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Formation of coke from hydrocarbons at conditions for steam reforming was 
studied in a thermogravimetric system. A number of catalysts were investigated 
at 500°C to elucidate which properties of the catalyst n.csy be important for 
eliminating coking. The study was supplemented by decoking experiments and 
examination of samples of catalysts exposed to coking under industrial conditions. 
The formation of coke at 500°C was not accompanied by poisoning of the nickel 
surface as reported for lower temperatures. At temperatures below 65O”C, coking 
was observed neither on the support nor on a catalyst exposed to total poisoning 
by sulfur. Coking on some support materials was studied at 750°C. 

Formation of coke may be depressed by enhanced steam adsorption on the 
catalyst. This may be achieved by the presence of alkali or by the use of magnesia- 
based catalysts, the preparation method being important for the function of the 
latter catalyst type. The activity for the reforming reaction may influence the coking 
rate. The results are evaluated on the basis of a simple sequence proposed earlier, 
and some implications for the operation 

INTRODCCTION 

In a previous study (1) some factors 
were discussed that influence the activity 
of nickel catalysts for the conversion of 
higher hydrocarbons to gaseous products 
by steam reforming: 

C,H, + nHz0 = nC0 + n + ; Hz (1) 
( > 

CO + H20 = CO2 + H2 c4 
CO + 3H2 = CH, + HzO. (3) 

Another study (2) described parameters 
that may affect the formation of carbon on 
the nickel surface from the products carbon 
monoxide or methane, as may occur when 
the equilibrium composition shows a posi- 
tive affinit,y towards decomposition of these 
components. Carbonaceous deposits may 
also be formed by breakdown of the 
hydrocarbon : 

“C,H, = polymers = coke” (4) 
and these deposits may be stable in a 
steady state even if the equilibrium pre- 
dicts no formation of carbon. The present 

of tubular reformers are discussed. 

study deals with some properties of the 
catalyst that may influence the competition 
between Reactions (1) and (4). 

It is generally assumed (S-6) that (4) 
may take place either by reaction on the 
nickel surface or by cracking on the sup- 
port material and in the gas phase, the 
cracking reactions being more pronounced 
at elevated temperatures. 

The well-known effect of alkali on the 
selectivity of Reaction (1) was discussed 
by Andrew (5). The function of alkali was 
ascribed to neut’ralisation of acidic sites 
on the support active for cracking, and to 
a promoting effect on the reaction between 
coke and steam. Nicklin et al. (6) claimed 
that Urania may also improve the selec- 
tivity, and a small amount of alkali was 
added to neutralize acidic sites. Macak 
et al. (5)) who studied coking and decok- 
ing reactions in a thermogravimetric sys- 
tem, observed no effect, of mania on the 
gasification of carbonaceous deposits, but 
the amount of coke formation during re- 
forming of n-heptane at 550-650°C was 
less when the catalyst contained Urania. 
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With no steam present the differences were 
less. The better selectivity of the urania- 
containing catalyst was related to a larger 
adsorption of steam reflected by the kinetic 
expression, as also proposed by Bhatta and 
Dixon (7). Other experiments at 750°C by 
Macak et al., where the residence time was 
changed showed a maximum in coke ac- 
cumulated over a given period of time, ,4n- 
other maximum was found when varying 
the temperature. 

Saito et nl. (8) studied the coke forma- 
tion in reforming experiments at 770°C 
with n-hexane, and found the coke yield to 
depend on preparation methods and the 
composition of the support. Coking on a 
magnesia-supported catalyst was much less 
than that on catalysts supported on 
alumina or silica. Alkali caused a marked 
decrease of coke formation on the two 
latter catalysts. Since no correlation was 
indicated between the activities for the 
coking and reforming reactions, the two 
reactions were assumed to take place on 
different parts of the catalyst, surface. Other 
experiments (9) showed the rate of coke 
formation to be nearly first order with 
respect, t’o n-hexane. The coking rate 
showed a maximum at aromld 550°C. 
Since most of t.he experiments by Saito et 
al. were performed at temperatures above 
700°C. they were most, likely strongly in- 
fluenced by thermal pyrolysis and crark- 
ing on the support. 

