i f i c a t i o n by passage through a molecular 

sieve column (Linde Ai r Products 5A). The detector operated at 150°C 

wi th a constant current of 95 mA, and i t s s ignal was attenuated and 

recorded on a V i ta t ron UR 402M l inear in tegra t ing recorder. The 
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S = Saturation curve : = P/(760-P) 

E = Experimental curve 

( P = vapour pressure of water, torr ) 
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sample was taken at a s i x - p o r t gas sampling valve (PYE), usual ly 

3 

f i t t e d wi th a 2 cm sample loop. 

Cal ibra t ion charts were obtained by i n j ec t i on of known 

amounts of pure gas and p l o t t i ng the volume in jec ted as a funct ion 

of peak area. In the ranges of i n t e r e s t , a l l ca l ib ra t ions were 

l i nea r . 

The standard ca lcu lat ions were as fo l l ows : 

X = u.A/r 

V = K.X (calibration charts) 

X = v / S 

where: 

2 

u = number of counts in the in tegra tor (5 counts = 1 cm ) 

A = at tenuat ion fac to r 

r = counting ra te ( in tegra to r ) 

S = ca l ib ra ted volume of the sample loop 

X = area uni ts 

X = mole f r a c t i o n of each component 

V = volume of pure gas 

K = ca l i b ra t i on factors 

Cal ib ra t ion factors and re tent ion times are given in 

Table 2.2. 

2.2.6 Gravimetric Adsorption Apparatus 

A vacuum l i n e was o r i g i n a l l y b u i l t in associat ion w i th the 

microbalance so that the system could operate under batch condi t ions. 

In the present work, th is associat ion was only used fo r the 

gravimetr ic determination of adsorption isotherms, k ine t i c experiments 

being performed under flow condit ions as described. 
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The vacuum system, represented i n F i g .2 .7 , consisted of an 

Edwards Speedivac rotary pump and a two-stage mercury d i f f u s i o n 

pump (Thermal Syndicate), g iv ing an u l t imate vacuum of about 10"^ 

t o r r . To measure the pressure, a Leybold "Combitron" u n i t was used, 

wi th a combination of two Thermotron and one Penning gauge heads. . 

A mercury manometer was also included in the system. A l l taps i n 

the high vacuum l i ne were greaseless (0- r ing type, from J. Young). 

An oxygen vapour thermometer ( F i g . 2 . 8 ) , designed as i n 

reference (153), was used to measure the temperature of the bath 

to determine the saturat ion vapour pressure of n i t rogen: values of 

Po were usual ly i n the range 760-780 t o r r . Cal ibrat ions for the 

oxygen thermometer are given in Fig. 2 .9 , calculated wi th values 

from Table 2.3. 

2.2.7 Carbon Monoxide Chemisorption Apparatus 

Metal surface areas of supported cata lysts were determined 

by carbon monoxide chemisorption in a chromatographic f low system 

ava i lab le in the department. The apparatus (Fig.2,10) consisted of 

a katharometer and three sampling valves, together wi th gas l ines 

fo r the ca r r i e r gas (hel ium), carbon monoxide and hydrogen. The 

system was operated ins ide an a i r thermostat. 

2.3 MATERIALS 

Nickel f o i l s , as we l l as supported n ickel ca ta l ys t s , were 

used in th is work. 

Po lyc rys ta l l i ne n icke l f o i l s were obtained from Metals 

Research L t d . , and were of 99,7% p u r i t y , 0.1mm thickness and about 
9 

23 cmVg geometric surface area. 
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P = potentiometer ; RP,D? = pumps ; T = traps 

Pe,Pi = vacuum gauge heads, VG = vacuum gauge 

M = manometer ; FC = flexible coupling 



5 9 

Table 2.3 Vapour PreRsure Data for Vapour Pressure 

/Thermometers ( torr ) 

Temp. (K) 100 X 1/T Oxygen Nitrogen 

85 1.205 340.7 1428 

82 1.219 500.2 1289 

81 1.255 265 .6 1162 

80 1.250 250 .6 1045 

79 1.266 200 .9 955 

78 1 .282 174.4 855 

77 1.299 150.9 741 

76 . 1.516 129.9 657 

75 1.555 111.5 581 

74 1.551 9 5 . 0 511 

73 1.370 80 .7 459 

1 0 0 0 mm 

E-

8 0 0 mm QC) 

M e r c u r y -

2 0 0 mm 

Fig. 2.8 Oxygen-vapour Thermometer (153) 
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Nickel on alumina catalysts were kindly supplied by ICI 

Ag r i cu l t u ra l D iv i s ion , t h e i r composition and method of preparation 

being described in Table 2.4. A n ickel on kieselguhr ca ta lys t 

(40 % NiO) v/as obtained from Peter Spence & Sons. Some propert ies 

of these catalysts were determined and are given i n Table 2.5. 

Gases were supplied by the B r i t i s h Oxygen Company and by A i r 

Products, and were of technical grade. 

2.4 PROCEDURE 

2.4.1 Catalyst Preparation 

Nickel f o i l s and supported n ickel cata lysts were used i n 

carbon formation experiments, coked ca ta lys t samples were used i n 

gas i f i ca t i on studies. 

Nickel f o i l s were cut from a large metal sheet and t h e i r 

geometric area determined by weighing, wi th an accuracy be t te r 

than 0.1%. They were cleaned wi th acetone and suspended from the 

2 

balance. Fo i ls of about 3 cm were used in most cases. One of the 

fo l lowing procedures was then used: 

a) The microbalance was evacuated, the furnace heated up -

and the whole system degassed at react ion temperature; or 

b) The microbalance was f lushed wi th ni t rogen and the 

furnace heated up to react ion temperature; or 

c) The microbalance was f lushed wi th n i t rogen, the furnace 

heated up to react ion temperature and the sample reduced under 

f low wi th Hg/Ng mixture. 

Supported cata lysts were usually crushed and sieved, and the 

f r ac t i on corresponding to B.S.S. 40-60 used (0.235 to 0.360mm). A 

por t ion of ca ta lys t powder was weighed and suspended in a basket 

from the microbalance. The reactor was f lushed wi th ni t rogen and 
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Table 2.4 Ni/Al^O? Catalynto : Componitjon (*) 

and Preparation 

Component 46-I Mi/AlgO^ 

NiO 22.8 # 21.9 # 

AlgO^ 24.9 78; 1 

CaO 13.5 

MgO 12 .0 

SiOg 1 4 . 8 

FegO^ 5.0 

KgO 7.0 

Preparation I . II 

* Analyses in the loss-free basis and for 

catalysts in the oxidized form. 

Preparation methods : 

I - Commercially available ( I.C.I. ) 

II- pellets soaked in AlCKO^/^.SHgO 

melt, then calcined at 450 °C 

2) Pellets soaked in Ni nitrate melt, then 

calcined at 450 °C 

Table 2.5 Properties of the Nickel Catalysts 

Catalysts Ni Total Surface ' Metal Surface Density 

% Area (rn^/g) Area (m^/g) (g/cni^) 

4 6 - 1 18 22 0 . 6 2 . 2 5 

Ni/AlgO^ 18 14 0.4 2.15 

Ni/ 
X cj'.c-'l (• uh r 4 5 37 1 .7 1.85 



the ca ta lys t was then reduced at 600 C wi th IIg (4.5 1 / h r . ) . The 

reduction was completed when no fu r the r weight loss could be . 

detected. The reactor was then f lushed wi th ni t rogen and brought 

t o the react ion temperature, A s im i la r procedure was adopted 

fo r runs car r ied out in the tubular f i xed bed reac to r , but the 

ca ta lys t was mixed wi th an equal amount of pumice stone of the same 

p a r t i c l e s ize. Whole ca ta lys t pe l le ts were used i n some cases. 

They were weighed and suspended from the balance w i th a small piece 

of tungsten w i re . The reduction procedure was s im i la r to tha t of 

powdered ca ta lys ts . 

In gas i f i ca t i on s tud ies, coked f o i l s or coked samples of 

ca ta lys t from previous carbon deposit ion runs were kept i n the 

microbalance. The reactor was f lushed wi th nitrogen and brought to 

the gas i f i ca t i on temperature. The sample was heated i n ni trogen 

f low fo r at leas t 1 hour p r i o r to g a s i f i c a t i o n , i n order to desorb 

any remaining gases from the deposit ion run. 

2.4.2 K inet ic Experiments 

A f te r the pre-treatment, react ion was i n i t i a t e d by al lowing 

the f low of reactants through the microbalance. Water vapour, when 

used, was introduced in the reactor by the side i n l e t and a l l other 

gases through the top i n l e t , in order to keep the microbalance head 

f lushed and to prevent condensation. The pick-up system was usual ly 

operated at 89°C, and the f low rate of pick-up gas varied whenever 

i t was desired to change the amount of water vapour del ivered. The 

f low rate of d i luent nitrogen f lush ing the balance head was var ied 

accordingly in order to keep t o t a l f low rate constant. The hydro-

carbon i n l e t valve was always opened before the water vapour was 

admitted, in an attempt to prevent ca ta lys t ox idat ion. Water was 

condensed in an ice trup at the reactor o u t l e t . 
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A record of the amount of carbon deposited (or gas i f ied) 

w i th time was obtained, and rates of carbon deposit ion (or gas i f ica-

t ion) were calculated from the slopes of the p lo ts . Gas analyses 

were obtained when necessary, i n terms of mole f r ac t i on of each 

component. The fo l lowing mass balances were then establ ished: 

Nitrogen balance: E = N/xfNg) 

Oxygen balance: A = E.(x(C0)+2x(C02)) 

Hydrogen balance: 3P+A = E.(x(H2)+2x(CH^)+3x(C2Hg)) 

Carbon balance: 3P = C+E.(x(C0)+x(CH^)+x(C02)+3x(C2Hg)) 

where 

x ( i ) = mole f r ac t i on of component i^ in the dry e f f l u e n t 

P = propylene f low r a t e , mole/hr 

N = ni trogen f low ra te , mole/hr 

C = rate of carbon format ion, mole/hr 

A = rate of water consumption, mole/hr 

E = e f f l u e n t f low rate a f te r water condensation, mole/hr 

W = weight of ca ta l ys t , g 

Ind iv idual rates of react ion were obtained by mu l t i p l y ing E and the 

mole f r a c t i o n of each product formed. The overa l l ra te of react ion 

could be expressed as: 

(moles of reactant consumed)/W.hr 

and the % conversion as 

TOO ' (Moles of reactant consumed) 

(moles of reactant fed) 

2.4.3 Measurement of Total Surface Areas 

Catalyst samples were placed in small s i l i c a baskets and 
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suspended from the microbalance. The balance 'was evacuated and the 

sample degassed a t 250-300°C u n t i l no fu r the r loss in weight was 

recorded. This was found to take 3-5 hours. The reactor was allowed 

to cool down to room temperature and then placed in a l i q u i d 

ni trogen bath. Small amounts of ni trogen were admitted successively 

i n to the microbalance, the change in weight and f i n a l equ i l ib r ium 

pressure being recorded. When the saturat ion pressure was reached, 

a desorption isotherm was obtained s i m i l a r l y by successive p a r t i a l 

evacuations of the balance. Buoyancy e f f e c t s , caused by d i f ferences 

in volume and temperature between sample and-counterweight, were 

corrected fo r by ca lcu la t ion : 

Aw = (M. p/R). (Vc/Tc - Vs/Ts) 

where: 

AW = buoyancy correct ion 

M = molecular weight of adsorbate 

R = gas law constant 

Vc,Tc = volume and temperature of counterweight 

Vs,Ts = volume and temperature of sample 

p = pressure 

Speci f ic surface areas were calculated by the B.E.T. equation; 

, - P J _ t ^ 
m(Po-p) m^c m^c Po 

where -

m = amount adsorbed (corrected) 

p = equ i l ib r ium pressure 

Po = saturat ion vapour pressure of Ng 

m̂  = weight of monomolecular layer of adsorbate 

c = constant 
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A p lo t of p/m(Po-p} vs. p/Po y ie lds a s t r a i g h t l i n e up to 

r e l a t i v e pressures of 0.3 - 0.4. From the values of the slope and 

in tercept the weight of a monolayer of adsorbate, m^, was ca lcu lated: 

in te rcept = I = 1/mQC 

slope = S = (c - l ) /m^c 

% = V ( I + S ) 

The t o ta l surface area of the sample was then: 

S.A. = m^.N.s/M 

where: 

23 

N = Avogadro's Number = 6.02x10 molecules/mole 

M = molecular weight of adsorbate (Ng) 

s = cross sect ion of adsorbate molecule 

( fo r Ng, s = 16 X 10 m^/molecule) 

The treatment of Pierce (151) could then be appl ied to the 

desorption branch of the isotherm in order to derive the pore s ize 

d i s t r i b u t i o n . The to ta l pore volume of the so l i d could be obtained 

from the cumulative pore volume calculated fo r the pore s ize 

d i s t r i b u t i o n or by appl icat ion of the Gurvitsch r u l e , based on the 

weight of adsorbate taken up at saturat ion (152). The apparent 

density and poros i ty of the s o l i d could then be obtained from the 

pore volume and the true density of the mater ia l by use of the 

re la t ionsh ips : 

Vp = (1/d^ - 1/d^) = e/d^ 

3 

Vp = pore volume; cm /g 

e = porosi ty 

d^ = apparent density 

d^ = true density 
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2.4.4 Measurement of Metal Surface Areas 

The sample of ca ta lys t was placed in a glass U-tube and 

attached to the apparatus (F ig .2 .10) . The ca ta l ys t could be reduced 

wi th hydrogen in s i t u , by placing the sample tube i n a small 

f l u i d i s e d bed furnace, and by se t t ing the pos i t ion of the sampling 

valves as shown in F ig .2 .10(a) . By switching the valves to the 

pos i t ion shown in F ig .2 .10(b ) , helium was passed through the 

sample. This was allowed to cool down to room temperature before 

s t a r t i ng the chemisorption of CO. Successive amounts of CO were 

3 

then i n j ec ted , using a 0.1 cm sample loop, and the peaks obtained 

were recorded and in tegrated, the procedure being stopped when two 

successive in jec t ions produced peaks of the same area. These 

l a t t e r peaks were used to obtain a ca l i b ra t i on f a c t o r . A l l the 

amounts adsorbed were added and the metal surface area calculated 

as fo l lows: 

Ni area of the sample = V.N.s/V^| 

where: 

V = t o ta l volume of CO chemisorbed by the sample 

23 

N = Avogadro's Number = 6.02 x 10 molecules/mole 

Vĵ  = molar volume at room temperature and pressure 

s = coverage area fo r CO molecule chemisorbed on Ni 

= 13 X 10"^^ m^/molecule. (154), 

2.5 ON THE PLANNING OF EXPERIMENTS 

Considerable experimental d i f f i c u l t i e s wi th r ep roduc ib i l i t y " 

were observed, and considerable care was taken to obtain more 

r e l i a b l e comparisons. 

The decomposition of propylene on n ickel catalysts was 
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character ized by constant rates of carbon deposit ion a f t e r some 

i n i t i a l stages which were dependent on the pretreatment fol lowed. 

Advantage was taken of these steady-state rates of react ion by obtain-

ing most k i ne t i c data in s ing le runs. Under isothermal cond i t ions, 

the p a r t i a l pressures of the reactants were changed and orders of 

react ion were obtained from the i r e f f e c t upon react ion ra tes. The 

e f f e c t of temperature on carbon deposit ion was invest igated by 

keeping reactants concentrations constant and recording the steady 

s ta te rates at d i f f e r e n t s ta t ionary temperatures. This procedure 

could be used in the present work because of the large range of the 

Mk2 microbalance (lOOrng) and the f a s t response of the temperature 

con t ro l l i ng f a c i l i t i e s . In a previous study of s im i la r reactions 

under batch condit ions (46), a,dynamic method was used by establ ish ing 

a constant cool ing or heating rate and taking the slopes of the carbon 

deposit ion curves at each temperature. This did not take i n to con-

s iderat ion the p o s s i b i l i t y of temperature gradients between the 

sample and the furnace, but the method was imposed by the shorter 

range (lOmg) of the balance used. 

Gas i f ica t ion of carbon deposits was also characterized by 

constant rates of weight loss which were found to l as t f o r about 

60-70% burn -o f f . In some circumstances, the length of the period 

of constant ra te of gas i f i ca t i on was enough f o r data to be obtained 

from s ing le runs. When the gas i f i ca t i on react ion was f a s t (high 

temperatures, gas i f i ca t i on by HgO) th is method could not be used 

and rep roduc ib i l i t y was impaired by d i f f i c u l t i e s in obtaining carbon 

deposits of exact ly the same propert ies. 

Coking of the ca ta lys t in the steam-reforming of the 

hydrocarbon was found to have no deact ivat ion e f fec ts . In f a c t , 

some loss of a c t i v i t y occurred at the very beginning of the reac t ion . 
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but the level of a c t i v i t y changed very l i t t l e the rea f te r . This ' 

meant that a f t e r a short i n i t i a l period the ra te of react ion could 

be considered constant, and k ine t i c parameters could be obtained 

in the same run. A f te r the lay-down of large coke deposits the 

ca ta lys t could be regenerated by burn ing-of f the carbon, follqy;ed 

by reduct ion, and the react ion s ta r ted again. 
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3.1 INTRODUCTION 

Studies of carbon formation from propylene on nickel f o i l s , 

w i th and without hydrogen were carr ied out i n i t i a l l y , extending the 

range of condit ions used in a previous study (46). Water vapour 

was then added to the system and the p ic ture completed by studying 

the gas i f i ca t i on of carbon deposits by water vapour and hydrogen. 

Supported n ickel cata lysts were then used fo r the study of 

the same react ion systems. Higher conversions were obtained and 

gas analysis was possib le, so that the steam-reforming react ion 

could also be fol lowed. A d i f f e r e n c i a l analysis of resu l ts was 

employed, since conversions were low enough (less than 10%) and 

steady rates were usual ly observed, 

3.2 CARBON FORMATION FROM PROPYLENE 

3.2.1 Carbon Deposition on Nickel Fo i l 

3 .2 .1 .1 Descript ion 

Carbon formation from propylene on Ni s ta r ts to become 

appreciable at temperatures above 400^C. The resu l ts obtained in the 

present f low system show a general agreement wi th the observations 

reported by Lobo (46): 

- Carbon deposit ion is au toca ta l y t i c , showing an accelerat ion 

in rate u n t i l a steady-state is reached which las ts fo r a long 

period; f o r heavy deposi ts, t h i s can be fol lowed by a drop in r a te . • 

Induction periods are observed under cer ta in condi t ions. Although 

the i n i t i a l stages are dependent on the type of pretreatment given 

to the ca ta l ys t , steady-state rates are not much af fected. 

Studies of the steady-state region show a complex dependency 

of rates on temperature, and three regions can be defined in an 

Arrhenius-type p lo t : A low temperature region (up to 550°C) where 
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rates are not much af fected by reactant concentration wi th an 

ac t i va t i on energy of 33-5% kcal/mole; an intermediate region where 

the react ion becomes of 2nd order overa l l and rates decrease when 

temperature is increased; and a t h i r d region, above 650°C, where 

rates increase again with temperature. This l a t t e r has been shown 

(130) to correspond to the gas-phase homogeneous pyrolys is fo r the 

case of CgHg, and w i l l not be considered in de ta i l in the present 

study. As a r u l e , spec i f i c rates measured in the present system 

were found to be about 50% higher than those reported by Lobe. 

The e f fec ts of temperature, p a r t i a l pressure and presence of 

hydrogen were studied in d e t a i l . Temperatures in the range 350°C-

700°C and pa r t i a l pressures of 0.033 to 0.528 atm were scanned. The 

t o t a l pressure was always 1 atm. Conditions used in a l l experimental 

runs are given in Table 3 .1 , together w i th the ra te of deposit ion 

obtained under steady-state. 

3 .2.1.2 Prel iminary Experiments 

Reproduc ib i l i ty was poor, even when care was taken to fo l low 

exact ly the same pretreatment of the f o i l s . I n i t i a l stages were very 

much dependent on annealing procedures, but these d id not seem to 

a f f ec t the steady ra te of deposit ion eventual ly obtained. To tes t 

the rep roduc ib i l i t y of carbon deposi t ion, two series of runs were 

performed at about 494°C. The measured rates of deposit ion were 

corrected to the i r values at the average temperature (494°C) by using 

an ac t i va t ion energy of 33 kcal/mole. The r e s u l t s , presented in 

Table 3.2, show the uncertainty involved when comparing data from 

d i f f e r e n t runs. 

In order to check fo r the absence of mass t ransfer l i m i t a t i o n s , 

to ta l f1ow rates were changed a f te r a steady rate of deposit ion was 



Table 3.1 Carbon Formation on Nickel Foils 

Experimental Conditions and Results 

1 O u 

Run Pre-treatment Temp 

atm atm 

Rate . 

2 
ke/mln.cm 

Obs. 

(*) 

1 Reduction 525 .066 .066 200 

2 It 494 .066 .066 65 T 

3 II 494 .066 .066 68 T 

4 II 494 .066 .066 68 T 

5 II 496 .066 .132 87 

6 II 494 .066 .132 102. T 

7 II 496 .066 .132 98 T 

8 II 492 .066 .132 102 T 

9 II 494 . 066 .066 72 P 

10 II 494 .066 .132 104 H 

11 •1 494 .0 .066 , 37 H 

12 II 494 .132 .132 85 

13 n 495 .066 .132 80 

14 II 494 .066 .132 92 , T 

' 15 II 494 .066 .132 93 T 

16 II 494 .066 .132 84 T 

17 II 502 .066 .132 98 T 

18 II 497 . 066 . 066 74 P 

19 II 496 .066 .066 S 

20 II 494 .066 .066 67 

21 II 494 .066 .066 75 P 

22 II 492 0 .132 S 

23 II 492 0 .132 S,H 

24 II 490 .066 .132 S 

25 II 492 .066 .066 72 P 
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Table .3.1 ( Continued ) 

Run Pre-treatment Ternp 

• °C atm 
Sh 
atm 

Rate 

2 
mln.cm 

Obs 

26 Reduction 489 .066 .066 72 P 

27 I t 493 .066 .066 89 P 

2 8 t l 495 .066 .264 126 

29 tl 494 .066 .198 112 

3)0 I I 495 .066 .066 63 P 

31 <1 4 9 8 .066 .066 74 P 

32 tl 400 .066 .066 -

33 "... 450 .066 .066 2 8 

34 I I 452 .066 .066 24 

35 I f 5 2 0 . 066 .066 110 P 

3 6 . Nitrogen 492 0 .066 37 T,H 

37 I I 4 9 6 .066 . 066 61 P 

3 8 I I 495 .066 .043 , 49 P 

42 I I 494 .032 .021 18 P 

45 tl 600 ,066 .066 variable 

46 I I 495 .066 .066 62 

48 I I 542 .066 .066 ^ 120 CR 

49 I I 542 .058 . 1 1 6 147 OR 

50 tl 4 9 0 .062 .122 64 GR 

51 I I 490 .062 .122 75 CR 

52 I I 490 .062 .122 74 CR 

53 t t 490 .062 .122 69 CR 

54 11 490 .062 .122 69 CR 

55 I I 490 .066 .122 81 CR 

56 Vacuum 486 .066 .122 82 CR 

57 I t 540 .062 .122 172 CR 

58 I I 564 .058 .174 224 GR 



Table 3.1 ( Continued ) 

1 0 7 

Run Pre-treatment Temp 

• °c '"2 
atm atm 

Rate 

2 
'i^^/min. cm 

Obs. 

(*) 

59 Vacuum 485 .058 .174 67 T 

60 572 .058 .174 170 OR 

61 K 490 .080 .120 88 PR 

62 548 .080 .120 184 m 

63 II 493 . 066 .198 99 

64 515 .066 .198 130 

65 II 490 .062 .174 95 

66 492 »066 .168 93 T 

67 II 564 . 0 4 6 . 0 4 6 4 1 p 

70 II 585 . 046 . 0 4 6 . 4 1 

74 II 589 .053 .159 . 1 7 4 OR 

76 II 525 .053 .159 157 CR 

77 II 514 .053 .159 138 OR 

78 II 549 .053 .159 192 OR 

79 II 512 .053 .159 139 ' CR 

80 II 527 . 0 5 3 .159 186 CR 

81 It 518 .053 .159 '135 CR 

82 538 .053 .159 1 2 4 CR 

83 II 527 .053 .159 163 CR 

84 II 535 .053 .159 191 CR 

86 Nitrogen 527 .053 .159 140 CR 

87 II 532 .053 .159 137 CR 

88 II 510 .053 .159 115 CR 

89 II 514 .053 .159 109 CR,SA 

90 II 524 .053 .159 105 CR 

92 Vacuum 512 .053 .159 110 CR 

93 t ! 510 .053 .159 125 CR 



Table '5 > 1 ( Continued ) 

1 0 8 

Run Pr e-1r0 atmen t Temp 
^^2 
atm atm 

Rate 

^K/mln.cm 

Obs. 
(*) 

94 Vacuum 510 .053 .159 104 OR 

95 It 490 . 066 .198 121 T,CR 

96 II 493 .198 .198 146 T,GR 

97 II 490 .132 .132 80 T,CR 

98 It 486 .066 .066 64 T 

99 II 490 .132 .198 115 ' T 

100 II 490 .132 . 066 78 T 

101 ti 460 .043 .086 51 P 

102 11 500 .043 .086 74 P 

103 II 490 .172 .086 62 "P 

104 II 490 .132 .132 77 P 

105 It 490 .132 .132 76 P 

106 II 445 .132 .132 32 P 

107 It 494 .132 .132 76 T 

108 It 470 .198 .132 64% T 

109 II 490 .198 .132 114 . T 

110 II 490 . 066 .066 47 P 

111 II 490 . 066 . 066 58 P 

112 II 550 .066 .066 116 P 

113 It 550 .066 .066 106 P 

114 540 .132 .132 223 OR 

115 II 550 .132 .132 250 OR 

116 II 560 .132 .132 278 CR 

117 It 545 .132 .132 246 OR 

118 11 542 .132 .132 238 CR 

119 It 580 .132 .132 254 CR 

120 584 .132 .132 233 T 



Table 3.1 ( Continued ) 

109 

Run Pre-treatment Temp 

° C 

*H2 
atm atm 

Rate Obs 

(* 

1 2 1 Vacuum 590 .132 . 1 3 2 263 OR 

1 2 2 fl 595 . 1 3 2 .132 . 264 OR 

123 I I 603 .132 .132 233 T 

1 2 5 tl 560 , 0 6 6 . 0 6 6 97 

1 2 7 n 
5 6 0 .042 .042 4 3 P 

135 5 4 0 . 1 3 2 .132 280 OR 

136 5 5 4 . 1 3 2 .132 2 9 7 T 

137 I I 600 . 1 3 2 .132 220 T 

138 I I 604 .132 .132 255 T 

1 4 4 
I I 

7 4 5 . 0 6 6 . 0 6 6 variable T 

1 4 5 ti 597 • . 0 6 6 . 0 6 6 1 0 8 H 

1 4 8 Vacuura+steam 6 4 0 . 0 4 2 . 0 4 2 1 P,T 

1 4 9 Vacuum 6 4 0 . 0 4 2 .042 2 P,T 

1 5 0 n 590 . 0 4 2 i04^ 4 5 T 

1 5 1 I I 595 .042 . 0 4 2 20 T 

1 5 2 I I 595 . 0 4 2 .084 6 2 T 

1 5 7 I t 
6 5 0 . 0 6 6 . 0 6 6 2 T 

1 5 8 I I 630 . 0 6 6 . 0 6 6 5 . 6 T 

263 Nitrogen 550 .132 .132 290 TH 

264 I I 550 .132 .132 284 TH. 

269 I I - 500 . 0 6 6 . 0 6 6 87 TH 

2 7 0 I I 
5 0 . 0 . 0 6 6 . 0 6 6 85 TH 

2 7 5 I I 600 0 . 1 3 2 -

276 Vacuum 600 0 .132 -

2 7 8 Nitrogen 590 . 0 6 6 . 0 6 6 variable P,H 

279 rt 6 4 0 .132 .066 1 8 P,H 

2 8 0 ff 5 9 5 . 1 3 2 . 0 6 6 121 p,n 
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Table 3.1 ( Continued ) 

Run Pre-treatment Temp 

atm atm 

Rate 
p 

(M^/min.cra 

Obs. 

281 Nitrogen 592 .528 .132 : 905 P,H 

288 !l 655 .867 .132 934 T . 

289 II 500 .934 .066 68 T 

290 II 650 .934 .066 374 T 

291 Reduction 600 0 .132 - H 

292 II 600 0 .132 - T,H 

293 Vacuum 520 0 .132 65 H 

297 Nitrogen 600 0 .132 -

298 II 550 0 .132 

299 II 500 0 .132 56 T 

300 II 550 .132 .132 263 SA,CR 

306 550 .923 .077 302 CR 

307 II 550 .923 .077 343 CR 

308 n 550 .923 .077 290 CR 

309 II 550 .923 .077 . 350 CR 

314 II 600 .137 .070 33 H,T 

318 II 746 0 .132 .2 .T,H 

320 II 548 .132 .132 262 TH 

322 II 550 .132 .132 . 2 4 0 CR 

336 II 550 .132 .132 327 A 

337 550 .132 .132 292 A 

338 II 550 .938 .062 298 A 

339 550 .938 .062 277 A 

340 II 550 .132 .132 326 A 

341 II 550 .528 .132 420 A 

342 II 590 .528 .132 780 SA 

345 II 550" ,132 .132 330 SA 
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Table 3.1 ( Continued ) 

LEGEND 

(*) The following code refers to the particular type of 

study undertaken after the attainment of a steady-state 

rate of deposition in each run ; 

P Effect of pressure 

T Effect of temperature 

H Effect of hydrogen 

FR Effect of flow rate 

S Examination of the structure of the deposit 

SA Surface area determination 

A Analysis of the deposit 

CR Gasification "by water vapour 

TH Gasification by hydrogen 
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Taljlo 3.2 Hnprodi; [Oihiiitv o J 125 i-. i t ,10 n lio tes 

1st. scrie a ; P„ =. 
'̂ 2 

\ v . - -

066 atm 

066 atm 

2 nd. seriea .066 atm 

.130 atm 

Run T°C Rate,J, Kate494 Run Rate^ Rate^g^ 

2 494 65 65 5 496 87 82 . 

3 494 68 68 6 494 102 102 

4 494 68 68 7 496 98 93 

9 494 72 • 72 , 8 492 102 108 

18 497 74 68 9 494 100 100 

20 494 67 67 10 494 104 104 

21 494 75 75 14 494 92 92 

25 492 72 76 ^ 15 494 93 93 

26 489 72 83 16 494 84 84 

27 493 89 92 1.7 502 98 78 

30 495 63 61 18 497 89 82 

31 498 74 66 21 

25 

26 

27 

30 

31 

494' 

492 

489 

493 

495 

498 

90 

79 

97 

125 

94 

94 

90 

84 

112 

129 

91 

84 

No, of runs = 12 

Range of rates; 61 - 92 

Average rate =72 txg/rain.cm' 

Std. deviation = 0.7 

Probable rate(99/o)= 72+8 

r L g/min. crn*̂  

No. of runs = 1 7 

Range of rates; 7 3 - 1 2 9 

Average rate = 95 rnin. cm' 

Std. deviation = 1 3 . 3 

Probable rate(99/0 = 95±10 

( ( g / m i n . c n ^ 
/ 



Table 3/5 Effect of Total Flow Rate on Rates of Carbon 

Formation 

Run Pp rj P,, T Deposition Rates for Flow Rates of 

atra atm °C 125 cc/min 250 cc/min 500 cc/min 

61 ,12 .08 490 88 84 88 

62 .12 .08 548 174 192 186 

(*) Flow rates measured at room temperature and pressure 

2 
Deposition rates inj^g/min.cm 

Table 3.4 Effect of Nickel Area (Geometric) on Rates of 

Deposition 

Run Area T Rate Specific Rate 

cm^ atm atm °C ^g/min 
2 

jKg/ min.cm 

89 1.53 .053 .159 514 167 109 

92 2 .85 .053 .159 512 313 110 

336 3 . 0 6 .132 .132 550 1000 327 

340 4.20 .132 .132 550 1370 326 ' 
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obtained in runs 61 and 62. Reactants' p a r t i a l pressures were kept 

constant throughout. Results are presented in Table 3 .3 , and show 

that the e f f ec t is neg l i g i b l e . Most runs were carr ied out w i th a 

3 

t o t a l f low rate of 250 cm /min (measured at room temperature and 

pressure). 

3.2.1.3 Kinet ic Results 

Rates of carbon formation were found to be proport ional to 

the geometric area of the Ni. f o i l used as subst ra te, as can be seen 

in Table 3.4. 

Orders of react ion ( in propylene and hydrogen) were found to 

be near zero at lov/ temperatures, increasing w i th temperature and 

approaching uni ty above 550°C. Orders were determined a t four 

temperature levels f o r a wide range of hydrogen and propylene pressures, 

as seen in Figures 3.1 and 3.2. 

Act ivat ions energies at low temperatures (up to 530°C) were 

determined f o r several C^Hg : feed r a t i o s , as shown in F ig. 3.3. 

In every case the values found fo r the ac t i va t ion energies were 

w i th in 5% of 33 kcal/mole. However, above 530°-560°C there was an 

inversion in the Arrhenius p lo t and rates of carbon formation were 

found to decrease as temperature increased (F ig .3 .4 ) . Ac t i va t ion 

energies were then apparently negative. Inversion temperatures 

moved upwards as pressures increased. 

When hydrogen pressures were low, steady rates were d i f f i c u l t 

to be maintained at high temperatures; in many such cases, p a r t i a l 

deact ivat ion was observed and an Arrhenius p lo t would not give a 

s t ra igh t l i ne . The deact ivat ion was easi ly recognized by the 

imposs ib i l i t y of returning to the o r i g ina l r a te , i . e . r e v e r s i b i l i t y 

was los t (F ig .3 .5 ) . However, in most cases where P(H2)>0.13 atm, 
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Fig. 3.5 Arrhenius plot for carbon deposition on 
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and ce r ta in l y when P^Hg) '%/ 0.9 atm. the slope fo r the intermediate 

temperature region y ie lded an apparent ac t i va t ion energy in the 

range -40 to -48 kcal/mole and the Arrhenius p l o t was reve rs ib le , in 

the sense that temperatures could be scanned up and down, o r i g i na l 

rates being always reached at each po in t . Even in the cases where 

deact ivat ion had occurred, an apparent ac t i va t i on energy in the 

range -40 to -46 kcal/mole was observed when scanning temperatures 

up (F ig .3 .5 ) . 

At temperatures higher than 670-700°C, rates of react ion 

were found to increase again wi th temperature. Carbon deposit ion 

was also observed to occur over the wal ls of the reactor and the 

ca ta lys t was quick ly deactivated. 

In run 144, deposit ion was i n i t i a t e d a t 745^C and the ra te 

of carbon lay down was found to f a l l rap id ly from the i n i t i a l value 

2 2 
of 46 ^g/min.cm to 2 ji.g/min.cm . When the temperature was decreased 

to 620°C the rate increased to 19 jxg/min.cm^, and a t 565°C the 

2 
observed rate was 51 ^g/min.cm . 

Run 318, a t the same temperature, was s tar ted wi thout hydrogen 

2 

in the feed; the rate of coking was very low (0.2 ^g /min .cm ) and 

remained constant even when the temperature was lowered to 497°C. 

However, upon admission of hydrogen at th i s temperature (PfHg) 
2 

= 0.132 atm), the ra te of carbon formation increased to 65 ^g/min.cm . 

3.2.1.4 Ef fec t of Hydrogen 

a) Low temperatures (< 540°C) 

Long induct ion periods were observed before carbon deposit ion 

would s t a r t when no hydrogen was present in the feed gas, mainly 

at low p a r t i a l pressures of C^Hg. The rate of deposit ion eventual ly 

obtained was lower than when hydrogen was present ( c f . runs 26 and 
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36). The length of the induction period was found to be very much 

dependent on the pretreatment given to the f o i l , but no systematic 

studies of th is e f fec t were undertaken. I t was observed that the 

2 

extent of coking was l im i ted to about 3 mg/cm , above which the 

deposit ion would come to a complete stop ( c f . Table 3 .5) . 

Examination of the samples shewed that they were evenly 

coated with carbon f i lms (Fig. 3.12). Admission of hydrogen would 

r e - s t a r t deposi t ion, but the carbon formed was of a d i f f e r e n t , sooty, 

s t ructure (Fig. 3.12). 

The e f fec t of temperature upon carbon deposition in the absence 

of hydrogen was studied in runs 36 and 299 (Fig. 3.7) and found to be 

very s imi la r to the e f fec t observed in the presence of hydrogen: -

At low temperatures an act iva t ion energy of about 31 kcal/mole was 

determined, but the Arrhenius p lo t would s t a r t t a i l i n g o f f as the 

temperature of 540°C was approached. The rate of deposit ion was 

independent of the pressure of propylene up to about 470°C. Havever, 

increasing the temperature above 540®C had dras t ic e f f ec t s , and the 
2 

rates of deposit ion became neg l ig ib le ( < l^ig/min.cm ) , as seen in 

F ig .3 .6. 

b) High temperatures ( > 540°C) 

In the absence of hydrogen carbon deposit ion was found to be 

ei ther non-existent or to occur up to a l im i ted extent , very close to 

the s o l u b i l i t y of carbon in n icke l . A shiny g raph i t i c deposit was 

observed coating the nickel f o i l (runs 275, 292, 297; Cf. F ig .3 .12) . 

This g raph i t i c deposit was found to prevent fu r ther deposit ion i f 

the temperature was decreased to below 540°C. However, deposition 

would r e - s t a r t i f hydrogen was admitted to the system (run 292). 

These resul ts are summarized in Table 3.6. 
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Table 3.5 Effect of HydroK&n on Carbon Deposition at 

Temperatures below 540 ° G 

Run Temp I.T. Rate Observations 

°C atm atm min (*) 

10 494 .132 .066 - 104 • 

494 .132 0 40 

11 494 .066 0 8 37 Carbon film,no soot 

23 492 .132 0 23 

36 492 .066 0 45 37 Of. Figs. 3.6 & 3.7 

293 520 .132 0 48 65 2 
Pilra.Extent=3.3 mg/cm 

520 .132 .066 151 Restarted after Hg in 

299 500 .132 0 56 
2 

Extent=2.9 mg/cm 

2 
(*) Rates of deposition expressed as jcg/min.cm 

I.T. = Induction time before deposition started 
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Table 3.6 Effect of Hydrogen on Carbon Deposition at 

Temperatures above 540 °G 

Run Temp 

°C atm 
'"2 
atm 

275 600 .132 0 

276 600 .132 0 

291 600 .132 0 

.192 

0 

292 600 .132 0 

490 

.080 

0 

297 600 .132 0 

298 550 .132 0 

314 600 .070 .137 

0 

Observations 

Shiny graphitic film, 50 (*) 

No deposition observed 

Foil pre-treated in hr. 600°C 

Deposition started 

Deposition stopped 

30 j.Lg deposit (*) 

Ko deposition,no reaction (@) 

Deposition stopped 

Shiny graphitic film, 40 jcg (*) 

Initial deposition(20 |xg/min.cm ) 

dropping quickly to 1 j.cg/min. cm ) 

2 

Deposition rate = 33 ^g/min.cm 

Deposition stops 

440 Still no deposition 
2 

.137 Deposition starts, 38j^g/min.cm 

0 Deposition stops 
(*) Solubility of C in the Ni foils used=54-58 teg (150 ) 

(#) Checked by gas chromatography 
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Furthermore, i f carbon deposit ion was i n i t i a t e d in the 

presence of hydrogen and then the hydrogen turned o f f , the deposit ion 

would become neg l i g i b le ; re-admission of hydrogen would r e - s t a r t 

deposi t ion, a l b e i t at a lower ra te (Fig. 3 .8 ) . I t was also observed " 

t ha t , at these temperatures, high hydrogen p a r t i a l pressures were 

required to maintain steady rates of deposi t ion; otherwise, p a r t i a l 

deact ivat ion occurred (Figs. 3.9 - 3.11). When rates of deposit ion 

were steady, a f i r s t order dependency i n the pressure of hydrogen 

was determined. 

Very large deposits could be obtained under constant ra te of 

deposit ion i f the pressure of hydrogen was high (98 mg in run 281). 

Pre-treatment of the n ickel f o i l s wi th hydrogen was not found 

to induce carbon formation at high temperatures i n the absence of 

hydrogen as a reactant (run 291). 

3.2.2 Carbon Deposition on Supported Nickel Catalysts 

3 .2 .2 .1 Descript ion 

The decomposition of propylene on supported cata lysts was 

characterized by constant rates of carbon lay-down u n t i l qu i te large 

deposits were obtained. Decrease of deposi t ion rates was eventual ly 

observed. Experimental condit ions and resu l ts are shown in Table 

3.7 and Fig. 3.13. 

In contrast wi th the deposit ion over n ickel f o i l s , hydrogen 

was found to have no e f fec t whatever on the k inet ics of the process 

(Cf. Table 3.7, runs 325 and 326), and induct ion periods were never 

observed. 

3.2.2.2 Kinet ic Results 

In the range 350-450°C, an ac t i va t ion energy of about 30 kcal / 
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Table 3.7 Carbon Formation on Supported Nickel Catalysts 

Experimental Conr] ition s and Results 

Run Catalyst & load T°C Flow rate - Rate 

mg atm atm cc/min mg/min 

40 ICI 46-1 294 491 .115 .069 245 1.87 

41 111 489 .115 .069 245 2.00 

43 tl 280 605 .132 - 230 2.50 

44 II 136 600 .125 - 245 1.95 

203 Nl/AlgO^ 1 60 500 .122 .061 245 8. 

207 u 27 450 .132 - 230 1.90 

208 M 29 500 .132 - 230 2.00 

209 It 30 500 .132 - 345 2.00 

230 2.00 

210 II 28 550 .132 - 230 1.94 

211 U 26 450 .040 - 380 0.67 

213 If 158 500 .071 - 323 4.5 

215 4.5 

214 11 23 350 .132 - 345 0.09 

230 0.09 

215 II 24 400 .044 - 345 0.45 

216 n 23 450 .044 - 345 0.66 

217 n 10 500 .044 - 345 0.57 

218 11 18 650 .044 - 345 0.68 

219 II 15 650 .044' - 345 

220 II 15 600 .044 - 345 0.68 

221 n 15 450 .044 - 345 0.65 

222 II 15 400 .044 ~ 345 0.32 

224 Ni/kieselguhr 11 400 .066 — 227 0.88 
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Run Catalyst & load 

mg 

T°G 

atm 
% 
atm 

Flow rate 

cc/min 

Rate 

mg/mln 

225 Ni/kieselguhr 11 400 . 066 — 227 0 . 8 8 

236 Nl/AlgOg 183 600 .197 - 124 1:9 

256 Tl 17 600 .500 - 240 8.0 

257 ft 17 640 .500 - 240 7 . 4 

258 11 17 580 .500 - 240 8.0 

259 It 17 580 .500 - 440 8.6 

261 II 161 500 .132 - 230 4 . 0 

262 M 187 500 .132 - 230 6.8 

265 II 28 600 .132 .132 270 2.0 

266 II 17 550 .132 .132 270 2 . 0 

267 ICI 46-1 23 550 .132 .132 270 1.9 

268 n 20 400 .132 .132 270 0.74 

271 Ni/kieselguhr 15 400 .132 270 1 .43 

272 11 16 600 .132 - 270 1.96 

273 Ni/AlgOg 16 550 .132 - 345 1.71 

274 II 15 650 .132 - 270 1.55 

277 II 23 350 .044 - 345 0.09 

325 II 26 400 .132 .132 270 0 .667 

- 0.-70 

326 It 26 590 .132 .132 270 2.75 

- 2 . 0 0 

.132 2 .00 

327 II 32 600 .132 .132 270 2 .00 

328 11 32 600 .132 .132 270 2 .16 

329 II 32 600 .132 .132 270 2 .55 



132 

Table 3.7 ( Continued ) 

Run Catalyst & load 

rag 

T°C 

atra 
'"2 
atm 

Plow rate 

cc/rain 

Rate 

mg/min 

330 Ni/AlgOg 32 600 .132 .132 270 1.80 

331 32 600 .132 .132 270 2.07 

332 n 32 550 .132 .132 270 2.50 

333 II 32 600 .132 .132 270 2.50 

335 ICI 46-1 33 400 .132 .132 270 0.09 

344 Nl/AlgOg 5.3 400 .132 .132 270 0.10 
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Fig. 3.13 Carbon deposition on supported 

nickel catalysts. 
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mole v;as determined for deposit ion over the nickel-alumina ca ta l ys t , 

and the react ion was of zero order (F ig .3 .14) . At higher temperatures, 

the react ion was found to be cont ro l led by mass t r ans fe r , becoming 

of f i r s t order and p rac t i ca l l y temperature independent. 

Analysis of the gas e f f l uen t at low temperatures (400°C) 

showed that hydrogen was being produced, no other products being 

, detected. At 600°C, small amounts of CH^ were also found. 

Complete mass balances could be established although the 

errors involved could be too high. In f a c t , very low conversions were 

obtained (3-5%) and the errors involved in the complete gas 

chromatographic analysis were of the same order of magnitude. 

Therefore, i t was decided to s imp l i f y the ca lcu la t ions , neglect ing 

the change in volume with react ion. Since the t o t a l f low rates of 

the feed and e f f l uen t gases were measured by rotameters, ca l ib ra ted 

(by soap bubble-meter) wi th an accuracy not greater than 3%, t h i s 

procedure seems to be j u s t i f i e d . 

The resu l ts are presented in Table 3.8 and show tha t the 

decomposition of propylene, a t least at low temperatures, could be 

explained in terms of the scheme: 

CgHg - ^ 3 C + SHg 

When hydrogen was present in the feed, some methane was 

detected among the products, even at 400°C, as can be seen in 

Table 3.9. 