In reforming studies in the temperature 
range 400-5OO”C, Moeeley et al. (10) and 
Bhatta and Dixon (11) observed a deacti- 
vation of the catalyst that was explained 
by formation of a film of polymers block- 
ing the nickel surface. Bhatta and Dixon 
identified high molecular hydrocarbons in 
an extract of the deactivated catalyst. This 
deactivation was found to decrease with 
increasing steam carbon ratio and tempera- 
ture (10, and to br independent of the 
partial pressure of the hydrocarbon (111. 
The accumulated amounts of carbon during 
the deactivation appeared to be negligible. 

Balandin et nl. (12, 1.9 investigated re- 
forming reactions at 360-400°C. During 
initial periods of the experiments of a few 
minutes. self-poisoning was indicated by 

coking followed’ by an exponential decrease 
of methane in the product gas, whereas the 
amounts of carbon oxides were only slightly 
affected. The deposition of coke ceased 
when the methane content stabilized. 

It is apparent that the nature of coking 
accompanying the reforming reactions 
varies with the temperature range in ques- 
tion. At low temperatures, a significant 
deactivation of the gasification Reaction 
(1) is observed, while the accumulated 
amounts of carbonaceous deposits remain 
small. The deactivation rate decreases with 
temperature, whereas at the same time the 
coking increases, showing a maximum at 
higher temperatures. At high temperatures, 
thermal pyrolysis and cracking on the sup- 
port material may cont)ribute to t.he forma- 
tion of coke. 

Since the main interest of the present 
study is coking problems in tubular reform- 
ers, the investigations have concentrated on 
the temperature level of the inlet layer of a 
reformer t’ube, i.e., around ,500”C. At the 
same time, as indicated by the previous 
activity studies (I), the influence from 
cracking reactions may be neglected at this 
temperature. 

METHODS 

Coking Studies 

The experiments were performed in the 
thermogravimetric system described pre- 
viously (2). The feed syst,em was modified 
for addition of liquid hydrocarbons and 
steam. Preliminary experiments revealed 
that systems including pumps and evapora- 
tors of various types gave unreliable re- 
sults, because the coking rate was very 
sensitive to short time fluctuations of the 
steam-to-carbon ratio. Therefore, steam 
was generated by passing the equivalent 
amount of H, and some N, over wires of 
copper oxide at 280°C. The hydrocarbon 
was added by passing a flow of N, or Ar 
through the gently boiling hydrocarbon. 
This stream was passed through a large 
volume thermostat maintained at a tem- 
perature approximately 10” below the boil- 
ing point of the hydrocarbon. In this way, 
stable feed rates could be established after 



186 JENS R. ROSTRUP-NIELSEN 

a period of 1 hr. The flows of hydrocarbon 
and steam were measured by weighing the 
amounts adsorbed over a given interval on 
molecular sieves (Union Carbide 13X). 
Preheated N, was added to the stream 
before adsorption to avoid condensation in 
the tubes. 

The gases were purified as described pre- 
viously (2). The liquid hydrocarbons were 
desulphurized over NiMo-catalyst and ZnO 
before use. The upper and lower 10% of 
the constant boiling range were removed 
by a final distillation to avoid any frac- 
tioning in the feed system. 

Catalysts. The notations of the catalysts 
are equivalent to what was used previously 
(1, 2) : 
A-types: Catalysts based on magnesia 

containing 6 w-t% Al. 
B-types: Catalysts based on magnesium 

aluminium spinel. 
C-types: Catalysts based on alumina. 
D-types: Catalysts on various supports. 
E-types: Catalysts containing noble metals. 

The properties of the individual samples 
have been listed earlier (1). In addition, 
the investigation included some samples of 
catalyst (P-types) exposed to coking in a 
pilot plant with a single industrial size re- 
forming tube. 

The port volume distribution of a few 
samples was measured by Hg-penetration 
in an Aminco Porosimeter. 