3.2.2.3 Film Di f fus ion 

Above 450°C, carbon deposit ion over the supported n icke l cata-

lysts was c lear l y l im i ted by d i f f us i on of the reactant from the gas 

phase to the surface of the cata lys t . Apart from the k ine t i c 
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Table 3-^ Decomposition of "Propylene over Nickel Catalysts 

Feed : C^H^/Ng 

Run T°C Flow Rate Rate(G) Gas Analysis .Products-out 
•2 

mole/hr mg/min mole fraction raole/hr x 10 

Ho G 

214 420 0.57+3% 0.87+5% H2=0.0080+5%. 4.6+.3 4.3+.2 

CH|=0 

271 400 0.67+3% 1.43+5% H2=0.0100+5% 6.7+15 7.1+.3 

CH^=0 

2 7 2 6 0 0 0. 6 7 + 3 % 1 . 9 0 + 5 % H 2 = 0 

C H 4 = 

.0150+5% 

.001+20% 

10.+.8 

1«4+.2 

9 . 5 + . 5 

0 . 7 + . 1 

-
ll.+l. 10.2+.6 

273 5 5 0 0. 67+3% 1.70+5% H2=0 

C H j = 

. 0 1 2 6 + 5 % 

.001+20% 

8 . 5 + . 7 

1.4+.2 

8.5+.4 

.7+.1 

9 . 9 + . 9 9 . 2 + . 5 

2 7 4 6 5 0 0. 67+3% 1.55+5% H2=0 

C H 4 = 

. 0 1 2 0 + 5 % 

.001+20% 

8.1+.7 

1 . 4 + . 2 

7.8+.4 

.7+.1 

9 . 5 + . 9 8 . 5 + . 5 
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Tabic 3.9 Decompositj.on of Propylene over Nickel Catalysts 

Feed : O^H^/Hg/Ng 

Run T C Flow rate Rate(C) CH^ out Production rate 

mole/hr mg/min mole frac? mole/hr x 10^ 

G GH, 

2 6 5 6 0 0 0 . 6 7 + 5 % 2 . 0 0 + 5 % . 0 0 4 + 1 0 % 1 0 . 0 + . 5 2 . 7 + . 3 

2 6 6 5 5 0 0 . 6 9 + 3 % 2 . 0 0 + 5 % . 0 0 3 + 1 0 % 1 0 . 0 + . 5 1 . 9 + . 2 

2 6 7 5 5 0 0 . 6 7 + 3 % 2 . 0 0 + 5 % . 0 0 3 + 1 0 % 1 0 . 0 ^ » 5 1 . 9 + . 2 

2 6 8 4 0 0 0 . 6 7 + 3 % 0 . 7 4 + 5 % . 0 0 1 + 2 0 9 6 3 « 7 + , . 2 0 . 7 + . 1 

Table 3.10 Decomposition of Propylene over Ni/Al^O^ 

Run T^G Load 

mg atra 

Flow Rates 
total 

mole/hr 

Analysis 

mole frac^ 

Rate(G) * 

mg/min 

2 8 4 6 0 0 2 0 0.10 . 0 5 4 . 5 2 Hg =.015 

C H ^ = . 0 0 1 

1 . 6 6 

2 8 5 4 0 0 2 0 0.10 . 0 5 4 . 5 2 Hg = . 0 0 2 7 

GH, = 0 
4 

0 . 2 8 

2 8 6 5 5 0 2 0 0.11 . 0 5 4 . 4 8 Hg = . 0 5 5 

CH = . 0 0 1 

5 . 3 8 , 

* Rate of carbon formation calculated from mass balances: 

Rate(C)=200 x (total flow rate)x(mole frac? Hg+mole frac^ CH^) 
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observations mentioned (temperature independency and f i r s t o rder ) , 

deposit ion rates were found to be nearly independent of the mass of 

ca ta lys t sample. In some instances (runs 203, 213, 236) ca ta lys t 

pe l le ts were suspended from the microbalance. A f te r coking, these 

pe l le ts were cut in ha l f and observed both under the opt ica l micro-

scope and the stereoscan electron microscope: 

Carbon was found to be deposited near the external surface of 

the ca ta lys t . A l l these observations suggest that the concentration 

of reactant at the ca ta lys t surface was much lower than in the bulk. 

Such a concentration gradient could be establ ished across the boundary 

layer as a r e s u l t of a very f as t surface reac t ion , f i l m d i f f u s i o n 

becoming ra te con t r o l l i ng . The usual way of avoiding these mass 

t ransfer problems is to increase the t o t a l f low rate through the 

reactor . This was attempted (Cf. Table 3.7) but wi thout success, 

since experimental l im i ta t i ons prevented the use of very large f low 

rates (which would cause too much noise in the microbalance). 

The onset of d i f f us ion l im i ta t i ons was also confirmed by 

ca lcu la t i on: 

For the case of suspended p e l l e t s , the concentration gradient 

across the boundary layer can be calculated from the mass t ransfer 

coe f f i c i en t obtained by appl icat ion of the wel l known expression fo r 

a s ing le pa r t i c le (155) ; 

(a) "= 2 X ( 1+0.276 Re&.Sc& ) 

where 

= mass t ransfer c o e f f i c i e n t 

dp = equivalent p a r t i c l e diameter 

D = d i f f u s i v i t y of C^Hg in the reactant mixture 
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Re = Reynolds number = d p . 6 / ^ 

Sc = Schmidt number.' = ^ / j > . 0 

jK = v iscos i t y of gas 

{j = spec i f i c g rav i t y of gas . 

G = mass ve loc i t y 

For run 203, the fo l lowing data were obtained: 

Catalyst : Ni/AlgOg, cy l i nd r i ca l p e l l e t , 4.7 x 4.7mm, 171.2 mg 

2 
A = external area = 1cm 

3 
V = volume = 80mm 

O 1 

Observed rate = 8mg/min of coke deposited = 0.243 cm .atm.sec 

of CgHg converted 
3 

Feed flow ra te = 245cm /min 

Feed composition, mole f r a c t i o n : 
CgHg = 0.122, Hg = 0.061, Ng = 0.817 

The fo l lowing propert ies were estimated by standard procedures a t 

800K (Cf. f o r example references 8 and 156): 

= 3.5 X 10"^ g/sec.cm 

^ = 4,1 X TO'^ g/cm^ 

D = 0.69 cm^/sec 

Then: 
1 . : •• 

dp = { e y / r . y = 0.533 cm 

G = 0.0049 g/sec.cm^ . 

Sc =1.23 

Re= 7.6 

and, from (a ) , k = 4.70 cm/sec. Since rate = k .A..AP (where AP 
^ ' m m 

is the pa r t i a l pressure gradient in atm) i t fo l lows that AP/P - 0.5 
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for P = 0.122 atm of C^Hg. 

AP/P is then greater than 0.1 and, i f 10% accuracy is required, 

the f i l m gradient cannot be neglected (157). . 

For the case of ca ta lys t par t ic les in a s i l i c a basket 

suspended from the microbalance, calculat ions become more d i f f i c u l t 

since there is no way to determine the flow pat tern. But q u a l i t a t i v e l y , 

at leas t , th i s case seems to be even worse than the case of the s ingle 

p e l l e t . 

3.2.2.4 Fixed-Bed Experiments 

In order to avoid these l i m i t a t i o n s , a few runs were carr ied 

out in the tubular f ixed-bed reactor described in section 2.2 .2 . 

These resul ts are shown in Table 3.10, rates of carbon deposit ion 

being calculated by mass balances. Although a larger number of 

experiments would be needed to establ ish a complete p ic ture of the 

temperature dependency fo r carbon deposi t ion, the resu l ts obtained 

suggest that a maximum in rate would be observed at around 550°C, as 

in the case of nickel f o i l s . 

3.2.2.5 Surface Area Measurements 

A l l catalysts were characterized by nitrogen adsorption and 

carbon monoxide chemisorption as explained in Chapter 2. The 

resul ts are shown in Table 2.5. 

The to ta l surface area of the Ni/AlgO^ cata lyst was also 

measured before and a f te r coking, the same value being obtained, 
p 

namely, 14m /g (Cf. Table 3.11). This seems to indicate that no 

pore-mouth blocking occurs, at least with moderate coke deposits. 
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Table 5.11 B.E.T. Surface Area of Ni/AlgO? Catalyst 

Run Catalyst pellet Total S.A, Coke S.A, Catalyst Specific 

irî /g m^/g S.A. m^/g 

A25 before coking 2.32 - 14 

A26 after coking 2.78 0.49 14 

Coking conditions ; 500 °0 , u =0,13 atm 

Pellet : 161 mg 

Coke deposited : 3.65 mg 

Deposition rate : 2.3 mg/min 
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3.2.3 Other Carbon Deposition Studies 

In order to establ ish the c a t a l y t i c nature of the decomposition 

of propylene over n i cke l , several runs were car r ied out w i th nickel 

f o i l s previously poisoned or coated. 

Poisoning was achieved by vaporizing about 1cm of ethanethiol 

in the reactor . To coot the f o i l surface, the specimens were 

immersed in a co l l o i da l suspension of graphi te (Acheson dag n?580). 

One of the samples was immersed in nickel n i t r a t e me l t , 

heated up to 450°C to decompose the n i t r a t e and reduced in hydrogen 

f low fo r 1 hour at 600°C. This procedure is s im i la r to the method 

of preparation of the ca ta lys t Ni/Al^Og. 

The resu l ts are presented in Table 3.12 and show that no carbon 

deposi t ion occurred over the sulphur poisoned sample or over the 

graphi te coat ings. 

Carbon deposi t ion was however observed over the f o i l w i th 

f resh nickel deposited, even in the absence of hydrogen. 

Deposition was also attempted over a number of carbon samples: 

2 

Act ivated carbon (565 m / g ) , i n par t i c les of 14-40 mesh; 

Graphite rod (density = 1 .9 -0 .1 ) ; 

Carbons obtained over nickel f o i l s in previous runs. 

The resu l ts are presented in Table 3.13 and show that carbon 

deposit ion did not occur over the act ivated carbon and graphi te rod 

samples; indeed, the sna i l weight uptake observed in these runs 

was due to deposi t ion on the s i l i c a basket used, as was determined 

by comparison w i th a blank and also by weighing separately the basket 

and the samples, before and a f t e r react ion. 

In contrast wi th t h i s , f as t deposi t ion of carbon was observed 

over the samples col lected from previously used nickel f o i l s , and 

the rctcs observed were of the same order of magnitude of the rates 

observed over nickel f o i l s . 
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Table 3.12 Carbon Deposition over Various Substrates 

Run T " C P(C^H^) Substrate 

atra 

Carbon formed 

315 630 0.15 Ni foil coated with 

Ni nitrate melt, 

calcined & reduced 

in Hg. Fresh Ni=9 mg 

180 ^ g / m i n 

droping to 

50 ^ g / m i n 

+ Hg: 300 j i g / m i n 

off: decrease 

515 500 0 . 1 3 Ni foil coated with 

graphite dag 

Induction period 

& speed-up to 

208 yg/min * 

316 500 

& 

517 

0 . 1 3 Ni foil half-coated 

with graphite dag 

(with Hg- 0.13 atm) 

Sooty carbon on 

uncoated half 

319 600 0 . 1 3 Ni foil half-coated 

with graphite dag 

(with ^2= 0.13 atm) 

Sooty carbon on 

uncoated half 

3 2 3 5 5 0 0 . 1 3 Coked foil from run 

322, poisoned with No deposition 

ethanethiol 

(with Hgz: 0 . 1 3 atra) 

* Coating peeled off and carbon formed directly on the 

uncovered surface of the foil. 
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Table 3.13 Carbon Formation over Various Carbon Samples 

Run T°C Ptt „ Substrate Rate, mg/rain 
^̂ 2 ^ 3 ^ 6 ^ 

301 550 .13 .13 4.9 mg coke from run 290 650. 

0 0 

.13 510. 

302 550 .13 .13 9.2 mg activated carbon 3.8 

0 14-40 mesh, 565 m^/g 3.3 

305 550 .13 .13 82 rag graphite rod, 3 mm . 3.4 

0 diameter, I4I mm long 0.9 

.13 .26 density = 1.9 + .1 g/cc 1.6 ^ 

343 590 .52 .13 100 mg coke from run 342 1.11 

blank 550 .13 <13 Silica basket, empty 10 

* At the end, find basket coked, graphite sample not. 
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Table 3 . 1 4 Carbon Formation on Alumina Samples 

Run T°C PQ (/-AlgO^ sample Rate Gas analysis 

atm ^g/rain 

294 650 . 1 3 127 mg, pellet 2 traces: 

2 9 5 6 0 0 . 1 3 7 6 m g , BSS 4 0 / 6 0 3 * 1 . 2 

+#2 2 

2 9 6 600 .13 135 mg pellet + total H2=5x10~^ 

Ni foil, 3.12 cm^ 90 mole/min * 

* At the end, find foil coated with shiny graphitic film 
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In order to e s t a b l i s h the e f fec t of the support on carbon 

deposi t ion, several runs were carr ied out w i t h ( a s used 

in the f i r s t step of the preparation of the Ni/AlgO^ ca ta l ys t s ) . 

The resu l ts are presented in Table 3.14 and show that a t high 

temperatures (600°C) some carbon deposi t ion is observed over the 

alumina support. In one case, a pe l l e t of alumina was suspended 

from the micro balance together wi th a nickel f o i l . At the end, 

the f o i l was found to be coated wi th the same g raph i t i c deposit 

cha rac te r i s t i c of runs car r ied out at high temperature in the absence 

of hydrogen, on top of which some disordered carbon was growing, 

but only in the face of the f o i l near to the alumina p e l l e t . 

3.2.4 Character izat ion of the Carbon Deposits 

3.2.4.1 Carbon from Nickel Foi ls 

Coked nickel f o i l s were examined in the scanning electron 

microscope (S.E.M.) and by X-ray d i f f r a c t i o n . The presence or 

absence of hydrogen in the course of the deposi t ion was found to 

a f f ec t the s t ruc tu re of the carbons obtained. Stereoscan pictures 

showed that deposits obtained in the presence of hydrogen were more 

disordered and sooty (F ig. 3.12 A and B). At high temperatures 

( > 540°C) po l yc rys ta l l i ne graphi te f i lms were obtained in the absence 

of hydrogen, as shown in the transmission electron micrograph (T.E.M.) 

of Fig.3.12C. Selected area d i f f r a c t i o n patterns (S.A.D.P.) were 

also obtained (Fig.3.12D): the d i f f use r ings fo l low the graphi te 

pat tern . 

Severe d isrupt ion of the surface of the f o i l is shown in F ig . 

3.12E, a f t e r removing the carbon by gas i f i ca t i on w i th HgO. X-ray 

d i f f r a c t i o n analysis revealed the presence of graph i te , and some 

i n t e r s t i t i a 1 uptake of carbon by the n ickel was also evidenced by 



147 

Table 3.15 X-Ray Diffraction of Coked Nickel Foils 

Diffraction angles ( 2© ) 

Ki foil (blank) ASTM Ni Run 11 Run 20 ASTM Ni^C 

76.40 76.57 76.22 76.18 75.44 

92.96 92.94 92.75 92.75 92.42 

92.50 

98.48 98.44 98.55 98.20 98.06 

98.00 

Table 3.16 Elemental Analysis of Carbon Deposits from 

Nickel Foils ( G.H ) 

Run C % Hg % Balance to 100% C:H atomic ratio 

12 96.56 0.94 2.70 . 8.6:1 

15 95.50 1.58 5.52 5.8:1 

20 95.98 1.19 2.85 6.7:1 

28 97.05 1.21 1.74 6.7:1 
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the d i f f r a c t i o n peaks f a l l i n g between the theore t ica l values fo r pure 

nickel and nickel carbide. This is shown in Table 3.15. 

Elemental microanalysis of the carbons obtained in some runs 

is shown in Table 3.16. Comparison wi th the experimental condit ions 

used f o r deposit ion of carbon did not show any trend in these resu l t s . 

The balance to 100% was a t t r i bu ted to the presence of nickel 

in the deposits and confirmed by wet chemistry. In f a c t , analysis 

of several carbon deposits revealed the presence of n ickel in 

concentrations of about 1.6-0.4% in weight. The r e s u l t s , as p lo t ted 

in F ig .3 .15, c lea r l y show the existence of a l inear re la t ionsh ip 

between the amount of nickel determined and the weight of coke 

deposited. 

The carbon deposit obtained in run 300 was also characterized 

by ni t rogen adsorption at 77K, Two determinations were made, showing 

good r e p r o d u c i b i l i t y . The adsorpt ion-desorpt ion isotherm (corrected 

f o r buoyancy e f fec ts ) is represented in F ig .3 .16 , showing.a narrow 

hysteresis loop. The corresponding pore s ize d i s t r i b u t i o n , as 

calculated by the method described in (152), is represented in F ig . 

3.17, showing a peak for pores of 19^. The calculated parameters of 

the pore s t ruc ture are shown in Table 3.17. The BET surface area 

+ 2 
of the carbon was taken as 109-7 m / g . 

3 .2.4.2 Carbon from Supported Catalysts 

Several samples of carbon were col lected from the outer part 

of th ick deposits obtained on supported nickel catalysts and were 

analysed. The resu l t s , shown in Table 3.18, reveal the presence in 

the carbon of both n ickel and support mater ia l . The same samples 

were analysed by X-ray d i f f r a c t i o n . The phases i d e n t i f i e d were 

nickel ond graphi te fo r run 183, and n i cke l , graphi te and -alumina 

fot' ihi: 
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Table 5.17 Characterisation of Carbon from Nickel Foil 

by Nitropen Adsorption (. from run 300 ) 

Run BET Pore volume Cum. Apparent Porosity Cum.SA 

2 'z ' 2 
m /g V cm^/g cm^/g density m /g p 

A27 103 0.17 0.18 1.56 0.3 

A28 116 0.17 0.18 1.62, 0.3 2 0 2 

N.B. Pore volume calculated from the Gurvitsch rule . 

Table 3.18 Analysis of Deposits Obtained over Supported 

Catalysts 

Run Catalyst C v/t % Ni v;t % Support v/t % 

1 8 3 Ni/kieselguhr 9 4 . 2 + . 2 2.42+.1 3.4+.3 

2 0 4 Ni/AlgO^ 80.8+.5 2 . 7 0 + . 1 16.5+.6 

2 0 3 II 80.2+.3 2.98+.1 16.8+.4 

192 tr 8 5 . 8 + . 2 1 . 7 3 + . 1 12.5+.3 
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Fig, 3.15 Amount of nickel in carbon deposited over 

nickel foils. 
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Pig. 3.17 Pore size distribution for carbon 
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Two weak l ines in the Debye-Scherrer photographs were l e f t 

un iden t i f i ed , but could not be due to e i ther NiO or NitOHjg. 

Two ca ta lys t pe l le ts were coked (runs 203 and 236), sectioned 

and analysed by electron probe both across the sect ion and along the 

external c y l i nd r i ca l s u r f a c e . The coke deposit was about 100-200 

j.im t h i c k ; and penetrat ion of the beam, even i n such a l i g h t mater ia l 

as coke, would hardly exceed 10 The resu l ts showed c lear l y that 

both Ni and A1 reach the surface of the carbon deposits (Fig.3.12F). 

Some carbon deposits obtained on Ni/AlgO^ cata lysts were 

characterized by nitrogen adsorption. A complete isotherm fo r the 

deposit obtained in run 259 is presented i n F ig.3.18 and the calculated 

values fo r pore volume, surface area, average pore rad ius , apparent 

density and porosi ty are shown in Table 3.19. 

The surface area of carbons obtained on f resh ca ta lys t 

samples was found to be 133-3 m^/g. I t is in te res t ing to note that 

2 

a higher surface area (191m /g) was obtained fo r carbon deposited 

(run 259) on a ca ta lys t that had been previously used in a series of 

25 runs, invo lv ing carbon deposit ion and i t s subsequent gas i f i ca t i on 

wi th water vapour. In the series of runs shown in Table 3.20 the 

same sample of ca ta lys t was used throughout. The sequence of 

experiments was: 

Reduction > Deposition >• Ng adsorption 

Burn-off 

I t was observed that a f te r 5 runs, the surface area of carbon 

? 2 

increased from about 135 m /g to 167 m / g . This might be re lated to 

the breakdown of the catalyst particles which was found to occur 
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Fig. 3.18 Nitrogen adsorption isotherm for carbon 

deposited on Ni/AlgO^ catalyst ( Run 259 ) 
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Table 3,19 Characterization of Carbon from Supported 

Catalysts by Nitrogen Adsorption ( run 259 ) 

BET So A. Pore volume Avg.pore Apparent Porosity 

M /G cm^/g radius A density 

191 0.29 50 1.37 0.4 

N.B, Pore volume from Gurvitsch rule. 

Average pore radius by Wheeler's model ^ 27^/8 

Table 3.20 BET Surface ...Areas of Carbon Deposits 

Obtained over Ni/AlgO^ Catalyst 

Run Deposition Conditions BET Rate(-C) 

T°G Pp u Plow rate Rate Deposit S.A. * 
^ 3 * 6 
atra cc/min mg/rain 'mg m /g mg/min 

A9 580 0.5 440 7.7 42 131 1.57 

A10 580 0.5 400 8.1 67 136 1.66 

All 580 0.5 440 8.3 101 129 1.75 

A12 500 0.12 250 2.33 43 133 1.45 

A13 After partial burn-off 6*65 135 -

A14 500 0.5 440 4.75 44 167 1.83 

A15 500 0.12 250 1.91 42 161 1.61 

Catalyst : 14 m g, 40-60 mesh BSS, s.a.=14 m^/g, same sampl' 

* Re ite of burn -off at GOOOc , P^^ ̂0 = 0.3 atm 
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a f te r a number of deposit ion-burnoff cycles had been carried, out. 

The experimental procedure involved the calculat ion of the to ta l 

area of the samples (carbon + cata lys t ) fol lowed by deduction of 

the area due to the cata lyst i t s e l f (estimated on the basis of i t s 

spec i f i c surface area previously determined, namely 14m / g ) . Since 

the breakdown of cata lyst par t ic les is not expected to a f fec t very 

much i t s own surface area as determined by nitrogen adsorption, ( in 

fac t the same area was obtained by Ng adsorption on a 4.7 x 4.7mm 

pe l l e t and on small par t ic les of 0.2 - 0.3 mm) i t must be the st ructure 

of the carbon i t s e l f that is af fected by the size of the substrate 

par t ic les over which i t grows. This explanation is i n l i ne wi th the 

f ac t that coke obtained over nickel f o i l s w a s found to have lower 
I p 

surface area (109-7 m / g ) . 

3.3 GASIFICATION OF CARBON DEPOSITS BY WATER VAPOUR 

3.3.1 Carbon Gasi f icat ion from Nickel Foi l 

3.3.1.1 Description 

Gasi f icat ion of carbon deposited on nickel f o i l s with water 

vapour s tar ts to become s i gn i f i can t at temperatures above 500°C. 