Procedure. The catalyst was heated up 
in H, (0.18 g mol/hr) until temperature and 
sample weight stabilized. Steam and hydro- 
carbon were added to the reactor, when the 
feed rates were constant, and the change 
in catalyst weight was followed on the 
recorder. Unless otherwise specified, the ex- 
periments were performed at the following 
standard conditions: 

Pressure : Atmospheric 
Temperature : 500°C 
Catalyst: 0.7 g (0.79 ml) as 

2-3 mm particles 
Hydrocarbon: 0.6 g n-heptanelhr 
HzO/C : 2.0 moles/atom 
Nz(+Ar) in feed: 0.125 g mol/hr 

H,: 0.018 g mol/hr 
Nz seal gas: 0.670 g mol/hr 

Decoking Studies 

Some experiments on decoking of cat- 
alyst by means of steam were performed 
following the techniques described by 
Weisz and Goodwin (I/t). A sample (ap- 
proximately 2g) of coked catalysts from 
the pilot plant was placed in a tubular re- 
actor surrounded by an electrically heated 
furnace. At the bottom of the reactor was 
placed some low temperature shift catalyst 
(approximately 20 g) to convert CO into 
co,. 

The coked catalyst was exposed to a 
large excess of steam (H&: 10 mol/hr, NS: 
1 mol/hr). The CO, evolved was absorbed 
by a solution of 0.15N Ba(OH), in a con- 
ductivity cell (Radiometer CDC 104). The 
conductivitp was measured and recorded 
automatically, thus showing the progress of 
the gasification. Each run was completed 
by a period at 800°C in pure air to ensure 
total combustion. The total amount of CO, 
absorbed was determined by titration of 
the solution after the run. 

RESULTS 

Empirical Plots 

Some preliminary results were reported 
earlier (15) . 

Typical plots of weight of coke versus 
process time, obtained in the coking studies, 
are shown in Fig. 1. It appears that after a 
certain period of time with insignificant 
weight increase, coking accelerates and the 
coking rate arrives at a constant value re- 
flected by a straight line. No sign of a de- 
crease of the rate with time was found even 
when the coke content of the catalyst was 
close to 15%. At high coke contents, the 
void between the particles was gradually 
filled up with coke, but apparently these 
restrictions did not affect the coking rate. 

On this basis, the amount of coke on the 
catalyst, C, may be expressed by the in- 
duction period, t,, as defined in Fig. 1, and 
the slope of the straight line kc: 

(’ = k,.(L - to) (5) 
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FIG. 1. Mean coke content of catalyst bed and 
process time. Catalyst: 0.7 g Al. Standard condi- 
tions, n-heptane, 500°C. 1. exp. 239(H&/C = 1.3), 
2. exp. 236(HzO/C = 1.5), 3. exp. 231(H,O/C = 
2.0). 

and the coking rate by: 

GE CR2 = k. To=- zz- 
d(t - to) dt 

c (6) 

Experiments based on samples from the 
same catalyst batch showed st.andard de- 
viations for I%, and t, of 25% and 1270, 
respectively, and for this reason most of 
the experiment,s were repeated or, when 
possible, paramctcrs were changed during a 
single run. The uncertainty may reflect that 
the conversion, and with that the mean 
concentration, of n-hcptane in the hydro- 
carbon may vary from experiment to ex- 
periment. First, the activity varies from 
sample to sample as shown previously (1) ; 
second, even a small displacement of the 
basket from the axis of t.hc react.or may 
change significantly the channeling around 
the basket. It is conceivable that this may 
affect k, more than t,. In general, it ap- 
pears doubtful to extrapolate quantita- 
tively the results obtained in the thermo- 
gravimctric system to normal flow reactors. 
However, the results may still be used to 
identify catalyst properties important for 
the elimination of coking. 

TABLE 1 
COKING AT VARIOUS FEED RATPS, 5OO”C* 

Totjal 
feed 

Cat. Particle (g mol/ Space velocity H?O/C 
Exp. wt. size hr X g mol C&H,, 
no. (9) (mm) 22.4) g cat . hr 

X 32.4) c$) 7;;;; ,p,;;) (4) & 

518 0.70 2-3 27.0 
519 0.70 2-3 19.4 
520 0.70 2-3 27.3 
521 0.70 2-3 19.0 

510 0.69 2-3 20.5 
515 0.56 2-3 17.0 
514 1.13 2-3 17.2 

517 1.11 l-2 16.9 1.2 
516 1.11 4-5 17.0 1.2 
513a 0.61 9x9 16.4 2.3 
512” 0.20 6X6 16.7 6.7 
511a 0.21 6X6 18.7 6.4 

A: 

2.0 
2.0 
2.0 
2.0 

B: 

2.0 
2.5 
1.2 

c: 

(partial pressures) 

1.3 0.05 0.46 
1.3 0.07 0.66 
1.5 0.05 0.53 
1.5 0.07 0.76 

(space velocity) 

1.7 0.07 0.78 
1.3 0.08 0.73 
1 3 0.08 0.73 

(particle size) 

1.3 0.08 0.73 
1.3 0.08 0.73 
1.3 0.08 0.75 
1.3 0.08 0.73 
1.5 0.07 0.75 

466 140 
453 126 
236 195 
35x 206 

220 157 
596 85 
545 74 

388 92 
411 96 
545 74 
324 125 
110 223 

* N, used as balance; catalyst: A17; feed: n-heptane. 
Q A single cylinder (no basket). 
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100 - P’ 0 
‘\ H,O/C mole: om 

1.5 2.0 25 3.0 

FIG. 2. Coking rates and steam/carbon ratio. Feed: n-heptane; catalyst: 0.70 g Al, 
at 500°C. 

Standard conditions 

Process Parameters 

The results shown in Table 1 demon- 
strate that the steam-to-carbon ratio is 
more important for k, and t, than is the 
partial pressure of the hydrocarbon. More- 
over, the amount of catalyst placed in the 
basket, and thereby the space velocity, ap- 
peared to have no influence on the results, 
and use of other particle sizes or of a single 

catalyst pellet instead of the basket caused 
no drastic changes. 

A series of experiments at 500°C was 
performed with catalyst Al to study in 
more detail the relation betwean Ic, and t,, 
and the steam-to-carbon ratio. As shown in 
Fig. 2, k, increases strongly when decreas- 
ing the steam/carbon ratio, whereas t, de- 
creases linearly. In another series of experi- 

TABLE 2 
INFLUENCE ON COKING RATES OF H) AND CO** 

H,O/C 

GaS 

Addition to feed 
Coking rates 

Amount Partial - 

(g mol/hr pressure kc 1, 
X 22.4) (atm) (dmin) (min) 

411 a 2.0 
b 

412 a 2.0 
b 

413 a 2.0 
b 

544 a 1.3 
b 

548” a 1.3 
b 

N? 2.8 0.12 199 159 
11.8 0.36 193 

H2 0.4 0.016 138 113 
9.4 0.24 205 

HP 0.4 0.016 181 147 
9.4 0.24 243 

cot 0 0 600 53 
9.0 0.33 700 

co, 0 0 960 55 
9.0 0.33 1060 

* Standard conditions, 500°C; feed: n-heptane; catalyst: 0.7 g Al. 
0 1.5 - 2 mm particles. 
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FIG. 3. Temperature dependence of coking rate. 
Feed: n-heptane; catalyst: 0.70 g Al. Standard 
conditions at H,O/C = 2.0 mol/atom (at 450°C: 
t. > 720 min.). 

ments, the influence of some gases was 
studied by changing the partial pressure 
during the run. The results from Table 2 
show that dilution of the feed gas with 
nitrogen did not affect k,, which is in ac- 
cordance with the results from Table 1. The 
addition of carbon dioxide resulted in a 
slight increase of the coking rate, whereas 
a more pronounced effect was observed 
when increasing the hydrogen partial pres- 
sure in the feed. 

The temperature dependence of the 

FIG. 4. Temperature dependence of coking rate. 
Feed: n-heptane; catalyst: 0.69 g A17. Standard 
conditions at H,O/C = 1.3 mol/atom. 

coking parameters is demonstrated in Fig. 
3. Although the uncertainty of k, is sub- 
stantial, t.he results indicate the existence of 
a maximum at around 550”-575°C. Results 
from an experiment where the temperature 
was changed during the run are shown in 
Fig. 4. Again, a maximum of k, is indi- 
cated. The higher accuracy of Ic, allows 
calculation of an apparent activation en- 
ergy of 40.0 kcal/mole for temperatures 
below 550°C. 