The react ion was found to depend on the amount of carbon present^ 

but was independent of the water vapour pressure. The conditions 

used in the deposit ion runs were found to a f fec t the rates of gas-

i f i c a t i o n to some extent , so that some degree of i r reproduc ib i1 i ty 

was inev i tab le . 

Nearly a l l gas i f i ca t ion runs were characterised by an i n i t i a l 

period of constant rate of weight loss, followed by a gradual drop 

in rate, as burn-off increased. In some cases, there was an i n i t i a l 

acceleration leading to a steady rate of gasification which then 

lasted for at 1 east 60% of the burn-off. At low temperatures. 
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Table 3,21 Gasification with Steam of Carbon Deposited 

over Nickel Foils. Conditions and Results 

Run Coke 
^HgO 

Temp. Area Rate k . 10 

mg 
c. 

atm °C cm^ mg/min . -1 
m m . ci 

46 1 0 . 9 0 . 0 7 2 6 0 0 2 . 8 3 0 . 5 5 1 7 . 8 

50 1 5 . 6 0 . 0 4 7 6 0 0 2 , 8 6 0 . 6 0 1 3 . 4 

51 1 6 . 3 0 . 0 4 7 5 9 6 2 . 8 5 0 . 5 2 1 1 . 2 

52 1 5 . 9 0 . 0 4 7 5 9 4 2 . 8 4 0 . 6 0 1 3 . 3 

53 16.1 0 . 0 4 7 6 0 7 2 . 9 1 0 . 7 5 1 6 . 0 

54 1 6 . 1 0 . 0 4 7 5 9 6 2 . 9 1 0 . 5 7 1 2 . 3 

55 1 7 . 5 0 . 0 4 7 5 9 6 2 . 9 0 0 . 9 2 1 8 . 1 

5 6 1 5 . 9 0 . 0 4 7 5 9 5 2 . 9 2 0 . 7 8 1 6 . 8 

8 0 2 9 . 5 0 . 2 5 5 9 5 2 . 8 8 1 . 0 7 1 2 . 6 

81 1 7 . 8 0 . 2 5 5 9 5 2 . 8 8 0.75 1 4 . 6 

8 2 1 5 . 0 0 . 2 5 6 1 0 2 . 8 8 0 . 5 7 1 3 . 3 

8 4 11.5 0 . 2 5 6 0 0 2 . 8 7 0 . 6 0 1 8 ; 2 

8 8 1 7 . 0 0 . 2 5 5 9 2 2 . 8 9 0 . 5 0 1 0 . 2 

8 9 11.0 0 . 2 5 6 0 0 1 . 5 3 0 . 2 0 1 1 . 9 

9 2 1 9 . 4 0 . 2 5 5 9 4 2 . 8 5 0 . 6 8 1 2 . 3 

9 3 17.8 0 . 2 5 6 1 0 2 . 8 7 1 . 1 2 2 2 . 0 

9 4 2 1 . 8 0 . 2 5 6 1 2 2 . 8 8 1 . 4 3 2 2 . 8 

9 5 1 8 . 0 0 . 2 5 5 9 7 2 . 8 8 0 . 9 8 1 8 . 8 

9 6 4 3 . 6 0 . 2 5 5 9 7 2 . 8 8 1 . 4 6 1 1 . 7 

97 2 2 . 3 0 . 2 5 5 9 6 2 . 8 8 0 . 9 2 1 4 . 3 

1 1 4 2 6 . 7 0 . 2 5 6 3 0 2 . 8 6 2 . 1 0 2 7 . 5 

1 1 5 2 8 . 0 0 . 2 5 650 2 . 8 7 3 . 0 5 3 7 . 9 

1 1 6 2 7 . 5 0 . 2 5 6 4 0 2 . 8 8 2 . 7 4 34.6 

1 1 7 2 7 . 2 0 . 2 5 5 9 0 2 . 8 7 0 . 8 3 1 0 . 7 
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Table 3.21 ( Continued ) 

Run Coke ^ Temp. Area Rate k . 10^ 

rag atm °G crâ  rag/min min~lcm~^ 

1 1 8 2 8 . 4 0 . 2 5 6 6 0 2 . 8 8 ' 5 . 5 5 , 4 5 . 4 

1 1 9 2 6 . 1 0 . 2 5 6 2 0 2 . 8 7 1 . 4 5 1 9 . 4 

1 2 1 2 7 . 9 0 . 2 5 6 7 0 2 . 8 5 5 . 5 4 4 2 . 0 

1 2 2 2 7 . 2 0 . 2 5 6 7 0 2 . 8 4 5 . 6 2 4 6 . 9 

1 3 5 5 0 . 8 . 1 0 / . 5 6 6 5 0 2 . 9 7 2 . 7 5 2 9 . 8 

5 0 6 2 9 . 5 0 . 2 5 6 0 0 5 . 1 5 1 . 0 5 1 1 . 4 

5 0 7 5 0 . 6 0 . 2 5 5 4 8 5 . 1 5 0 . 2 6 2 . 8 

5 6 8 0 . 6 0 6 . 5 

6 1 0 1 . 6 0 1 6 . 7 

5 0 8 5 2 . 2 0 . 2 5 6 5 0 5 . 0 5 5 . 7 5 5 8 . 2 

5 0 9 5 6 . 0 . 0 5 - . 2 7 5 5 0 5 . 0 4 0 . 5 6 5 . 5 

0 . 2 7 7 0 0 8 . 0 0 7 5 . 1 

5 2 4 / 5 2 2 : 4 . 8 0 . 2 5 6 5 0 5 . 0 8 -

8 4 0 0 . 5 7 2 5 . 5 

5 5 4 / 5 0 C 1 3 4 . 0 . 2 5 6 0 0 5 . 1 7 1 . 2 0 1 1 . 1 

^ Nickel poisoned with ethanethiol, 

N.B. k = rate /(coke),(area) 

Area = geometric area of nickel foil 
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some residual carbon was l e f t on the n ickel f o i l , but t o t a l 

g a s i f i c a t i o n occurred on increasing the temperature. 

The to ta l f low ra te was always near 1 mole/hr> water 

vapour being produced in the pick-up system described i n the 

experimental chapter, operating e i ther at 73°C or a t 89°C. A l l 

experimental condit ions are summarized in Table 3.21. Conditions 

used i n the deposit ion runs have already been presented in Table 

3.1. Gas i f ica t ion curves are shown in F ig .3.19. A deta i led account 

of the experimental resu l ts is presented in the next sect ions. 

3 . 3 . 1 . 2 Kinet ic Results 

A l l runs were car r ied out at the t o t a l pressure of 1 atm. 

Water vapour pressure was var ied f ran 0.047 to 0.360 atm wi thout any 

e f f ec t upon the rate of gas i f i ca t i on (F ig .3 ,20) . The ra te of 

g a s i f i c a t i o n was found to be approximately proport ional to the 

amount of carbon i n i t i a l l y present on the f o i l (Fig.3.21) and to 

the area of the n ickel f o i l used as the subst ra te , as seen from 

comparison of runs 89 and 306 (Table 3.21). 

Based on these observations, a l l experimental resu l ts were 

correlated by the expression: 

r = k.w.A - F.w.A. exp (-E/RT) 

using a least-squares f i t t i n g technique, where: 

r = i n i t i a l ra te of g a s i f i c a t i o n , mg/min 

w = i n i t i a l weight of coke, mg 

2 
A = area of the nickel f o i l , cm 

" 1 ^2 

k = rate constant, min" cm" 

F ^ pre-exponential fac to r 

E= ac t i va t ion energy, kcal/mole 
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The average deviat ion between experimental and calculated 

values was 14%. An Arrhenius p lo t f o r the ra te constant _k is 

presented i n F ig. 3.22, the ac t i va t ion energy being 32-2 kcal/mole 

over the temperature range studied (548 - 700°C). 

3.3.1.3 Test of D i f fus ion L imi tat ions 

In order to check for the absence of pore d i f f u s i o n l im i ta t ions 

the Weisz and Prater c r i t e r i o n (158) was appl ied: 

Rn dw V 1 

- CDe ' la t " 

where = measured rate of reac t ion , mole/sec.cm^ 

3 
C = reactant concentrat ion, mole/cm 

2 

De = e f f ec t i ve d i f f u s i v i t y , cm /sec 

R = charac te r i s t i c dimension, cm 

n = 1 f o r plane, n = 2 fo r cy l inder 

n = 3 fo r sphere 
As an example, th is c r i t e r i o n w i l l be applied to run 119, 

where gas i f i ca t i on at 620C proceeded wi th a ra te of 1.4 mg/min: 
r p 

dw/dt= 1.4 mg/min = 4/3 x 10 mole water/sec.an 

R = 0.01cm (thickness of coked f o i l ) 

C = 0.25 cm\ater/cm^ = lO"^ mole/cm^ 

De was estimated by the procedure out l ined by S a t t e r f i e l d (8) from 

the value of d i f f u s i v i t y f o r COg in electrode graphite (53) 

De = 0.013 cm^Ysec (1 atm, 294K). For COg at 620°C, i f d i f f us i on 

occurs in the t r ans i t i on regime between bulk and Knudsen d i f f u s i o n , 

De = 0.013 (893/294) = 0.039 cmf/sec, and, f o r HgO, De = 0.039 x 

144/18 = 0.061 cnf /sec. 
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Therefore, 

-T^ X - X 10"^ 0.02 < 1 
0.061 X 10"3 3 

showing that d i f f us i on l im i ta t i ons should be neg l i g i b l e . 

I t has been pointed out (8, 9) that the Weisz and Prater 

c r i t e r i o n can lead to gross miscalculat ions when appl ied to cases 

where react ion rates are st rongly i nh ib i t ed by one of the products 

as, f o r example, wi th a Langmuir-Hinshelwood equation of the type: 

r . ' I ' A 

1 + kgPg + 

However, in the present work gas i f i ca t i on of carbon was catalysed 

by N i , and i t has been pointed out (70) tha t the react ion products 

in the catalysed gas i f i ca t i on of carbon by COg or HgO tend to 

accelerate rather than retard the bu rn -o f f . 

This was confirmed at 600°C (run 306) by admission of hydrogen 

(0.13 atm) wi thout any appreciable change in the ra te of g a s i f i c a t i o n . 

In these circumstances, there is no reason to preclude the appl icat ion 

of the Weisz and Prater c r i t e r i o n , and the react ion is not d i f f us ion 

con t ro l led . 

3.3.1.4 Stoichiometry 

Carbon gas i f i ca t i on by water vapour i n the temperature range 

studied was found to proceed according to the overal l react ion 

scheme: 

C + ZHgO - ^ C O g + ZHg Cll 

The composition of the gas phase was analysed by gas-

chromatography, COg and H? being found; traces of CO were occasional ly 
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detected. Quant i tat ive analysis of the gas products was usually 

established using the r a t i o of evolut ion to carbon burn -o f f , as 

a r esu l t of the greater s e n s i t i v i t y fo r detect ion: 

ra te of production 

^ ' "rate" 'of~C'"Fur n - o f f 

The r a t i o Q was found to be always close to 2. 

The primary reaction products might be CO and (63) but 

the water gas s h i f t react ion would convert the CO in to COgZ 

CO + HgO COg + Hg 

This equi l ibr ium is displaced towards COg formation a t temperatures 

lower than lOOOK, and the presence of excess Ĥ O w i l l tend to make 

the CO concentration neg l ig ib le i n the gas products. 

As an example, the calculat ions fo r run 307 (610°C) are 

presented, based on the data of Table 3.22. The equi l ibr ium 

constant at 610°C is Kp = 2.39 (1 ) , and calculat ion of the pa r t i a l 

pressure of CO in equi l ibr ium wi th the above mixture y i e l d s : 

0.008 X 0.016 
p = — — =: 0.0002 atm 

0.25 X 2.39 

which is one order of magnitude lower than the detectable amount. 

3.3.1.5 Catalysed vs. Uncatalysed Gasi f icat ion 

The resul ts obtained in the present system were compared with 

s im i la r data from the l i t e r a t u r e fo r the uncatalysed react ion. At 

870°C and 0.9 atn of HgO, Goring et al (159) reported a rate of 

1.6 5 lOT^ ( lb atom C gas i f i ed ) / (m in ) ( l b atom C) for the gas i f i ca t ion 

of a low temperature char . By extrapolat ion of the present data to 

these c o n d i t i o n s , a r a t e of 3.4 inin ^ i s ob ta ined , which i s 3 orders 
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Table 3.22 Gasification of Carbon with Steam, Stolchiometry 

Run 307 ; at 610 °0 : 

Rate of burn-off = 1.60 rag/min = 0.0080 mole/hr 

Nitrogen Plow Rate ( inlet ) = 0.75 mole/hr 

Water Condensate ( outlet ) = 0.26 mole/hr 

Effluent analysis ( dry ) : 
ewimiPKH III jiMi .mi I I !• . u j i i f in—n i •••T i iiiiiiQ 

( mole fraction ) ^ = 0 021 

C O g = 0 . 0 1 0 

Ng = 0 .969 

Effluent ( dry ) flow rate = 0.77 mole/hr 

Rate of hydrogen production = 0.77 x 0.021 = 0.016 mole/hr 

Rate of COg production = 6.010 x 0.77 = 0.008 " 

Effluent composition (partial pressures ) : 

Carbon dioxide = 0.008/(0.26+0.77) = 0.008 atm 

Hydrogen = 0.016/(0.26+0.77) = 0.016 " 

Water = 0.26/(0.26+0.77) = 0.25 " 

Stoichiometry Ratio : Q = r(+H2)/r(-G) = 0.016/0.008 = 2. 
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of magnitude higher than the uncatalysed react ion. A ra te of 2.1 

X 10^^ atoms C/sec.g = 2.5 x 10 ^ min ^ was calculated from the data 

of Ergun et al [64) f o r the gas i f i ca t i on of a meta l lu rg ica l coke 

at 870°C. This is again three orders of magnitude lower than the 

value extrapolated from the present work. 

This d i f ference in rates could be ascr ibed, a t least i n 

pa r t , to di f ferences in the carbons used. In order to t e s t the 

c a t a l y t i c a c t i v i t y of the n i cke l , some poisoning studies were 

undertaken (Run 322). 

Carbon was deposited over a nickel f o i l i n the usual manner, 

and then about 1 cc of ethanethiol was vaporized in the reac to r , 

in order to poison the n icke l . Gas i f ica t ion of the carbon was then 

attempted under standard condit ions (PHgO = 0.25 atm, 600°C) 

wi thout any success. In f a c t , the temperature had to be ra ised to 

840°C, when the rate of gas i f i ca t i on recorded was 0.078 mg/min.mg 

Extrapolat ion to t h i s temperature shows the rates of gas i f i ca t i on 

in the presence of unpoisoned nickel to be about 23 times higher. 

A sample of very pure graphite f lake (synthet ic) was also 

treated under standard condit ions (600°C, PH^O = 0.25 atm) fo r 1 hr 

wi thout any gas i f i ca t i on being detected. The temperature was 

progressively increased, and the f i r s t signs of some weight loss 

were recorded only at 900°C. 

The conclusion emerges that the uncatalysed gas i f i ca t i on of 

carbon is not s i g n i f i c a n t in the presence of a nickel ca ta l ys t . 

3.3.2 Carbon Gas i f ica t ion from Supported Catalysts 

Carbon burn-of f by water vapour from supported cata lysts was 

studied in the range of temperatures from 550 to 750°C. , 



1 6 

Table 3«23 Gasification with Steam of Carbon Deposited 

on Supported Nickel Catalysts, = .3 atm) 

Run Catalyst & Load 

mg 

Coke 

rag 

Temp. • Rate 

mg/min 

Series 

No. 

^76 IGI 46-1 55.7 2 2 . 8 600 1.84 

194 N i / A l g O g 52.0 40.0 600 1 . 2 1 

1 9 6 52.0 37.4 600 1.25 

2 2 7 fl 1 4 . 8 1 8 . 0 6 4 0 1.50 227 

2 2 8 (1 11 23.0 620 1 . 4 1 fl 

229 It ri 17.4 580 0 . 6 4 If 

230 II 46.5 650 1.67 II 

231 II 34.0 680 2.22 It 

232 II 46.5 6 4 0 1.97 II 

234 If 16.7 35 620 1 . 2 5 234 

2 4 0 « It 101.5 6 5 0 1.90 II 

2 4 1 II II 20.3 6 0 0 1 . 0 0 II 

245 II II 1 4 . 0 600 : 1 . 0 0 If 

2 4 6 II II 45.6 '600 1.11 II 

247 II M 7.0 600 1.22 II 

248 11 70.0 600. 1.16 II 

255 II 11 92.0 700 3.33 II 

257 n 75.0 750 4.60 11 

258 II 11 90.0 820 6 . 6 5 II 

328 II 5 1 . 5 2 4 . 0 600 1.06 3 2 8 

329 II 2 5 . 0 600 0.91 II 

330 II II 34.0 650 1.83 fl 

331 It 31.6 620 1.16 n 

332 IT II 3 6 . 8 550 0.52 It 

333 II II 33.6 570 0.72 • It 
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Several series of runs were performed, using the same cata lys t 

sample throughout each ser ies; the sequence was: 

Carbon formation 

Carbon gas i f i ca t ion 

Catalyst reduction 

The resul ts are presented in Table 3.23 and conditions used 

to obtain the carbon deposits can be seen in Table 3.7 (carbon from 

CgHg) and Table 3.31 (carbon from C^Hg in the presence of HgO). 

From these resu l t s , rates of gas i f i ca t ion appear to be 

independent of the amounts of coke and cata lyst present, and were 

correlated by the simple expression 

r = F.exp (-E/RT) 

where 

r = rate of gas i f i ca t i on , mg/min 

F = pre-exponential f ac to r , mg/min 

E = ac t iva t ion energy, kcal/mole 

The average deviat ion was only 9% and the s t a t i s t i c a l analysis 

of the residuals did not show any s i gn i f i can t dependency on the two 

other var iab les, weight of coke and weight of cata lys t (F ig.3.23) . 

The temperature dependency fo r series 227, 234 and 328 is 

shown in Fig.3.24, the ac t iva t ion energy determined being 18-1 kcal/ 

mole over the range 550 - 750°C, Comparison wi th the resul ts 

described in section 3,3.1 suggests that d i f fus ion l im i ta t ions were 

of importance in th is system. 

The stoichiometry in th is case was also found to be in 

agreement wi th the scheme 
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Tab le 3.24 G a s i f i c a t i o n o f Carbon with Steam. S t o i c h i o m e t r y 

Run t'^C r ( - C ) x (Hg) F l ow r a t e r t+Hg) q_; ^ ( # 2 ) 

* m o l e / h r m o l e / h r m o l e / h r r ( - C ) 

1 9 1 5 9 7 . 0 0 9 0 . 0 2 4 . 7 5 . 0 1 8 2 . 0 

240 650 .0095 .027 .77 .021 2 . 2 

N.B . X (Hg) = mole f r a c t i o n of Hg i n d r y e f f l u e n t , 

r ( -G ) = r a t e o f ca rbon b u r n - o f f 

r (Hg) - r a t e o f hyd rogen p r o d u c t i o n = x ( H 2 ) . F 1 o w r a t e 

Tab le 3 . 2 5 Compar ison o f Carbon S u r f a c e A r e a b e f o r e and 

a f t e r B u r n - o f f 

Run Coke S . A . sp , S , A . B u r n - o f f S . A . s p . S . A . 
0 0 P P 

* mg ra m / g % m m / g ' 

AI2/AI3 43. 5 .7 155 85 0 . 8 9 155 

300/534 37.1 4 . 1 + . 4 109+7 38 2 .15 107 

* Runs 191 , 240 , A I 2 / A I 3 : N i c k e l - a l u m i n a c a t a l y s t . 

Run 3 0 0 / 3 3 4 : N i c k e l f o i l 
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c + z h g o c o g + _ 

as seen in Table 3.24. • 

3.3.3 'Surface Area Measurements 

The surface area of the carbon deposits w a s determined before 

and a f te r pa r t i a l burn-o f f w i th steam, since "ac t i va t ion " of carbons 

by p a r t i a l gas i f i ca t i on has been reported in some systems (169). The 

resu l ts are presented in Table 3.25 and show that the spec i f i c 

surface area of the coke remained approximately unchanged throughout 

the g a s i f i c a t i o n , using both nickel f o i l and nickel-alumina ca ta lys t . 

3.4 GASIFICATION OF CARBON DEPOSITS BY HYDROGEN 

3.4.1 Carbon Gas i f ica t ion from Nickel Fo i l 

3 .4 .1 .1 Descr ipt ion 

Gas i f i ca t ion of carbon deposited on Ni f o i l s wi th Hg is 

much slower than wi th HgO. The react ion shows features very 

s im i la r to those of the C-H^O reac t ion , the main d i f fe rence being 

the 2nd order k ine t ics observed for hydrogen. The only product of 

react ion i d e n t i f i e d was methane. 

Experimental resu l ts are presented in Table 3.26 and the 

corresponding condit ions of deposit ion can be obtained from Table 3.1 

3.4.1.2 K inet ic Results 

The p a r t i a l pressure of hydrogen was var ied from 0.375 to 

1.0 atm and the rate of gas i f i ca t i on was found to fo l low 2nd order 

k i ne t i c s , as shown in Fig,3.25. As wi th gas i f i ca t i on by water 

vapour, the rate of react ion was approximately proport ional to the 

amount of carbon o r i g i n a l l y present on the f o i l , as seen in F ig.3.26. 
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Tab le 3 . 2 6 G a s i f i c a t i o n w i t h Hydrogen o f Carbon D e p o s i t e d 

o v e r N i c k e l F o i l s . C o n d i t i o n s and R e s u l t s . 

% 

Run Coke Temp. A rea Rate k . 10 

mg atm °C cm^ mg/min m i n ~ ] c m ' ^ a t r a " ^ 

265 3 1 . 0 1 .00 650 3 . 0 6 1 .64 17 .3 

640 1 .39 14 .7 

630 1 .15 12 .1 

620 0 . 8 9 9 . 4 

610 0 . 7 7 8 . 1 

600 0 . 5 8 6 . 1 

264 2 5 . 4 .375 650 2 .82 0 . 1 7 16 .5 

.500 0.32 18.0 

1.00 1.21 16.9 

269 15 .0 .500 650 2 .93 0 . 2 0 18 .1 

1 .00 0 . 7 9 18 .0 

270 15 .8 .500 665 2 . 9 4 0 . 2 6 2 2 . 4 

320 44.3 1.00 650 3.10 
* 

750 . -

850 0.111 0.81 

* N i c k e l p o i s o n e d w i t h e t h a n e t h i o l 

2 
N .B . k = r a t e / ( c o k e ) . ( a r e a ) . ( P ^ ) 

2 
A r e a = g e o m e t r i c a r e a o f n i c k e l f o i l 
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^ RECIPROCAL TEMPERATURE 

F i g . 3 . 2 7 A r r h e n i u s p l o t f o r c a r b o n 

g a s i f i c a t i o n f r o m N i f o i l . 

G a s i f i c a t i o n by hyd rogen 
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On the basis of these observat ions, a ra te constant was 

calculated as 

c k = r/w.(Pu )^.A 
"2 

The f i t t i n g of the experimental data involved an average er ror of 3%. 

_1 _2 -2 

k = ra te constant, mm . cm . atm 

r = burn-o f f r a te , mg/min 

w = weight of carbon deposi t , mg 

P|̂  = Hg p a r t i a l pressure, atm 
2 

A = Geometric area of n ickel f o i l , cm 

The ac t i va t ion energy measured from the Arrhenius p l o t of 

F ig . 3.27 was found to be 32.4 - 0.9 kcal/mole over the range 

600 - 665^X 

Di f fus ion l im i ta t i ons were considered to be absent by 

comparison wi th the gas i f i ca t i on by steam (C f . 3 .3 .1 .3 ) , since in 

the case of hydrogen experimental rates are much lower and the 

e f f ec t i ve d i f f u s i v i t y i s ce r ta in l y higher. 

Methane has been reported to have no i n h i b i t i n g e f f e c t upon 

gas i f i ca t i on rates (69). 

3 . 4 . 1 . 3 Catalysed vs. Uncatalysed Gas i f ica t ion 

Zie lke and Goring (69) studied the gas i f i ca t i on of a low 

temperature char wi th hydrogen at 816°C and pressures from 2 to 30 

atm. Extrapolat ion of t h e i r data to 1 atm shows a ra te of gas i f i ca t i on 

of 7.5 x 10~^ m i n ~ \ which can be compared wi th 0.68 min \ as 

extrapolated from run 263, 4 orders of magnitude higher. 

In order to check the ca ta l y t i c a c t i v i t y of n ickel in the 

present system, gas i f i ca t i on of a coke deposit was attempted a f t e r 
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poisoning the n ickel wi th ethanethiol (run 320). No gas i f i ca t i on 

was observed w i th 1 atni of hydrogen at 650°C and 750°C. At 850°C, 

the ra te constant obtained was only 0.81 x 10"^. Extrapolat ion of 

the ra te constant obtained with, unpoisoned deposits gives 362 x 10" 

at 850°Cj which is 450 times higher. 

Tomita et al [76,77) have also studied the n ickel catalysed 

g a s i f i c a t i o n of carbons. For an act ive carbon they reported a 

d i f fe rence of 6 orders of magnitude between the catalysed and 

uncatalysed react ions. 

3.4.2 Carbon Gas i f ica t ion from Supported Catalysts 

The react ion of hydrogen wi th carbons deposited on supported 

n ickel catalysts was studied in the range of temperatures of 

500 - 650°C and hydrogen pa r t i a l pressures of 0.13 - 1.00 atm; 

experimental condit ions and resu l ts are presented in Table 3.27 

and the condit ions used to obtain the carbon deposits can be found 

in Table 3.7. 

The resu l ts show tha t the rates of gas i f i ca t i on were independent 

of the amount of carbon present o r i g i n a l l y and approximately 

proport ional to the ca ta lys t load used. The order of react ion wi th 

respect to hydrogen was determined at 600°C (run 261) and at 650°C 

(run 265); 2nd order k ine t ics were observed, as shown in Fig.3.28. 

The temperature dependency of gas i f i ca t i on rates was studied in 

run 262 and an ac t i va t ion energy of 31-3 kcal/mole was determined. 

On the basis of the above observations, the gas i f i ca t i on 

rates determined w i th the Ni/AlgOg cata lys t were corre lated by the 

expression 

r = k . (P„ l ^ A 
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Tab le 3 .27 G a s i f i c a t i o n w i t h Hydrogen o f Carbon D e p o s i t e d 

o v e r Suppo r ted C a t a l y s t s . C o n d i t i o n s and R e s u l t s 

Run C a t a l y s t & l o a d Coke Temp. Rate k . 10^ 
^2 . 

rag mg atra °C mg/min 

2 6 1 N i / A l g O ^ p . 1 6 1 3 7 .13 600 0 . 1 2 1 1 . 0 

.23 0 . 3 1 9 . 1 

.37 0 . 8 3 9 . 2 

262 " p . 1 8 7 2 6 . 6 . 28 500 0 . 0 9 1 .5 

520 0 . 1 8 2 . 8 

5 4 0 0 . 3 0 4 . 8 

560 0 . 4 0 6 . 5 

2 6 5 I f 2 7 . 8 . 2 8 . 1 . 13 6 0 0 0 . 0 3 14 .4 

6 5 0 0 . 0 6 3 0 . 8 

. 3 7 0 . 4 3 2 7 . 6 

266 I I 1 7 . 0 8 5 . 4 .30 650 0 . 1 6 2 6 . 1 

. 6 0 0 . 6 8 2 7 . 8 

1 . 0 2 . 4 0 3 5 . 3 

2 6 7 I C I 4 6 - 1 2 3 . 3 3 2 . 0 .30 654 0 . 1 9 15 .3 

268 n 19 .8 3 4 . 0 .30 650 0 . 2 2 2 0 . 3 

325 N l / A l p O g 2 6 . 0 2 9 . 0 1 . 0 500 0 . 1 3 1 . 3 

326 I I 2 6 . 0 41 .8 1 . 0 590 1 .09 10 .5 

335 I C I 46-1 3 2 . 8 4 . 7 . 30 650 0 . 1 8 1 0 . 0 

344 N i / A l p O ^ 5 . 3 3 . 6 1 . 0 650 0 . 6 7 3 1 . 8 

? 2 2 * k = r a t e / ( P # ) . ( N i a rea i n c a t a l y s t ) , mg/rnin.cm .a tm 
i ig 

p ; c a t a l y s t p e l l e t ; o t h e r w i s e , t h e c a t a l y s t was c rushed 

and s i e v e d t o 40-60 mesh BSS, 
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Tab le 3 . 2 8 G a s i f i c a t i o n o f Carbon by Hydrogen a t 630 °G. 

Mass Ba lance f o r Run 268 

Measured Rates ; 

Hydrogen f e e d r a t e = 0 / 1 4 m o l e / h r 

E f f l u e n t f l o w r a t e = 0 . 5 1 '' 

Rate o f g a s i f i c a t i o n = 0 .0011 " 

- 2 

E f f l u e n t a n a l y s i s ; 

Hydrogen, mole f r a c t i o n = 27 x 10 

Methane , mole f r a c t i o n = 26 x 10"*^ 

MASS.BALANCES ( m o l e / h r ) 

I n p u t O u t p u t 

Hydrogen 0 . 1 4 0 . 5 1 ( 0 . 2 7 + 0 . 0 0 5 ) = 0 . 1 4 . 

Carbon 0 . 0 0 1 1 0 . 5 1 ( 0 . 0 0 2 6 ) = 0 .0013 
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where 

r = ra te of g a s i f i c a t i o n , mg/min 

Pjj = p a r t i a l pressure of hydrogen, atm 
"2 

k = ra te constant, mg.min"^ atm"^ cm"^ 

2 
A = n ickel surface area of the ca ta lys t loaded, cm (see Table 2.5) 

The average deviat ion fo r the f i t was 17%. The Arrhenius 

p lo t f o r the ra te constant is shown in F ig .3.29. Analysis of the 

e f f l u e n t gases has shown the presence of methane, the react ion 

proceeding in accordance wi th the scheme 

C + 2H2 —CH^ 

A complete mass balance is presented in Table 3.28.. 

3.5 STEAM-REFORMING OF PROPYLENE 

3.5.1 Carbon Formation on Nickel Fo i l 

Several experiments were carr ied out wi th propylene and water 

vapour in the feed, in the range of temperatures from 560 to 650°C. 

Hydrogen was also added in order to prevent the oxidat ion of the 

ca ta l ys t . In most cases the ra t ios of water to hydrogen and of water 

to propylene were both 6. The equi l ib r ium constants fo r the oxidat ion 

of n ickel were calculated at 600°C: 

Ni + HgO = NiO + Hg (K = 8.5 x 10"^) 

Ni + ZWgO = Ni (OH)^ + Hg (K = 2 x lO"^) 

and the r a t i o Hg : Ĥ O ^ 1/6 used should be more than enough to prevent 

oxidat ion of the metal. However, the measured rates of carbon 

deposit ion were not steady, and were found to decrease sharply from 
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the i n i t i a l value. At l a t e r stages, deposit ion was maintained wi th 

a rate sometimes as low as 1/4 of the i n i t i a l ra te . 

The i n i t i a l rates were found to vary widely from run to run , 

but somewhat bet ter r ep roduc ib i l i t y was obtained wi th the f i n a l ra tes . 

In some cases, temperature or p a r t i a l pressures were var ied in the 

same run, when th is stage of deposit ion had been reached. A f te r 

any change, the system was brought to the o r ig ina l condit ions and 

the k ine t i c parameters were determined by in te rpo la t i on between the 

two readings. 

The e f f l u e n t was analysed by gas chromatography: carbon 

dioxide was detected among the products of react ion at 640°C, but 

the conversions were so low that a proper mass balance could not be 

establ ished. As a r e s u l t , only rates of carbon deposit ion were 

measured over n ickel f o i l . The condit ions used are presented in 

Table 3.29 and the experimental resu l ts are described next and 

summarized in Figs. 3.30 and 3.31. 

The e f f e c t of the p a r t i a l pressures of the reactants upon the 

rates of deposit ion was invest igated at 640°C, and is shown i n 

F ig.3.30. Carbon deposit ion was not observed a t 640°C i n the absence 

of hydrogen. The react ion was found to fo l low f i r s t o rde r k ine t ics 

both i n propylene and hydrogen, and the order wi th respect to the 

water pressure was found to be -1 . 

The ra te of deposit ion showed a negative dependency on 

temperature, as shown in Fig.3.31. An apparent ac t i va t ion energy 

of -43 - 3 kcal/mole was determined by f i t t i n g an Arrhenius-type 

law to the resu l t s . 
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T a b l e 3 . 2 9 Carbon F o r m a t i o n f r o m P r o p y l e n e on N i c k e l 

F o i l i n Presence o f Steam. 

E x p e r i m e n t a l C o n d i t i o n s 

Run Temp P a r t i a l P r e s s u r e s , atra E f f e c t s s t u d i e d 

Or, 
C3H6 HgO 

124 6 2 0 0 . 0 4 2 0 . 0 4 2 0. 2 66 T e m p e r a t u r e 

1 2 6 590 0 . 0 4 2 0 . 0 4 2 0. 2 6 6 T e m p e r a t u r e 

1 2 8 557 0 . 0 4 2 0 . 0 4 2 0. 2 6 6 T e m p e r a t u r e 

130 6 2 0 0 . 0 4 2 0 . 0 4 2 0. 2 6 6 

131 6 4 0 0 . 0 4 2 0 . 0 4 2 0. 2 6 6 

132 6 4 0 0 . 0 4 2 0 . 0 4 2 0, 2 6 6 

133 640 0 . 0 4 2 0 . 0 4 2 0. 2 6 6 

141 6 4 0 0 . 0 4 2 0 . 0 4 2 0. 2 6 6 

142 640 0 . 0 4 2 0 . 0 4 2 0. 2 6 6 Gas a n a l y s i s 

143 640 0 . 0 4 2 0 . 0 4 2 0. 2 6 6 E f f e c t o f Hg 

1 4 6 640 0 . 033 0 .033 0. 237 P a r t i a l p r e s s u r e s 

147 640 0 .033 0 . 0 3 3 0. 2 0 0 P a r t i a l p r e s s u r e s 

153 6 0 0 0 . 0 4 2 0 . 0 4 2 0. 2 6 6 • T e m p e r a t u r e 

154 590 0 .042 0 . 0 4 2 0. 2 6 6 T e m p e r a t u r e 

155 590 0 . 042 0 . 0 4 2 0. 2 6 6 

N . B . T o t a l p r e s s u r e = 1 atm 
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3.5.2 Steam-Reforming On Supported Nickel Catalysts 

3.5.2.1 Prel iminary Experiments 

Prel iminary experiments were carr ied out i n order to 

determine the optimum experimental condit ions. 

The choice of cata lyst pa r t i c l e size was l im i ted to less than 

1mm to avoid pore d i f fus ion l im i ta t ions (58) , but very f i ne powders 

were also unsuitable, being easi ly blown out of the basket. The 

size 40-60 mesh B.S.S. (0.235 - 0.360mm) was found to be a good 

compromise. 

The choice of a convenient cata lyst load was extremely 

important, in order to avoid mass transfer l im i ta t i ons as a resu l t 

of the method used to suspend the cata lyst from the balance (Cf. 

section 3 .2 .2 .3) . Large cata lys t loads (eg. 200 mg) were found to 

be unsui table, as only the upper layers of cata lyst were avai lable 

fo r react ion. This is c lear ly shown in Table 3.30, where the rates 

of hydrogen production under f ixed condit ions of temperature and 

pressure are compared for d i f f e ren t cata lyst loads. Comparison with 

runs carr ied out in the f ixed-bed reactor showed tha t a load of 

about 50 mg could be used in the basket without any problems. 

T a b l e 3 . 3 0 Compar ison o f C o n v e r s i o n s f o r D i f f e r e n t C a t a l y s t 

L o a d s . S t e a m - R e f o r m i n g R e a c t i o n 

Run R e a c t o r Load Rate Hg p r o d . ^ S p e c i f i c Rate 

mg m o l e / h r m o l e / h r . g 

162 F i x e d - b e d 178 0 . 0 8 5 0 . 4 8 

169 M i c r o b a l a n c e 53 0 . 0 2 6 0 . 4 9 

163 M i c r o "balance 179 0 . 0 2 6 0 . 1 5 

C a t a l y s t : I C I 46 -1 , 600°G ,. 0 . 0 6 7 , Q = 0 . 2 6 5 atm 
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The main gaseous products of react ion were found to be 

hydrogen and carbon oxides; methane was detected in many cases, but 

always in small concentrat ions. 

Low conversions were obtained in the d i f f e r e n t i a l reac to r , 

so tha t the errors involved in the analysis of the gas phase could 

a f f e c t s i g n i f i c a n t l y the ca lcu la t ion of rates of reactant consumption. 

Rates of gas production however, could be calculated w i th an 

accuracy usual ly bet ter than 10%. For th is reason, no hydrogen was 

used in the feed when the steam reforming react ion was to be studied. 

As a consequence, rates of carbon deposit ion were found to decrease 

s l i g h t l y w i th t ime. 

Carbon formation occurred under most condi t ions, except 

when the a l k a l i promoted ca ta lys t ( ICI 46-1) was used. In th is case, 

substant ia l carbon formation was only observed a f te r a number of runs 

were performed wi th the same cata lys t sample, or when the steam-

r a t i o was very low. 

Prel iminary experiments wi th a l k a l i t reated ca ta lys t have 

shown t h a t , a f t e r an i n i t i a l l y fas t drop in a c t i v i t y ( l as t i ng about 

30 min) the ca ta l ys t performance could be considered steady (Fig.3.32) . 

Carbon deposit ion at 600°C occurred at the beginning of the exper i -

ments, a t very slow rates ( < 8 ^ g / m i n ) , and would eventual ly 

become neg l i g ib le ( < 1 ^ g / m i n ) . The i n i t i a l rates of deposit ion 

were not reproducible from run to run and i t is thought that th i s 

deposit ion was due to a def ic iency of steam during the s ta r t -up 

procedure. At higher temperatures, carbon deposit ion did not occur, 

as a r e s u l t of increased rates of carbon removal : in run 174, at 

650°C, the small amount of carbon deposited during the s ta r t -up was 

slowly bu rn t -o f f in the course of the experiment. These observations 
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apply when the r a t i o (HgO) : (C^Hg) was > 4. However, f o r lower 

ra t ios carbon deposit ion was considerably fas te r (F ig .3 .33) . I t 

was also observed tha t carbon deposit ion on ca ta lys t 46-1 became 

progressively easier w i th time on stream (each sample of ca ta lys t 

being usual ly used f o r a number of runs). This is possibly due to 

the loss of KgO from the cata lys t (1 ) , or to the migrat ion of 

potassium from the surface to the bu lk , leaving uncovered acid 

s i tes (33). 

Several series of experiments were carr ied out w i th the same 

ca ta l ys t sample, a f t e r regeneration and reduct ion. The resu l ts are 

presented in two sect ions, one dealing only wi th carbon depos i t ion, 

the other re fe r r i ng mainly to the steam-reforming react ion. 

3 .5.2.2 Carbon Formation 

Carbon deposit ion in the presence of water vapour was 

studied in the range of temperatures from 400°C to 670°C. Experimental 

condit ions and resu l ts are shown in Table 3.31 and Figs. 3.34 to 

3,36. Rates of carbon deposit ion were found to increase w i th 

temperature up to about 550°C, and the apparent ac t i va t ion energy 

measured was 30 kcal/mole (F ig .3 .35) . Above 550°C, rates of carbon 

deposi t ion were found to decrease when the temperature was increased, 

and f i r s t order dependency on the pressure of propylene was observed 

(F ig . .3 .36 ) , The e f f e c t of water vapour was to decrease the ra te of 

carbon deposi t ion, an experimental order of about -1 being measured 

(Runs 230 and 231). 

At low temperatures (400-450°C)' hydrogen showed a negative 

e f f e c t upon the rates of carbon deposi t ion: At 450°C, an increase 

in the rate of deposit ion of 1.5 times was observed a f t e r turn ing o f f 

the hydrogen supply (run 243); at 400°C, a two-fo ld increase was 
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Table 3 .31 Carbon F o r m a t i o n f rom C^H^/HQO on N i c k e l -

Run Load Temp 
^HgO 

Rate 

rag °C atm atm atm mg/min 

204 1 6 1 , p 593 .09 — .59 

2 0 5 1 6 2 , p 640 .10 - .54 .92 

2 0 6 170,p 6 4 0 .05 - . 6 2 .54 

2 2 6 15 600 .063 - . 2 5 0 

227 595 .063 - . 2 5 0 

2 2 8 570 .063 — . 2 5 0 

229 5 8 0 . 0 6 3 - . 2 5 0 . 0 1 4 

.053 .174 . 2 1 0 .532 

230 600 .040 - . 2 5 0 .054 

.033 .174 .205 .236 

. 0 6 6 .174 . 2 0 5 .590 

,066 .174 .315 . 5 0 0 

. 1 3 2 .174 .315 1 .280 

.132 .087 .315 .930 

231 6 5 0 . 0 4 0 .330 . 2 5 0 .452 

.080 .330 . 2 5 0 .938 

.080 . 2 2 5 .380 .490 

232 600 .040 .330 . 2 5 0 . .540 

580 .040 .330 .250 .695 

233 17 450 .040 .330 . 2 5 0 . 2 1 3 

234 600 .040 .330 . 2 5 0 .438 

237 600 .033 . 2 9 0 .300 . 4 0 0 

. 0 6 6 . 2 9 0 .300 .775 

.099 . 2 9 0 .300 1 . 1 5 0 
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Tab le 3 . 5 1 ( C o n t i n u e d ) 

Run Load Temp 
^HgO 

Rate 

2 3 7 .231 .290 .300 2 . 3 0 0 

.132 .290 .300 1 . 5 7 0 

238 500 .033 .270 .270 .550 

. 0 6 6 .270 .270 1 . 0 0 0 

.132 .270 .270 1 . 5 7 0 

.264 .270 .270 1 .960 

239 550 .033 .270 .270 . 6 7 5 

, 0 6 6 .270 .270 1 .270 

.132 .270 .270 2 . 4 0 0 

. 2 6 4 .270 .270 3 . 2 8 0 

2 4 0 650 .033 .270 .270 .595 

. 0 6 6 . 270 .270 1 .000 

.132 .270 .270 2 . 1 6 0 

.264 .270 .270 3 . 9 0 0 

2 4 1 5 0 0 .033 .270 .270 . 5 0 0 

2 4 2 6 0 0 .033 .270 .270 . 3 6 0 

243 450 .033 .270 .270 . 2 5 0 

. 0 6 6 .270 .270 . .333 

- . 1 3 2 .270 .270 .430 

.264 .270 .270 . 5 0 0 

.264 .270 .730 

244 400 .033 .270 .270 

245 4 5 0 .033 .270 .270 .245 

4 0 0 .033 .270 .270 .020 

.033 — .270 .040 

246 600 .033 .270 .270 .645 

.033 .135 .270 .482 
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Tab le 3 .31 ( Con t i nued ) 

Run Load Temp % ^HgO 
Rate 

246 600 .033 — , 270 — 

.033 .135 .270 .265 

247 400 .033 - .270 .070 

248 500 .033 . 2 7 0 .270 .570 

249 500 . 2 6 4 - .270 3 . 1 

250 500 .264 . 2 7 0 .270 2 . 1 8 

251 650 . 2 6 4 .270 .270 7 . 2 

252 630 .264 . 2 7 0 . 2 7 0 6 . 6 

253 600 .264 . 2 7 0 . 2 7 0 6 . 0 

254 580 .264 . 2 7 0 .270 6 . 3 

255 650 . 2 6 4 .270 .270 5 . 5 

N .B . p = p e l l e t 
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measured under the same circumstances (run 244). The deposition 

was perfectly steady and no deactivation could be observed in the 

absence of hydrogen. An almost opposite effect of hydrogen was 

found at high temperatures (600°C): - Deactivation was observed, in 

the absence of hydrogen (run 246) and a positive order with respect 

to hydrogen was determined. Deactivation became apparent by the 

impossibility of returning to the original rates of deposition once 

the hydrogen concentration in the feed had been held at very low 

levels. Steady rates of coking were observed for higher hydrogen 

pressures, and the production of carbon was found to have an order 

of reaction of about 0.3 - 0.4 in hydrogen. 

3.5.2.3 The Steam-Reforming Reaction 

The reaction of propylene with steam over supported nickel 

catalysts was studied in the range of temperatures from 500 to 

650°C. Water vapour was always kept in excess, in order to maintain 

conditions thermodynamically unfavourable to carbon formation. 

The kinetic features of the reaction were studied over the 

Ni/AlgOg catalyst (without alkali); some comparison experiments 

were performed with the catalysts 46-1 and Ni/kieselguhr. Conditions 

used are shown in Table 3.32 and the results are presented in Table 

3.33 and Fig.3.37. 

Although complete mass balances could usually be established 

(Cf. Table 3.34), calculations based on the measured conversion of 

propylene were unreliable, as pointed out earlier. Since the rates 

of production of hydrogen and carbon dioxide could be determined 

with greater accuracy, the following balances were used; 
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Table 3.32 Steam-Reforming of Propylene 

Run Catalyst T°C 

S'h 
TER R p 

1 7 5 ICI 46-1 6 0 0 . 0 8 6 . 3 4 3 " . 7 0 0 0 . 0 . 0 5 8 

1 7 7 t! 6 0 0 . 1 0 6 . 5 8 0 . 5 6 5 0 . 0 5 0 . 0 4 3 

1 7 8 !» 6 0 0 . 1 0 6 . 5 8 0 . 5 6 5 0 . 0 . 0 5 9 

1 7 9 1! 6 0 0 . 1 0 6 . 5 0 4 . 5 6 7 0 . 0 . 0 5 3 

1 8 0 It 
6 3 0 . 0 9 5 . 5 0 8 . 6 3 1 0 . 0 . 0 7 2 

1 8 5 
tt 6 2 0 . 1 0 8 . 5 3 2 . 5 5 7 0 . 0 . 0 6 3 

186 M 6 0 0 . 0 9 6 . 5 8 7 . 6 3 8 0 . 0 . 0 4 3 

1 8 3 Ni/kieselguhr 6 0 0 . 0 9 7 . 5 4 1 . 5 9 6 . 4 0 0 . 2 2 8 

1 8 8 N l / A l g O g 600 . 0 9 7 . 5 4 8 . 6 1 0 . 0 5 7 . 0 4 4 

1 9 0 n 6 0 0 . 0 9 7 . 5 3 8 . 5 9 7 . 0 5 7 . 0 5 0 

1 9 2 II 
6 0 0 . 1 0 0 . 5 4 5 . 5 9 1 . 0 5 9 . 0 5 0 

1 9 3 
It 

6 2 0 . 0 9 3 . 5 3 7 . 6 4 8 . 0 2 1 . 0 5 7 

1 9 5 
rt 6 4 0 . 0 9 1 . 5 1 3 . 6 4 5 . 0 1 0 . 0 7 3 

1 9 9 
I t 

6 2 0 . 1 0 3 . 5 1 8 . 5 7 0 . 0 2 0 . 0 5 9 

2 0 1 ti 6 0 0 . 0 9 1 . 4 9 8 . 8 9 7 . 0 7 2 . 0 4 3 

3 1 1 ti 6 0 0 . 0 3 7 . 2 8 0 1 . 0 4 5 . 0 0 2 . 0 2 7 

3 1 1 
11 

6 0 0 . 0 7 4 . 2 8 0 1 . 0 4 5 . 0 1 8 . 0 4 3 

3 1 1 It 6 0 0 . 0 7 4 . 4 0 0 1 . 0 6 1 . 0 1 1 . 0 3 9 

3 1 1 It 6 0 0 . 1 4 8 . 4 0 0 1 . 0 6 1 . 0 5 4 . 0 6 3 

3 1 2 I I 
5 0 0 . 0 3 8 . 2 8 3 . 9 9 0 . 0 4 2 . 0 0 8 

3 1 2 
I I 

5 5 0 . 0 3 8 . 2 8 3 . 9 9 0 . 0 1 4 . 0 2 0 

3 1 2 
H 

5 8 0 . 0 3 8 . 2 8 3 . 9 9 0 . 0 0 6 . 0 2 4 

3 1 2 
I I 6 4 0 . 0 3 8 . 2 8 3 . 9 9 0 0.0 . 0 3 6 

N.B. Partial pressures 

TPR = Total flow 

in atm 

rate , mole/hr 

Rg = Rate of carbon formation , mole/hr.g 

Rp = Rate of propylene conversion by steam-reforming 

mole/hr.g 
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Table 3 . 3 3 Steam-Reforming : Product Gas Composition 

Dry effluent composition, mole 1 Effluent 
Flow Rate 

'mole/hr Run A' Hg N2 CO CH^ COg C5%6 

Effluent 
Flow Rate 

'mole/hr 

1 8 8 . 0 8 5 . 7 0 0 . 0 0 5 . 0 0 1 . 0 5 0 .181 . 5 1 

190 . 0 8 8 . 7 0 5 . 0 0 5 - . 0 2 7 .177 . 5 1 

1 9 2 . 0 8 9 . 6 9 4 . 0 0 4 . 0 0 1 . 0 2 6 . 1 8 6 . 5 0 

1 9 3 . 0 8 5 . 7 1 5 . 0 0 7 .001 . 0 2 7 . 1 6 9 . 5 4 

195 . 0 9 2 . 7 2 0 . 0 0 7 . 0 0 2 . 0 2 5 . 1 5 4 . 5 5 

199 . 0 9 0 . 6 9 0 . 0 1 5 . 0 0 5 . 0 2 8 . 1 7 6 .31 

201 . 0 5 5 . 7 6 2 . 0 0 5 - .017 . 1 6 5 . 4 8 

178 . 0 9 9 . 6 4 5 . 0 0 8 . 0 0 5 . 0 5 6 .211 .27 

179 . 0 9 6 . 6 7 7 . 0 1 2 . 0 0 5 . 0 4 1 .171 . 5 5 

180 .120 .661 . 0 1 6 . 0 0 5 . 0 5 6 . 1 4 4 . 5 8 

1 8 5 . 0 8 8 . 6 7 7 . 0 1 2 . 0 0 1 . 0 5 2 . 1 9 0 . 5 0 

186 .071 .687 . 0 0 4 - . 0 5 5 . 2 0 1 . 2 9 

183 . 1 9 7 .605 . 0 2 5 .004 . 0 4 0 . 1 5 1 . 5 5 
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Table 3.34 Steam-Reforming. Mass Balance for Run 188 

Feed flow rates, mole/hr Effluent, raole/hr 

Ng HgO Dry gas Condensate 

0 . 0 5 9 0 . 2 1 7 0 . 3 3 4 0 . 3 1 0 0 . 3 1 4 

Rate of carbon formation = 0 . 6 mg/min = 0.003 mole/hr 

BALANCES 

Input, mole/hr Output, mole/hr 

Ng 0 . 2 1 7 0 . 3 1 0 ( 0 . 7 0 0 ) = 0 , 2 1 7 

Og 0 . 3 3 4 0 . 3 1 4 + 0 . 3 1 ( 0 . 0 0 3 + 2 x 0 . 0 3 0 ) = 0 . 3 3 4 

Hg 3 x 0 . 0 5 9 = 0 . 1 7 7 0 . 3 1 ( 0 . 0 8 5 + 2 x 0 . 0 0 1 + 3 x 0 . 1 8 1 ) = 0 . 1 9 6 

0 . 3 3 4 0 . 3 1 4 

0 . 5 1 1 0 . 5 1 0 

3 x 0 . 0 5 9 = 0 . 1 7 7 0.31(0.003+0.001+3x0.181 ) = 0 . 1 7 9 

0 . 0 0 3 

0.182 
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3 Rp ^co '̂ co 
2 -

(Carbon balance) 

"h = "w + 3Rp (Hydrogen balance) 

R|̂  = RQQ + 2R^Q (Oxygen balance) 

where methane was neglected and: 

Rp = rate of propylene conversion 

R^. = rate of water consumption 

Rpi = rate of hydrogen production 

X O 
rate of carbon monoxide production 

RQQ = rate of carbon dioxide production 

From these equations, the rate of propylene conversion can 

be expressed as function of the rates of hydrogen and carbon 

dioxide production: 

Rp = ("h - Rcog) / 6 

When carbon formation was a side reaction (catalysts Ni-alumina and 

Ni-kieselguhr), the appropriate deduction was made from the overall 

rate of reaction in order to obtain the rate of the steam-reforming 

reaction: 

R p = (R,̂  - R(, - R^Q ) / 6 

where 

rate of carbon formation (since one mole of hydrogen is 

produced with, each mole of carbon) 
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R^p = rate of propylene converted by steam-reforming 

At 600°C, the process could be approximately described by 

the equations: 

c g h g + 6 h 2 o — > 3 c o g + g h g 

c g h g - > 3 c + s h g 

since methane was produced in negligible amounts and (CO) < < (COg). 

At higher temperatures, the proportion of CO in the product gas, 

increased, but methane could still be neglected. 

The experimental orders of reaction determined with catalyst 

nickel-alumina at 600°C were 0.64 in propylene and -0.04 in steam 

(Fig.3.38). A power rate law was used to calculate the rate 

constant for hydrogen production, plotted in Fig. 3.39: 

The activation energy obtained in the range 500-640°C was 

13.2^0.3 kcal/mole. An activation energy of 16^1 kcal/mole was 

determined with the rates of propylene conversion, Rp. 

Comparison of the activities of the three catalysts at 

600°C based on their nickel area is shown in Fig.3.40. It is 

observed that the alkali promoted catalyst exhibits slightly lower 

specific activity. A similar effect of the potassium oxide promoter 

on the activity of the catalyst has been reported in the literature 

(26). 

Selectivity for hydrogen production was found to increase 

with temperature, as carbon deposition becomes progressively less 

important. 
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3.6 KINETIC RESULTS : SUMMARY 

3.6.1 Carbon Formation from Propylene at Low Temperatures ( < 540°C) 

in ? 

rate = 43 x 10 x exp (-33300/RT) ^g/min.cm based on the 

initial nickel area available : geometric area in the case of nickel 

foil, metal surface area (from CO chemisorption) for supported 

catalysts. 

3.6.2. Carbon Gasification by Steam on Nickel Foil 

rate = 1.75 x 10^ x W x exp (-32000/RT) mg/min.cm^ where W = 

initial amount of carbon to be gasified; the rate is referred to the 

area (geometric) of the foil. 

3.6.3 Carbon Gasification by Hydrogen on Nickel Foi1 

' H 
rate = 7.86 x 10^ x W x Py ^ x exp (-32400/RT) mg/min.cm^ 

2 

where the rate is referred to the geometric area of the foil. W = 

initial deposit to be gasified. P„ = hydrogen partial pressure, atm. 

"2 

3.6.4 Carbon Gasification by Hydrogen on Supported Catalysts 

rate = 7.0 x 10^ x Pj, ^ x exp (-31000/RT) mg/min.cm^ 

"2 

referred to the metal area of the catalyst, as determined by CO 

chemisorption. - ~ 

3.6.5 Steam-Reforming of Propylene 

Rp = 3.5 X 10^ X P P 0 ' G 4 x x exp (-16000/RT} mole/Hr.g 

where 

PP = partial pressure of propylene. PW = partial pressure of steam. 
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4 DISCUSSION 

The results obtained for carbon formation from pyrolysis 

and from steam-reforming on nickel foils and supported nickel 

catalysts will now be compared;for ease of presentation, the 

discussion is split into appropriate sections. 

4.1 PYROLYSIS 

4.1.1 Nickel Foils 

The features observed for the pyrolysis of propylene over 

nickel foil can be best discussed from examination of Fig. 3.4. 

The results are very similar to those obtained in a static system 

by Lobo (46) and the explanation for many of the observations 

appears to be the same. 

Constant rates of carbon deposition were obtained for 

extended periods of time, under some conditions right up to the 

limits imposed by the equipment used. Nickel crystallites were 

found in the carbon deposits (Cf 3.2.4) and the deposits were 

found to catalyse the reaction even when separated from the original 

foil. Gas-phase reactions were not important below 650°C and no 

deposition could be observed after poisoning the foils with 

sulphur compounds. Graphite itself was not a catalyst for the 

reaction at these temperatures (< 550°C). 

At low temperatures, below 550°C, zero order kinetics were 

observed, and the activation energy for the reaction was found to 

be 33 kcal/mole, the rate of reaction increasing with temperature. 

These features seem to support the explanation advanced by Lobo 

et al. (131) that the diffusion of carbon through nickel is rate 

determining in this temperature range. 
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At temperatures above 650°C, it seems likely that gas-

phase carbon formation is becoming important. In support of 

this, carbon was found to be deposited on the walls of the 

reactor. 

At intermediate temperatures (550-650°C) some novel features 

of the reaction were discovered. The rate of reaction was found 

to decrease with increasing temperature, but positive orders of 

reaction were determined: first order in hydrogen and first order 

in propylene. The energy of activation was approximately -40 

kcal/mole. 

Several possibilities were considered as to why a decrease 

in rate should become important at these temperatures, and the 

first possibility that sprang to mind was that, since the rate was 

measured in terms of weight uptake, the decrease in rate with 

increase in temperature could be due to the increasing importance 

of carbon gasification by the hydrogen produced in the reaction. 

As a result, the influence of hydrogen on the reaction was studied 

in detail. 

a) Low Temperature (<550°C) 

Carbon gasification by hydrogen was found not to be 

important below 550°C, so that the gasification process does not 

influence the results obtained at low temperatures. However, 

some interesting features were found in this region, as summarised 

in Table 4.1 (I). 

In the absence of hydrogen, carbon deposition was preceded 

by long induction periods, followed by an acceleration leading 

to a steady-state rate of deposition which was somewhat lower 

than when hydrogen was present. The extent of deposition was 

limited to about 3 mg/cm^ and the carbon films obtained seemed to 
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Table 4.1 Effect of hydrogen 

I - Low temperature (<550°C) 

Without Hg With Eg 

Induction period Yes •No 

Rate of deposition Low High 

Extent of deposition Limited Unlimited 

(=5mg/cm^) (>40mg/cm^) 

Type of carbon Ordered Sooty 

Kinetics : 

Order w.r.t. 0 0 

Activation energy 33 kcal/mole 33 kcal/mole 

II - High temperature (550-650°G) 

Without Hg With Hg 

Extent of deposition 0 solubility Unlimited 

in Ni (>40mg/cm^) 

Type of carbon Graphite poly- Soot 

cristalline 

film 
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prevent further deposition. With hydrogen, induction periods 

were never observed and sooty carbon could be formed at constant 

rate over the foil, apparently without limit (within the range of 

the equipment used). Carbon formation was markedly accelerated 

by hydrogen, in agreement with the findings of Tesner (108), 

Lobo (132) and Nishiyama (134). 

To explain the observed features of the process of carbon 

formation on nickel foils, the following steps have been considered: 

1 Adsorption of the reactants on the surface; 

2 Surface reaction, leading to adsorbed carbon species; 

3 Diffusion of carbon through the nickel crystallites and 

precipitation of graphite at the grain boundaries lifting 

up the crystallites, which will subsequently be carried on 

top of the growing carbon, thus ensuring constant rates of 

deposition. 

At low temperatures (<550°C), diffusion of carbon in nickel 

is assumed to be rate determining, while in the range from 550 to 

650°C surface reaction seems to be controlling. At still higher 

temperatures (>650°C), carbon formation in the gas-phase becomes 

important. 

Nucleation of the carbon may occur on the external surface 

or at grain boundaries, the latter being energetically more 

favoured. Growth of surface nuclei cannot lift metal particles 

out of the substrate, instead it would result in the encapsulation 

of the active surface, inhibiting further deposition. The presence 

of hydrogen may prevent this type of nucleation by keeping the 

surface clean of such encapsulating species. Nucleation at grain 

boundaries would then be enhanced and the growth of carbon there 

could push metal grains out of the substrate, thus ensuring 
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constant activity for carbon formation as observed experimentally. 

It has also been reported (42) that hydrogen enhances grain boundary 

grooving of nickel films at low temperatures (400-570°C). This 

process might provide an easier path for diffusing carbon species, 

therefore accounting for the elimination of induction periods. 

Hydrogen also affects the structure of the deposit obtained, 

and carbons formed in its absence tend to be more ordered. This 

is understandable, since lower rates of deposition are obtained in 

the absence of Hydrogen, therefore creating more suitable conditions 

for the growth of good graphite (93). 

b) High temperature ( > 550°C) 

In the intermediate temperature range (550-550°C), 

experiments with high and low pressures of hydrogen have confirmed 

that at least one role of hydrogen is to keep the surface clean, 

preventing deactivation. High pressures of hydrogen would remove 

any deposit on the gas-metal interface, allowing carbon formation 

to continue and ensuring reversibility on increasing and decreasing 

temperature (Fig.3.4). Under such conditions, parallel lines 

are obtained in the Arrhenius plots, for different gas compositions 

in contrast with the results previously reported by Lobo (46), 

where different slopes were measured in the Arrhenius plots, 

corresponding to different composition. This was possibly due to 

the use of low hydrogen pressures, which were not sufficient to 

keep all the surfaces clean of encapsulating species. Permanent 

deactivation, by encapsulation of some crystallites with carbon, 

would then be expected, resulting in an hysteresis effect similar 

to that of the Arrhenius plot shown in Fig.3.5, where the rates 

of deposition fall more rapidly when the temperature is increased. 

Indeed, they fall even if the temperature is held constant, and steady 
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rates are only obtained again at lower temperatures, where this 

deactivation effect is negligible. Therefore, if the temperature 

is lowered rapidly to such a region, "freezing" the deactivation, 

a line of about -40 kcal/mole can still be drawn in the Arrhenius 

plot, although the rate now obtained is lower. Reversibility is 

lost, as shown by the impossibility of returning to the original 

rate of deposition. 

The same reasoning could perhaps explain the very steep 

branch for the intermediate temperature region observed by Lobo 

[130) in the case of acetylene decomposition, where the experiments 

were performed without hydrogen addition. The thermogravimetric 

method used, where heating and cooling rates were established (160), 

would then make the deactivation effect difficult to be recognised. 

In the absence of hydrogen, carbon formation was found to 

proceed to the limit of solubility in nickel, and a polycrystalline 

graphitic film was obtained. Previous studies (138) have shown 

that dissolution of carbon in nickel can be followed by the pre-

cipitation of well ordered graphite, which effectively encapsulates 

the surface. That such a process is important under the present 

conditions is confirmed by the amount of carbon deposited and by 

the observation that carbon formation after such deposition will 

not re-start, even at low (440°C) temperatures. However, the 

introduction of hydrogen into the feed led to the deposition of 

sooty carbon, and two explanations seem possible: 

(1) Attack of the hydrogen on the encapsulating carbon, 

resulting in the re-formation of a clean nickel surface and leading 

to renewed carbon formation; 

2) Alternatively, a nickel species incorporating hydrogen 

might be essential for carbon formation. Recent electron diffrac-



216 

tion studies (42) have in fact revealed that a hitherto unreported 

Ni-Hg-C or Ni-Hg compound is formed at temperatures greater 

than 540°C. . Full explanation of the effects observed cannot be 

attempted until the importance of such compounds in carbon formation 

has been established. 

Carbon gasification was found to be important above 550°C 

and the kinetics of the reaction were determined and are summarised 

in Table 4.5. 

Considering first the possibility that gasification is 

determining the inflection in the Arrhenius plots, the rates of 

carbon formation were corrected by the calculated rates of gasifica-

tion, as shown in Fig.4.1. It is seen that, although there is a 

slight influence on the results, the amount of carbon gasified is 

insufficient to account for the decrease in rate with increasing 

temperature. Therefore, alternative explanations must be 

considered. 

Some possible reasons for this effect have been presented 

and discussed previously : sintering, absence of formation of an 

intermediate carbide, effect of approaching equilibrium, poisoning 

and decreasing adsorption (131) as well as the change in critical 

size of nuclei (99). Of these, only the effect of decreasing 

adsorption has been found to be acceptable as a possible answer 

to the reversible decline in rate in the present context. The 

suggestion is that, above a certain temperature, the surface 

reaction step takes over from diffusion of carbon in the nickel 

as rate determining. This is to a certain extent confirmed by the 

observed change from zero order kinetics to second order (overall) 

kinetics. Now, when rates of reaction are used in the Arrhenius 

plots, the slope of such plot will only measure the true 
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activation energy when zero order kinetics are obeyed. In all 

other cases, the apparent activation energy determined will 

correspond to the combined effects of the true activation energy 

for reaction and the heats of adsorption of the reactants. 

Let us consider the following reaction: 

A + B — ^ products 

with a rate equation of Langmuir-Hinshelwood type 

k V a 
r -

0 + b^P^lCl+bgPg) 

At low temperatures we may expect the reactants to be strongly 

adsorbed so that b^P^ » 1, bgPg » 1 and the rate equation 

reduces to 

r = k (zero order) 

At higher temperatures, the reactants will become weakly adsorbed 

so that 

b^P^ 4: 1, bgPg <$C 1 and 

r = k b^P^bgPg (2nd order) 

Therefore, we have for the first case 

d In r din k E - - — y 

dT dT 

or E_ = E 
a 

whereas, for the second case, 

din r d in k dlnb^ d in bg 

dT dT dT dT 
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or Ea E A H ^ AHg 

5 ~ 5" n + w 

RT^ Rr RT'̂  

since and bg are equilibrium constants for adsorption, therefore 

obeying the van t' Hoff relationship: 

din K _ ah 
dT ~ R ? 

In this last case, therefore, 

Ea = E + + A Hg 

and the measured activation energy will contain terms corresponding 

to adsorption. 

The following heats of adsorption were obtained from the 

literature at zero coverage (161): 

Hydrogen on nickel : A H = -30 kcal/mole 

Ethylene on nickel : A H , = -58 kcal/mole 

Acetylene on nickel : A H = -67 kcal/mole 

No value was found for propylene on nickel, but is is expected 

to be similar to those of acetylene or ethylene. Now, possible 

surface reactions such asdehydrogenative adsorption followed by 

hydrogenolysis of the residue, can be expected to be associated 

with activation energies in the range of 20 to 40 kcal/mole (162). 

The combination of this activation energy with the heats of 

adsorption of hydrogen and propylene will therefore result in a 

negative apparent activation energy. It is to be noted, however, 

that the change from a fully covered surface to a low coverage is 

not expected to occur at temperatures as high as 550°C. 

This might possibly occur at temperatures of 100 or 200°C, 

as in the case of olefin hydrogenation discussed originally by 
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zur Strassen (163). The present situation may then be described 

in face of Fig. 4.2: 

The surface reaction step is assumed to be very fast 

compared with diffusion of carbon in nickel below 550°C, and 

therefore is not rate determining. This step is associated 

with an activation energy E, possibly in the range of 20-40 kcal/ 

mole. However, at some low temperature, the reactants become 

weakly adsorbed and the overall "activation energy" becomes 

apparently negative. 

Diffusion of carbon in nickel is the slow step but, as 

temperature is increased, its Arrhenius plot intersects the 

descending branch correspondent to the surface reaction 

(affected by adsorption of reactants) and this becomes the slower 

step. This occurs at a temperature near to 550°C but depending 

on the partial pressures of the reactants, as shown in Fig 4.2. 

As the pressures are increased, the maximum moves to higher 

temperatures and this is consistent with the surface reaction 

step taking over as rate determining. 

This explanation, based on the heats of adsorption, has 

been criticised mainly on the basis of the Arrhenius plots 

presented for acetylene (130), with a very steep branch in the 

intermediate temperature region. The fitting of a straight line 

in that temperature range would yield an "activation energy" of 

about -200 kcal/mole, which could not be explained in terms of 

the heat of adsorption of acetylene ( A H = -67 kcal/mole). This 

has been recognised in the present work as a deactivation effect, 

due to the absence of hydrogen. When such effects are avoided, 

the explanation based on heats of adsorption does fit the results. 
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The possibility of nickel hydride formation, as discussed 

earlier, must also be considered. If such compounds become 

necessary for carbon formation, then: 

rate (C formation) = k.P^ ^ . (NiHg) 

3 6 

If Ni H- Hg = NiHg , then 

K = (NIHg) 

(N^).P„ 
"2 

and 

rate (C formation) = k . K.(Ni).P^ 

(Ni) may be assumed constant and 

rate (C formation) = k \ P p u Pn .K 

so that d In rate _ din k^ ^ din K 

dT dT dt 

and Ea = + A H (hydride) 

Therefore, an effect similar to decreased adsorption might be 

operative. 

Both carbide and hydride formation are processes 

accompanied by lattice expansion, and this might provide the 

stress forces necessary to mechanically disrupt the surface of 

the foil, releasing the nickel crystallites required to maintain 

a constant activity. Carbide formation might then be important 

at low temperatures ( < 550°C) while hydride formation would take 

over above 550°C. 
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4.1.2 Comparison between Nickel Foil and Supported Nickel 

Catalysts 

The results obtained for carbon formation on nickel foils 

and supported nickel catalysts may now be compared. The kinetic 

features of the reaction were very similar, the only difference 

being the complete independence of deposition rates on the presence 

or absence of hydrogen in the case of supported catalysts, 

induction periods never being observed. This different behaviour 

must obviously be discussed in terms of the differences in 

structure between nickel foils and supported catalysts. One 

such difference is the presence of a new material, the support. 

Another is the state of the metal crystallites. 

It might be argued that carbon deposition on the support 

itself would release enough hydrogen to make its presence in the 

feed redundant. This would require the production of substantial 

amounts of hydrogen if deactivation at high temperatures were to 

be avoided (Cf. 3.2.1.4). In order to investigate this possibility, 

alumina pellets were used in conjunction with nickel foils (Cf. 

3.2.3): Although some carbon was formed on the support itself, 

mainly at high temperatures, the amount of hydrogen released was 

clearly not enough to explain the difference in behaviour between 

foil and supported catalysts. 

The different state of the metal crystallites may explain 

the need for the presence of hydrogen in the case of nickel foils. 

In fact, if nickel crystallites are to be detached from the foil, 

preferential carbon nucleation at grain boundaries is required and 

this is favoured when hydrogen is present, hence the positive 

effect of hydrogen on rates of carbon deposition. In the case of 

the supported nickel catalysts, the nickel crystallites are already 
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distributed over the support, and these are expected to be 

pushed up with the growing.carbon without further assistance from 

hydrogen. No induction periods would be expected or are observed 

in this case. 

Alternatively* the support might provide a catalytic 

function, such as cracking, which would be absent in the case of 

nickel foils. Nickel on its own, without hydrogen, would 

dehydrogenate the hydrocarbon, but without breaking the C-C bonds. 

Hydrogen would then be required to produce hydrogenolysis reactions, 

whereas in the case of supported catalysts hydrogen is made 

redundant. 

Above approximately 450°C, the measured rates of carbon 

deposition on supported catalysts were limited by gas-phase 

diffusion, but comparison with foil was possible at lower 

temperatures. The same activation energy (30 kcal/mole) order 

of reaction (z.ero) and specific rates of carbon formation 

(Table 4.2) were obtained over foils or supported catalysts. 

The comparison was made on the basis of the original nickel 

surface area available, and shows that the same mechanism of 

carbon formation is operative, regardless of the support material. 

The reaction may therefore be classified as "facile", according 

to Boudart (164). It should be noted, however, that the 

crystallite sizes of the catalysts used are outside the critical 

range of particle sizes (1-5 nm) discussed by Boudart (164). 

The crystallite sizes of the supported catalysts used in the present 

work were calculated from the specific surface areas and metal 

content by the formula d = 6V/A, assuming spherical shapes, and 

are presented in Table 4.3. 
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Table 4.2 Specific Rates of Carbon Formation from 

Propylene on Nickel Catalysts 

( T = 400°C , P., „ = 0.13 atm ) 

RUN Catalyst Weight Metal Area Rate 

mg (*) ^g/min ^g/min.cm' 

Specific 

Rate 

107 Ni foil 123.2 23 cm^/g 17 6 

325 Ni/AlgOg 26.0 .4 m^/g 667 6 

268 ICI 46-1 19.5 .6 740 6 

271 Ni/kieselguhr 15.1 1.7 " 1430 6 

(*) For nickel foil, the geometric area was used. 

For supported catalysts, the metal area was deter-

mined by CO chemisorption. 

Table 4.3 Crystallite Sizes of Supported Nickel Catalysts 

Catalyst 

Ni/AlgOg 

ICI 46-1 

Ni/kieselguhr 

Ni content Metal Area Crystallite Size 

V ( cm^/g ) A ( m^/g ) d = 6V/A ( ̂ m ) 

0.02 

0.02 

0.05 

0.4 

0.6 

1.7 

0.3 

0.2 

0.18 
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Diffusion limitations were met with in microbalance runs 

above about 450°C, and it was not possible to check the occurrence 

of maxima in rate as observed with foils. These mass-transfer 

problems were certainly a consequence of the geometry of the 

system, whereby samples of catalyst were suspended from the balance 

inside small baskets. Since total flow rates could not be 

increased very much, concentration gradients would be established 

between the gas phase and the catalyst sample, the gas by-passing 

the basket. However, a few runs carried out in the fixed-bed 

reactor suggest that a maximum in rate would also be observed for 

supported nickel catalysts. 

Surface area measurements indicate that pore-mouth 

poisoning does not occur for low coke contents; for heavy 

deposits, however, the shape of some of the carbon formation 

curves (Fig.3.13) indicate that pore-mouth blocking may occur. 

The carbon deposits themselves are of high surface area (100-200 

2 
m /g) and medium porosity (0.3 - 0.4). 

4.1.3 A Model for Carbon Formation 

The literature survey (Section 1.3) and the results of the 

present work show considerable evidence in support of a 

mechanism of carbon growth involving the diffusion of carbon 

through nickel. This evidence is summarized below: 

1) Extended periods of constant growth can be observed 

without apparent deactivation; 

2) Various olefins and acetylene have been found to produce 

carbon on nickel at very similar rates and following the same 

kinetics (46); 

3) Carbon formation from acetylene on Ni, Fe, Co and Cr 
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showed an activation energy in good agreement with the coefficient 

of temperature dependence for diffusion of carbon in those metals 

(112); 

4) Nickel particles have been observed at the top of carbon 

growing filaments (105); 

5) Zero order kinetics were determined; 

6) The rate of growth was reported to vary in inverse 

dependency with the particle size of the metal (112); this was 

quantitatively determined for iron, and also found with cobalt, 

although a previous report showed no correlation for the case of 

nickel (105). 

Both Lobo et al (131) and Baker et al (105) proposed 

models for carbon growth in which diffusion of carbon in the metal 

was considered to be the rate determining step, at least in part 

of the temperature range (131). 

For carbon formation from acetylene. Baker et al (105) 

proposed that a temperature gradient would develop across the 

metal particles and provide the driving force for diffusion of 

carbon. This was suggested by the fact that acetylene decomposition 

is highly exothermic, therefore releasing a considerable amount of 

heat at the exposed face of the metal particle. When this sugges-

tion is taken together with the results of Lobo (46), however, it 

has to be dismissed, since a similar mechanism must be operative 

in the case of decomposition of olefins, and some of these 

reactions are in fact endothermic. The heats of these reactions 

were calculated by standard methods (22) at reaction temperatures, 

and are presented in Table 4.4 Therefore, the existence of a 

temperature gradient is not a general feature of the process. 
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Table 4.4 Standard Heats of Carbon Formation Reactions 

Reaction kcal/mole 

600K 800K 1000K 

C+ZHg 19.9 2 0 . 8 21.4 

CpHg-*- 2C+H2 - 5 5 . 9 - 5 3 . 6 -53.3 

2C+2H2 — 10.6 - 9.8 - 9.2 

- 2.0 - 0.7 -0.03 

C^Hg_»4C+4H2 

1-butene 3.7 5.1 5.9 

cis-butene 5 . 8 7.5 8 . 4 

trans-butene 6.4 7.9 8.7 

200 -V COg+O - 4 1 . 5 -41.2 -40.8 
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On the other hand, Lobo (46) considered a concentration 

profile in the nickel particles at steady state : The concentration 

of carbon in the nickel at the gas-exposed surface would be 

determined by the solubility limit at each temperature, while at 

the rear of the particle, where carbon growth occurred, the con-

centration of nickel would be taken always as zero. The following 

expression could then be derived for the rate of diffusion, N, 

across a slab of nickel of thickness L: 

N = -D ^ = DS/L 

However, as Lobo points out (46) this model would not 

account for the measured activation energy determined for the 

reaction (33 kcal/mole) since the solubility S is itself temperature 

dependent. Therefore, the activation energy of the process would 

be that for diffusion of carbon through nickel (33 kcal/mole)' 

plus the temperature coefficient for the solubility of carbon in 

nickel (150), 10 kcal/mole, i.e. 43 kcal/mole. Comparison with 

the experimentally determined value (33 kcal/mole) leads to 

rejection of this model. 

Now, if precipitation of carbon occurs at the rear of the 

particle, then there must exist some sort of supersaturation of 

carbon in the metal; if it were zero, as assumed by Lobo (46), 

no precipitation would occur. On this basis the following model 

was developed: 

1) The hydrocarbon adsorbs on the metal and undergoes 

dehydrogenation and hydrogenolysis reactions on the surface, 

producing carbon atoms (since nickel is a very active dehydro-

genation catalyst at the high temperatures considered). 



2 3 0 

2) Preferential nucleation of carbon occurs at grain 

boundaries. This had been experimentally observed in the work 

of Presland (95), Lobo (46) and Moayeri (42), and can be 

explained on thermodynamic grounds. 

3), Carbon atoms are taken in solution at the surface of the 

nickel crystallites and diffuse through the metal, precipitating 

at the grain boundaries. The nickel crystallites will be lifted 

up from the surface of the catalyst and will be transported with 

the growing carbon, therefore ensuring constant rates of deposition, 

since no poisoning of the surface occurs. Under certain circum-

stances surface nucleation may also occur, and this will lead to 

encapsulation with carbon and subsequent deactivation of the metal. 

Dissolution of amorphous carbon in nickel and its subsequent 

precipitation as graphite has been shown to be possible under 

reaction conditions (138). The work of Lobo (45), Derbyshire 

(99) and Moayeri (42) provides additional evidence that carbon 

deposits may show considerable crystallinity, at least during 

the initial stages of the deposition. Under the present working 

conditions, high supersaturation (relatively low temperatures, and 

high pressures) will tend to cause high rates of deposition, and 

the deposits are expected to be of poor crystal 1inity. This was 

in fact the case, with sooty carbons being obtained although the 

presence of graphitic crystallites was established. Therefore, 

precipitation of graphite layers may be assumed, at least at the 

nickel-carbon interface, with the proviso that, due to unsuitable 

conditions, no three-dimensional ordering occurs in the present case. 

The driving force for diffusion of carbon from the deposition 

face to the rear of the particle is assumed to be the excess free 

energy of the carbon atoms relative to the graphite structure, and 
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the process can occur isothermally. This is analogous with the 

process of catalytic carbon graphitization, as reviewed by 

Fischbach (165), which can occur entirely in the solid state (166). 

These processes involve the tranformation. 

C (disordered)—p. C in N i — ^ G r a p h i t e while in the present 

case the scheme —> C in Ni —*• Graphite is considered (C^* = 

adsorbed carbon atoms) 

Let 

V = rate of surface reaction 

Vm = experimentally measured rate of carbon formation 

Vd = rate of diffusion of carbon in nickel 

Vp = rate of graphite precipitation 

Cd = Concentration of carbon dissolved in nickel 

Ca = Concentration of carbon atoms at the surface 

Cg = Concentration of graphite at the rear surface 

The surface reaction is assumed to be much faster than the other 

steps, at least at low temperatures ( < 800 K), so that V >> Vd 

and Cd^ = Cd^® (1.) 

where: 

Subscript 0 : exposed surface of Ni particle 

Subscript 1 : rear face of Ni particle 

Superscript e : in equilibrium 

Considering the three phases shown in Fig. 4.3, the following 

equilibria will be established: 

(2.) K = Cdg^/Ca^ (dissolution) 

(3.) K-j = Cg®/Cd^® (precipitation) 
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nickel crystallite of thickness L 
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and 

(4.) Vd = D/L. (Cd^G - Cd^) 

(5.) Vp = k. (Cd, - Cd^G) 

where (Cd^ - Cd-j®) = supersaturation 

(6.) Vm = Vd = Vp = V (processes in series) 

from (5.) and (5.): 

(7:) Cd^ = Vm/k + Cd^® 

and from .(4.) and (7.) 

D/L.(Cd ® - C d / ) 
(8.) Vm: = 5 L_ 

. T + L & 

Provided that the precipitation is fast compared with diffusion, 

k » D/L 

(9.) Vm . . cd^C) ' 

Since the observed activation energy is found to be 33kcal/ 

mole, i.e. about the same as for diffusion of carbon in nickel 

(167), then the model predicts that the term (Cd^^ - Cd-j®) shall 

be nearly temperature independent. The solubility of carbon in 

nickel can be expressed as (150): 

In S = 2.48 - 4880/T g/lOOg 

and the diffusivity as (167): 

D = 0.195 exp (_ 3 ^ , 

The average size of nickel particles in the carbon has 

been estimated (from gasification results, section 4.2) as 70 nm. 

Therefore, the simplified equation (9.) can be used to determine 
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the term A C - (Cd^® - Cd^^). At 400°C, the rate of carbon 

2 

deposition was determined as 6 ^g/min.cm under conditions where 

the reaction is of zero order. Therefore 

D(400°C) = lO'TZ cm^/sec -

L = 7 X 10~^ cm 

2 
Vm = 0.1 ^g/sec. cm 

and A C = Vm.L/D = 7 x 10^ ^g/cm^ = 0.7 g/cm^ 

This value is much larger than the solubility of carbon in nickel, 

S(400°C) = 7.6 X 1 0 " 4 g / c m ^ 

but is of the same order of magnitude of the carbon content of 

nickel carbide: 

•3 

For NigC, the carbon content is 6.4 wt% (168) or 0.62 g/cm 

(approximately). It may then be proposed that Cd^® corresponds 

closely to the concentration of carbon in a "nickel carbide" 

matrix while Cd-j® corresponds to the solubility of carbon in 

nickel. Under such conditions, the concentration gradient in the 

nickel particle will have a negligible temperature dependency. 

Therefore, at the front end of the nickel particle we may assume 

the formation of nickel carbide while, at the rear, carbide 

decomposition releases graphite. 

This treatment may be applied to the data of Baker et al 

(105), for the growth of carbon filaments on nickel at 600°C: 

filament diameter = 30 nm 

rate of growth = 90 nm/sec 

Therefore 

A C = ,9.0.x, 10"^ X 2.26 x 30 x . o.iG g/cm^ 

3.9 X 10"'U 
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since the density of graphite is 2 . 2 6 , and D(600°C) = 3.9 x 10~^^ 

2 

cm /sec. This is again some two orders of magnitude higher than 

the solubility of carbon in nickel (at 600°C, S = 0.004 g/cm^), 

but of the same order of magnitude of the concentration gradient 

determined from the present results. It should be noted, however, 

that under the experimental conditions used the results of Baker 

et al (105) cannot be interpreted entirely with this model. Not 

only was there no inverse correlation between rates of growth and 

particle size, but also, at 600°C and 5 x 10~^ atm, the reaction 

must have been proceeding well into the region of chemical reaction 

control, i.e. in region II of the Arrhenius plot of Fig.4.2. 

4.2 CARBON GASIFICATION 

Gasification of the carbon deposits obtained was studied 

mainly to provide additional information on the mechanisms of 

carbon formation and of steam-reforming. 

The kinetic results obtained are summarised in Table 4.5. 

Comparison of foil with supported catalyst is unfortunately 

impossible for the system C - HgO, due to diffusion limitations, 

but these were absent in the reaction with hydrogen. The main 

difference observed is the dependency of gasification rates on 

the initial amount of carbon when nickel foil is used as the 

substrate for carbon formation. This can be explained in terms 

of the mechanism for carbon formation previously discussed, which 

involves the detachment of crystallites from the foil. 

In the present system, carbon gasification was catalysed 

by nickel, as confirmed by the experimental results and comparison 

with literature data (3.3.1.5 and 3.4.1.3). In fact, pure 

graphite samples and sulphur-poisoned carbon deposits could not 
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NICKEL 

FOIL 

Table 4.5 GASIFICATION OF CARBON DEPOSITS 

TOTAL PRESSURE = 1 ATM 

TEMPERATURE RANGE 800 - 1000 K 

RANGE OF WATER PARTIAL PRESSURES 0 . 0 5 - 0 . 3 6 ATM 

RANGE OF HYDROGEN PARTIAL PRESSURES 0 . 1 3 - 1 . 0 ATM 

BY WATER 

E = 32 ± 2 KCRL/MOLE 

ZERO ORDER 

RATE PROPORTIONAL TO I N I T I A L 

CARBON WEIGHT 

RATE CONSTANT AT 923 K= 

40 .8 E - 0 3 M I N - 1 . C M " ? 

SUPPORTED 

NICKEL ."' 

CATALYSTS E = 18 + 1 KCRL/MOLE 

PROBABLY DIFFUSION 

L IMITATIONS 

BY HYDROGEN 

E = 32 ± 1 KCRL/MOLE 

2ND. ORDER 

RATE PROPORTIONAL TO I N I T I A L 

CARBON WEIGHT 

RATE CONSTANT AT 923 K= 

1 7 . 4 E - 0 3 M I N - 1 . C M - 2 . R T M - 2 

E = 31 + 3 KCRL/MOLE 

2ND. ORDER 

RATE INDEPENDENT OF AMOUNT 

OF CARBON 

RATE CONSTANT AT 923 K=: 

3 2 . 7 E - 0 3 MG.MIN-1 .CM-2 .RTM-2 
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be gasified in the temperature range considered here (800-1000K). 

The measured rates of gasification were constant with burn-

off for long periods (up to 70% birn-off), but with foils they 

were proportional to the amount of carbon initially present. 

This is best shown in Fig.4.4. This result must then be related, 

to the amount of nickel present in the carbon deposit. Chemical 

analysis revealed the presence of nickel in approximately constant 

concentration (1.6 - .4 wt%), inferring that the quantity of 

nickel contained in carbons deposited over the foils is proportional 

to the amount of carbon deposited. (Fig.3.15). Therefore, larger 

carbon deposits contain more dispersed nickel - which acts as a 

catalyst for gasification - and the observed rates of gasification 

are higher. 

In Fig.4.5, rates of carbon gasification at fixed temperature 

and pressure were plotted, together with the amount of nickel 

determined, as a function of the initial weight of the deposit. 

Therefore, specific rates of carbon gasification may be obtained 

by dividing the ordinates of the two lines at each value of the 

abcissa, and a constant value is found. 

The rate constants determined for foil and supported catalyst, 

in the case of hydrogen gasification, may now be compared. From 

Table 4.5, at 650°C, 

- = 1 7 . 4 X 1 0 " ^ m i n " \ a t m " ^ . c m " ^ 

referred to the geometric area of the foil, and 

kg = 32.7 X 10~^ mg. min""'. atm"^. cm~^ 

If it is assumed that the presence of the support does not affect 

the gasification process, then 
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Pig. 4.5 Rates of burn-off, and amount of Ni 

vs. weight of carbon deposit, 

( 870 K, 0.25 atm HgO, Ni foil = 2.9 cmf) 
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kg = S.kf/S (S = Ni surface area, c m ^ g ) 

2 
since foils of approximately 3cm area were used. Then, 

S = 0.16 m^ (Ni)/g(C) 

An attanpt was made to confirm this calculation by determining 

the Ni surface area of the dispersion Ni-C by CO chemisorption. 

Although noticeable uptakes were measured in the gravimetric system, 

they lacked reproducibility and were certainly inaccurate. 

If the calculated value for surface area, 0.16m /g, is 

taken together with the average nickel concentration measured, 

1.6 wt%, the average particle size for the nickel may now be 

estimated. Assuming spherical shape, d = 6V/A = 70nm and this 

compares with the estimated crystallite size of the parent foil 

(46) of lOOnm. However, a well defined particle size is unlikely. 

If nickel crystallites are detached from the foil, a nickel 

crystallite at the surface of the carbon may be expected to leave 

a trail of nickel particles in the deposit. These nickel particles 

may then catalyse the gasification of the carbon, the original foil 

itself giving only a negligible contribution to gasification, its 

area being too small. That the nickel left within the carbon can 

influence the catalyst activity is shown by results obtained on 

nickel films (42). Coked films are found to have greater activity 

for steam-reforming than the fresh catalyst, presumably as a 

result of increased metal area originating from the presence of 

metal particles in the carbon. 

The case of supported catalysts is different in that there 

is no "production" of nickel crystallites; these are already 

present on the fresh catalyst, dispersed over the refractory 
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support. Carbon formation occurs on these crystallites which 

are expected to be pushed up with the growing deposit. Different 

amounts of carbon deposited will therefore contain the same 

amount of nickel (the amount originally available) and gasification 

rates will be independent of the initial weight of carbon, as 

has been shown experimentally. 

Constant rates of carbon gasification have also been 

reported by Macak et al (35), who studied gasification by steam 

of carbons deposited from heptane on nickel catalysts. From their 

reported data, an activation energy of 28 kcal/mole can be 

calculated which, by comparison with the present results, seems 

0 

to suggest that diffusion limitations were absent. At 650 C, 0.4 

atm of HgO and with 100 mg of catalyst Ni/AlgO^, they reported 

a rate of carbon gasification of 14.6 mg/min. Although they quote 

2 

a surface area of 10.2 m /g for their catalyst (Ni content = 

6.16 wt%), this is probably the total surface area, so that a 

direct comparison with the present results is not possible. 

These authors took the constancy of gasification rates as 

a proof that the reaction was not being catalysed by the metal; 

they suggest that in the latter case, an increase in rate would be 

observed as carbon removal would increase the possibility of reactant 

transport to the surface of the catalyst. This explanation would 

require the gasification reaction to be gas diffusion controlled 

and does not account for the possible presence of nickel particles 

at the surface of the carbon deposits. So, although there is good 

agreement between the present work and the results reported by 

Macak et al (35) a completely different explanation has been 

suggested here, since there is no doubt that carbon gasification 

is nickel catalysed. 
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Hydrogen gasification of carbon deposits from a nickel 

catalyst was studied by Gilliland et al (75), and an activation 

energy of 36^6 kcal/mole was reported in reasonable agreement 

with the present work. A reaction order of 0.5 was also suggested 

from a rather doubtful comparison between two runs, and is not 

supported by the present findings. 

Tomita et al (77) have reported activation energies of 

25 and 41 kcal/mole for the nickel catalysed and non-catalytic 

carbon hydrogenation respectively. With other metals (Rh, Pt) 

activation energies in the range 30-36 kcal/mole were measured 

(76). 

The presence of nickel particles in the carbon will 

possibly give rise to a spill-over effect (78). The metal can 

act as a dissociation centre for hydrogen, and the hydrogen atoms 

so produced may then migrate along the surface of the carbon; 

therefore, gasification will not be restricted to the regions of 

contact between carbon and nickel. A similar explanation has 

been recently suggested by McKee (171). From there on, a 

mechanism similar to that proposed by Zielke et al (69) for the 

uncatalysed gasification may be operative, the exposed edges of 

the graphite lattice being hydrogenated. The rate equation 

obtained 

r = 

1 + b(PH ) 
"2 

predicts orders of reaction of 2 at low pressures and 1 at high 

pressures. The same authors (69) reported orders of reaction of 

1.60 between 10 and 20 atm and 1.27 between 20 and 30 atm, at 

1200K. The 2nd order kinetics determined in the present work. 
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at partial pressures of hydrogen up to 1 atm, support these views. 

In contrast, the gasification of carbon by steam was 

found to be of zero order (Cf. section 3.3). The rates of gasi-

fication were sufficiently high to yield a partial pressure of 

hydrogen capable of maintaining the nickel in the reduced state. 

The metal may then act as a dissociation centre for steam: 

HgO + 3(Ni)-^ (Ni-0*) + 2(H*-Ni) 

(Ni-0*) + C — > (C-0*) + (Ni) 

(C-0 ^ - > C 0 

CO + HgO = COg + Hg 

with the water gas-shift equilibrium well displaced towards 

carbon dioxide production. The reaction between adsorbed oxygen 

and carbon can only occur at the Ni-C interface. Therefore, 

mobility of the metal particles is expected, and has been observed 

in the course of several studies (171, 172). 

It is interesting to find that a mechanism of gasification 

by steam involving diffusion of carbon in the nickel is also 

capable of explaining the rates measured in the present work. If 

the nickel particles are saturated with carbon (and this has been 

assumed when discussing carbon formation) then a concentration 

gradient may be set up when reaction with steam,assumed to be 

fast, depletes the exposed surface. If diffusion in the nickel 

is the slow step, all carbon which arrives at the surface will 

react quickly and we have: 

rate = DS/L (diffusion of C in Ni) 

S(650°C) = 5.37 X l O " ^ g / c m ^ 
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D ( 6 5 0 ° C ) = 1 . 2 7 X 1 0 - 9 c m ^ / s , ec 

L = 7 X 10 ^ cm 

rate (C diffusion) = 0.975 ^g/sec. cm^ 

The measured rate constant for burn-off was (HgO, 650°C) = 

•"3 *"! "2 

40,8 X 10 min .cm , based on the geometric area of the foil 

2 
( - 3cm ). From the previous discussions, where it was found 

2 
that the nickel area of carbon deposits was 0.16m /g, the value 

must be corrected as rate (burn-off) = 3 x 40.8 x 10 /(60 x 1.6) 

2 2 
mg/cm .sec = 1.28 |tg/cm .sec which is indeed in good agreement 

with predictions from carbon diffusion. 

If this is so, then zero order kinetics are expected. A 

similar mechanism has been proposed to explain the oxidation of 

carbon at the surface of polycrystalline nickel in the range 

300 to BOOK (173). In the case of hydrogen gasification, the 

reaction step is too slow and controls the process. 

4.3 STEAM-REFORMING 

Carbon formation was found to accompany the steam-reforming 

of propylene over most catalysts studied. The general features 

of the deposition were very similar to those observed in the 

absence of steam. Thus, at low temperatures ( < 800 K), carbon 

formation increased with temperature with an activation energy 

of about 30 kcal/mole. The observed rates .of deposition were 

reduced in the presence of steam, and hydrogen was found to 

inhibit carbon deposition at 400-450°C. Above 800K, 

carbon deposition decreased as temperature was increased (E^ = 

-43-3 kcal/mole over Ni foil) and orders of +1 in propylene and 

-1 in steam were determined. 
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Hydrogen also had a positive effect on carbon deposition: 

On nickel foil, first order kinetics (in Hg) were measured, while 

on the supported catalyst the effect of hydrogen could be measured 

by an experimental order of +0.3 or +0.4. However, severe 

deactivation occurred in the absence of hydrogen, and very small 

rates of deposition were recorded. This last effect was mostly 

apparent in the series of runs summarized in Table 3.31, since 

the small loads of catalyst (15-17 mg) used and the lower pressures 

of propylene were bound to produce very little hydrogen by 

steam-reforming. On the other hand, the experiments of Table 3.32 

were only slightly affected by the absence of hydrogen in the 

feed, and deactivation only occurred after considerable coke 

build-up. In this case, larger catalyst loads ( 53m& ) and 

higher propylene pressures assured the production of relatively 

large amounts of hydrogen. Therefore, it is most probable that 

the deactivation effect is a result of catalyst oxidation by 

steam: 

Ni( s ) + HgOfg) = NiO( s ) + Hgfg) 

At 600°C, the equilibrium constant for the reaction is 

8.5 X 10''^(53). Therefore, when (H20)/(H2) > 1 1 7 oxidation may 

occur. 

This explanation is supported by the results of run 246 

(Cf.Table 3.31). Although the effluent gas was not analysed, 

comparison with steam reforming experiments (Tables 3.32 and 3.33) 

permits the calculation of the hydrogen produced by reaction of 

propylene with steam, showing that a partial pressure of hydrogen 

close to 0.002 atm would be established. The ratio of water to 

hydrogen would then exceed 117 and oxidation of the catalyst 
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became possible. 

Over nickel foils, a first order dependency on the hydrogen 

pressure was expected, by comparison with carbon formation from 

propylene pyrolysis in the absence of steam. Possible reasons for 

this effect were discussed in section 4.1.1.' On the other hand, 

pyrolysis over supported catalysts was indifferent to the presence 

or absence of hydrogen, but the fractional order measured in the 

presence of steam can still be explained on kinetic grounds: In 

fact, the presence of hydrogen must certainly affect the adsorption 

equilibrium of water. 

The rates of carbon formation under steam-reforming 

conditions were found to decrease as temperature increased (above 

550°C) so that the selectivity towards steam-reforming products 

was improved at higher temperatures. With the alkalised catalyst, 

carbon formation was prevented in the presence of excess steam 

(H^O : CgHg ^ 4 ) , although carbon formation from pyrolysis (i.e. 

in the absence of steam) was not inhibited at all. This is as a 

result of the catalytic effect of alkali in carbon gasification 

by steam (rates of burn-off over catalyst 46-1 being 50% higher 

than with catalyst nickel-alumina) and also, possibly, of the 

enhanced adsorption of water on the alkalised catalyst. With 

lower steam-ratios5 however, carbonisation occurred. After several 

reaction cycles with the same catalyst sample, carbon formation 

became progressively easier, possibly as a result of loss of 

alkali. 

The kinetic results obtained in the steam-reforming reaction 

may now be examined. The main products of the reaction were 

found to be hydrogen, carbon dioxide and carbon monoxide. Methane 

was also detected, but in neglible amounts, and the amount of 
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carbon dioxide was in general much higher than CO. The steam-

reforming reaction at 600°C could then be expressed as 

CgHg + GHgO SHg + SCOg (1) 

with accompanying carbon formation 

C J H G — 3 C + S H G ( 2 ) 

It is known that the products of steam-reforming react 

in the gas-phase between themselves and steam (1), so that the 

final product gas mixture has a composition that can be approx-

imately determined by the two equilibria: 

CH^ + HgO = CO -h SHg ,(3) 

C O + H G O = C O G + H G ( 4 ) 

Equilibrium calculations are shown in the Appendix for 

the steam-reforming of propylene according to the scheme (1), 

at various conversion levels. The unreacted propylene is treated 

as an inert, and carbon formation is considered absent. 

These calculations predict that, under the experimental 

conditions used (i.e. high temperature, excess steam and low 

conversions), no methane will be produced. Therefore, at low 

conversions, reaction (3) can be neglected. The experimental 

results show that, although very small, some methane is produced, 

but this occurs even in the absence of steam (Cf. section 3.2.2). 

It is probable that this methane results from the pyrolysis of 

propylene or from interaction of carbon with hydrogen. It is 

also interesting to note that the amount of CO produced is higher 

than the equilibrium composition. Therefore, it may be assumed 
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that both CO and COg are primary products of the reaction, in 

agreement with the findings of Akers et al (50). 

On the other hand, the amounts of hydrogen and carbon 

d i o x i d e produced are accurately predicted by the equilibrium 

calculations, as shown in Fig.4.6.It is also to be noted that 

2 

the ratio (C02)/(C0) w a s , in practice, usually higher than 

the equilibrium constant for the Boudouard reaction: 

2 CO = C + COg (5) 

Therefore,thermodynamics predict that no carbon can coexist in 

equilibrium with the product gases. The experimental fact that 

carbon is formed shows that carbon forming reactions^are faster 

than carbon gasification. 

The experimentally determined order of reaction in 

propylene (0.6) suggests that surface reaction may be the rate 

determining step. The results were analysed using Langmuir-

Hinshelwood models, taking surface reaction as the slow step. 

Since excess steam was always used, a zero order dependency in 

water is expected, as observed. Therefore, the adsorption 

coefficient of water cannot be determined, and a 3 parameter model 

was used to test the data: 

rate = ^'^p . exp (-E/RT) 

1 + b.Pp 

where = propylene partial pressure. The associative adsorption 

of propylene is implicit in this equation; dissociative adsorp-

tion was not considered, since a reaction order in the range 

O T O . 5 would then be expected. 
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The above model was found to fit the experimental data 

obtained with the nickel-alumina catalyst with an average deviation 

of 6%, and the following rate equation was determined: 

r\ = 6.45 X 10^ X ^ ' . exp(- i ^ ) 
P 1 + 7.71 Pp RT 

Discrimination between different kinetic models (for 

example, between competitive adsorption of propylene and steam 

and adsorption on different sites) would only be possible with 

an extended range of partial pressures, outside the scope of the 

present work. However, the evidence presented in the literature 

survey (section 1.2.5.2.) favours the adsorption of steam and 

propylene on different sites. 

The reaction model discussed by Rostrup-Nielsen (Cf. 

section 1.2.5.2 and ref.26), based on the mechanisms of hydro-

genolysis, was also tested but did not correlate the data well. 

Studies of propylene steam-reforming on nickel films 

were reported recently (42). Reaction orders of 0.75 and 0.6 for 

propylene and water, respectively, were determined, and the 

activation energy was 15 kcal/mole. A different steam dependency 

is expected,-since the type of support is of paramount importance 

in determining water adsorption (26); the other parameters are 

in reasonable agreement with the present results. 
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CONCLUSIONS 

1. Carbon formation from propylene on nickel catalysts was found 

to occur for extended periods of time without any significant 

effect on the activity of the catalyst. Nickel particles were 

found in the deposits and these deposits were active for further 

carbon formation when separated from the original catalyst. 

Poisoning of the nickel with sulphur compounds completely suppres-

sed carbon formation. 

2. Detailed studies carried out with nickel foils in the range 

650-1050 K have shown a complex temperature dependency of deposi-

tion rates. Below 800 K, rates of deposition followed zero order 

kinetics, with an activation energy of 33.3 ^'.4 kcal/mole. Above 

about 800 K, the rates of deposition decreased as temperature was 

increased and the reaction became of 2nd order overall; the maxi-

m^um in the rate of carbon formation was found to move to higher 

temperatures when the reactant pressures were increased. At still 

higher temperatures (above 920 K) gas phase reactions became 

important and the rates increased again with temperature. 

3. The effect of hydrogen on carbon formation was dependent on the 

temperature range, but it always increased the rate of deposition. 

Above 800 K, deactivation was observed when the hydrogen pressure 

was low, and deposition was prevented in the absence of hydrogen. 

These results were explained in terms of encapsulation of the nickel. 

Below 800 l(, lower rates, limited deposition and induction periods 

were observed without hydrogen. 
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4. The kinetic features of the deposition were explained in terms 

of a model involving the diffusion of carbon in nickel. Below 

800 K, this may be the rate determining step. Carbon species 

formed on the nickel surface enter the lattice and diffuse to the 

rear of the particle, where segregation of graphite occurs. The 

model is consistent with the formation of a nickel carbide at the 

exposed face of the particle. Above 800 K, the results are con-

sistent with a surface reaction controlling the process. The 

decrease in rates at higher temperatures cannot result from carbon 

gasification and was explained in terms of decreased adsorbed 

The observed "negative activation energy" (-40 kcal/mole) would 

then include the heats of adsorption of hydrogen and propylene. 

5. Comparison of pure nickel foils with supported catalysts shows 

that the support material has no influence on the kinetics, and 

the rates of deposition correlate well with the initial area of 

nickel available. Hydrogen did not affect the process of carbon 

formation on supported catalysts and induction periods were never 

observed. Alternative explanations are discussed. 

6. The kinetics of carbon gasification, by steam and by hydrogen, 

were determined. The reaction was nickel catalysed, and could be 

suppressed by sulphur poisoning. 

7. With nickel foils, an interesting dependency of gasification 

rates on the initial amount of carbon was observed. This was 

attributed to the presence of nickel particles lifted from the foil 
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during deposit ion of carbon. Conventional analysis has confirmed 

th i s assumption, and the presence of n ickel i n constant concen-

t r a t i o n was determined. Gas i f i ca t ion rates were then compared 

w i t h resu l ts obtained with, supported ca ta lys ts . The metal sur-

face area of carbons obtained on nickel f o i l s could then be ca l -

culated, and was found to be 0.16 m / g ; the nickel content was 

1.6 - . 4 wt %, and the average size of the nickel pa r t i c les was 

estimated as 70 nm. The spec i f i c surface area of the carbon 

i t s e l f was found to remain unchanged by g a s i f i c a t i o n . 

8 . The measured rates of gas i f i ca t i on by steam could also be 

explained by a mechanism cont ro l led by d i f f u s i o n of carbon i n the 

n i cke l . Gas i f icat ion by hydrogen was found to be a 2nd order 

reac t ion , possibly involv ing a s p i l l - o v e r phenomenon. 

9. The steam-reforming react ion was in general accompanied by 

carbon deposit ion on the ca ta l ys t , except when an a l k a l i was pre-

sent together wi th excess steam. The major gaseous products were 

hydrogen and carbon dioxide. The absence of s i g n i f i c a n t ca ta lys t 

deact ivat ion on coking was explained in terms of the proposed 

mechanism fo r carbon formation: - I f carbon d i f fuses in the n i c k e l , 

then a clean surface w i l l be always ava i lab le fo r react ion. 

10. The steam-reforming react ion showed an order of 0.6 in pro-

pylene, suggesting surface react ion contro l invo lv ing associat ive 

adsorption of propylene. Water was probably adsorbed on d i f f e r e n t 

s i t e s , although no d e f i n i t e conclusion can be drawn from the 
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present work. The systematic use of excess steam does not allow 

f o r a possible d iscr iminat ion among d i f f e r e n t models. 

11. The microbalance f low reactor used in th is inves t iga t ion 

proved to be a powerful tool f o r the accurate determination of 

k ine t i c data in reactions involv ing the formation (or consumption) 

of so l ids over a ca ta l ys t . These advantages were best exploi ted 

when using metal f o i l s ; supported cata lysts were too act ive and 

d i f f u s i o n l im i ta t i ons were encountered, possibly as a r e s u l t of 

channell ing around the ca ta lys t . A possible way of improving the 

system could involve the use of the microbalance in associat ion 

w i th a s t i r r e d tank reactor . 
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A P P E N D r X A 

Calculat ion of the equi l ib r ium product composition of propylene 

steam-reforming at low conversions 

I t is assumed tha t propylene reacts i n i t i a l l y w i th water 

vapour producing hydrogen and carbon d iox ide: 

( a . o ) c g h g + g h g o - - ^ s c o g + s h g 

The fo l lowing e q u i l i b r i a are then establ ished: 

( a . l ) c h ^ + h g o = c o + s h g 

( a . 2 ) c o + h g o = c o g + h g 

the equ i l ib r ium constants of which can be found in the l i t e r a t u r e 

(1). 

Let: 

AM = Propylene % conversion i n react ion (A.O) 

XI = No. of moles of CO produced by react ion (A . l ) 

X2 = No. of moles of CO consumed by react ion (A.2) 

a = HgQ : C^Hg feed r a t i o 

b = Ng : CgHg feed r a t i o 

K1 = equ i l ib r ium constant f o r (A . l ) 

K2 = equi l ib r ium constant fo r (A.2) 

Basis: 1 mole C^Hg i n i t i a l l y , 1 atm. At equ i l i b r ium, and 

assuming that no carbon i s present: 
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Moles CgHg 

Moles HgO 

Moles CO. 

Moles CQ' 

Moles Ng 

Moles Hg 

Moles CH 4 

Total 

1-0.01 AM 

a-0.06 AM-X1-X2 

0.03 AM + X2 

XI - X2 

b 

0.09 AM + 3.XI + X2 

-XI 

1 + a + b + 2X1 + 0.05 AM 

The equi l ibr ium constants fo r (A. l ) and (A.2) may ttien be 

expressed as: 

= (X1-X2) (0.09AM + 3X1.+.X2)3 

(-Xl) (a-0.06AM-Xl-X2) (l+a+b+2Xl+0.05AM)2 

K2 (0.03AM + X2) (0.09 AM+3X1+X2) 

(X1-X2) (a-0.06AM-Xl-X2) 

These equations were solved fo r XI and X2 fo r propylene conversions 

of 1-10%, the feed composition being taken as in Run 188 : a = 5.66, 

b = 3 . 6 8 . The resu l ts , at temperatures of 600, 620 and 640°C, are 

presented in Tables A . l - A.3. 

The hypothesis that no carbon is present at equi l ibr ium 

may then be tested by considering the carbon forming reactions 

(A.3) CH^ = C + 2H2 

(A.4) CO + Hg = C + HgO 

(A.5) 2C0 = C + COg 

,or 

,or 
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T A B L E A.i P R O P Y L E N E S T E A M - KEFOHHINr, AT tf73 K . EQLlLIPRU'f COVPOSITICN, PCLE F R A C T I O N 

AM XI X2 C3Hft N2 H20 t-2 C02 CO CH4 

1.0 -.00000 -.00019 .09528 .35619 .539 00 .00864 .00287 .00002 .00000 

2.0 -.coooo -.00076 .09187 .35749 .53:72 .01717 .00567 .00007 .00000 

3.0 -.00000 -.00171 .09P47 .35 Pi .52257 .02558 .00842 .00016 .00000 

4.0 -.00000 -.00305 .09108 .34C1S .51452 .03387 .01110 .00029 .00000 

5.0 -.00)00 -.00477 .08971 .34750 .50659 .04204 .01371 .00045 .00000 

6.0 -.coooo -.00689 .08935 .34=96 .49977 .05010 .01627 .00065 .00000 

7.0 -.00001 -.00939 .08700 .346?5 .49106 .05805 .01977 .00088 .00000 

8.0 -.00001 -.01230 .08566 .34P65 .48346 .06589 .02120 .00114 .00000 

9.0 -.50003 -.01560 .08434 .34106 .47596 .07362 .02358 .00144 .00000 

10.0 -.00304 -.01930 .08303 .33^49 .4 6858 .08123 .02589 .00178 .00000 

T A B L E A.2 PROPYLENE STEAM--REFORMING AT 893 K . EQUILIBRIUM COVPCSITICNI PCLE F R A C T I O N 

AM XI X2 ' C3H4 N2 H2C t-2 C02 C O CI-4 

1.0 -.coooo -.00067 .C9S28 .35419 .S3qj4 .00860 .00282 .00006 .00000 

2.0 -.03000 -.00085 .09-187 .35?49 .53C73 .01716 .00=67 .00008 .00000 

3.0 -.OOOOJ) -.00191 .C9?47 , 3 5 - P L . 5 2 2 5 8 .02556 .00940 .00018 .00000 

4.0 -.00000 -.00339 .09108 .34015 . 5 1 4 5 5 .03383 .01106 .00032 .00000 

5.0 - . O O C O O -.00531 .08971 . 3 4 7 5 0 .50664 .04199 .01366 .00050 .00000 

6.0 -.50(00 -.C0765 .08A35 . 3 4 = 9 6 . 4 9 P P 4 .05003 .01620 .00072 .00000 

7.0 -.00000 -.01043 .08700 .34425 .49115 .05796 .01867 .00098 .00000 

8.0 -.50001 -.01364 .08566 ,34?fc4 .48358 .06577 .02108 .00127 .00000 

9.0 -.00001 -.01728 .08434 .34106 .47612 .07346 .02342 .00160 .00000 

10.0 -.30002 -.J2135 .08303 . 3 3 C 4 8 .46976 .08105 .02571 .00197 .00000 

TARLE A . 3 PROPYLENE STEAM- R E F O R M I N G AT 913 K . EQLlLIeRIUw COMPOSITION, NCLE FRACTION 

AM XI X2 C 3 H 6 N2 fZO 1-2 C02 C O C H 4 

1.0 - • 0 0 0 C 0 - . 0 0 0 2 4 .09=28 .354 19 . 5 3 5 1 0 .00864 ' . 0 0 2 9 6 .00002 .00000 

2.0 -.00000 — . 0 0 ( 9 4 . 0 9 1 8 7 . 3 5 2 4 9 .53174 .01715 .00=66 .O0C09 .00000 

3.0 -.coooo - . 0 0 2 1 1 .09^47 .35:91 .52?60 .02554 .00938 .00020 .00000 

4.0 -.oouoo -.00376 . 0 9 ] W 8 .34c,5 .51459 .03380 . 0 1 1 0 3 .00036 •00000 

5.0 -.00000 —.00587 .0n<l71 .347=0 . = 0 F 6 9 .04194 .01361 .00055 .00000 

6.0 - . O O C O O -.01846 . 0 8 * 3 5 . 3 4 = 9 6 . 4 9 9 4 2 .04996 . 0 1 ^ 1 2 .00079 . 0 0 0 0 0 

7,0 -.oaooo - . 1 1 1 5 1 . 0 8 7 ^ 0 . 3 4 . 2 5 .49)26 .05786 .019=7 .00108 . 0 0 0 0 0 

8. 0 -.00000 -.015)4 . 3 4 2 6 4 .48171 e06564 .02095 . 0 0 1 4 0 , 0 0 0 0 0 

9.0 -.:oooi -,01N.J3 ,384 34 .34106 .4 7F . 0 7 3 3 0 .02326 .00176 . C 0 0 0 U 

10.0 -.00001 - . I T ? 3 4 Q .08TV3 .33=48 . 4 6 9 9 6 .08086 .02=51 .00217 . 0 0 0 0 0 

16.16.07. 7 4 / 1 l / p s . I . C . C . C . N E T W O R K N P J R A T I N G SYST I'W. K P C K C S 2.1 . 0 - 0 6 . 1 C C M F U T E K - 7 3 1 4 
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For freedom from carbon 

PfHglZ/PCCH )̂ > K3 

P t H g O j / P f C O i . P f H g ) > K4 

P ( C 0 2 ) / P ( C 0 ) 2 > K5 

and these condit ions are s a t i s f i e d fo r the feed composition 

considered, i . e . the actual steam-rat io i s higher than the 

thermodynamic minimum. 
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APPENDIX B. Block diagram of the three term temperature controller 

• o 
o 
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Key to Appendix B • • 

Component • ' Descr ip t ion 

-

1 Preampl i f ie r 

2 Di f ference Amp l i f i e r 

Propor t ional Band Adjustment 

. 3 " Three Term Amp l i f i e r 

4 Voltage "to Frequency Converter 

5 Output Control Logic 

6 Ambient Compensation 

7 Temperature Se t t i ng 

8 I nd i ca to r 

9 ' Power Supply 
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