TABLE 3 
COKING RATES OF VARIOUS HYDROCARBONS* 

Exp. no. Hydrocarbon 

319 Ethylene 
318 *butane 
306 n-hexane 
308 Cyclohexane 
307 Benzene 

231/232/245 n-heptane 
310 tri-methyl-butane 
323 n-decane 
324 n-dodecane 

Reactivity 
ka 

katom/g/hr) 

Coking rate 

kc to 
Wmin ) (min) 

- 17500 
- 2 
- 95 

7.2 64 
0.53 532 
1.9 135 
3.6 5 
1.9 - 

- (12) 

<l 
- 

107 
219 

44 
213 
(56) 
(90) 
(6) 

* Catalyst: 0.7 g Al; standard conditions: H,O/C = 2.0 mol/atom, 500°C (k, from reforming experiments 
at 30 atm, 5OO”C(I)). 
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Experiments with different types of hy- 
drocarbons indicated the coking rate to de- 
pend strongly on the unsaturated character 
of the hydrocarbon. As shown in Table 3, 
the highest rate was obtained with eth- 
ylene. hpparently, a maximum in tendency 
to coking exists among n-paraffins. Thus, 
n-butane and n-decane result in less coke 
than do n-hexane and n-heptane. It should 
be noticed that the behavior of trimethyl 
butane is close to that of n-butane, result- 
ing in a coking rate inferior to that ob- 
tained with n-heptane. Cyclohexane differs 
little from n-hexane. The experiments were 
performed under standard conditions, i.e., 
at a fixed steam to carbon ratio. Therefore, 
the partial pressures of the hydrocarbons 
were nearly inversely proportional to their 
molecular weights. 

In some experiments the conversion into 
gaseous products was followed during the 
coking of the catalyst. Although the con- 
version is not reflecting the true activity of 
the catalyst because of channeling around 
the basket, it may indicate whether the 
catalyst is exposed to deactivation. As 
shown in Fig. 5, no significant changes in 
the conversion were apparent at low tem- 
peratures where no coking occurred, but at 
500°C a small decrease was observed with 
increasing coke content. This is not con- 
sidered to he related to a poisonins of the 

nickel surface by carbonaceous deposits, a 
phenomenon that is prevailing at lower 
temperatures (10). It should probably be 
ascribed to flow restrictions into the basket 
due to gradual blockage of the void be- 
tween the particles, which may enhance 
channeling around the hasket. 

Examination of Coked Catalysts 

To elucidate these effects the study was 
supplemented by an investigation of some 
catalyst samples exposed to coking in an 
industrial size monotube pilot plant. The 
intrinsic activities of samples PI and P4 
containing 11 and 4.5 wt% carbon were 
est’imated from ethane-reforming experi- 
ments under standard conditions (1) using 
the catalyst as 0.1-0.3 mm particles. When 
the results shown in Table 4 are compared 
with the activities of t’he corresponding 
unused catalysts shown in Table 5, it is 
apparent that the high coke contents have 
caused no significant changes of the in- 
trinsic activities of the catalysts. The dif- 
ferences are within the range observed be- 
tween batches (1) 

Examination in an electron microscope 
revealed that the coke formed during the 
coking studies was of whisker-like structure, 
normally with a nickel crystallite placed at 
the free end, similar to the situation re- 
ported earlier (2) for carbon originating 

CONVERSION % COKE CONTENT WI% 

‘1 -6 

,I 
20 - t’ 0 5OO’C - 5 

10 50 100 150 200 

FIG. 5. Hydrocarbon conversion and process time. Feed: n-heptane; catalyst: 0.7 g Al. Standard con- 
ditions at H,O/C = 1.3 mol/atom. Dashed curve shows increase of coke content at 500°C. No coking 
was detected at 450 and 380°C. 
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TABLE 4 
~UMIN.\TION OF CITALYSTS EXPOSKD TO COKING HS ~I.~LOPKR.\TION IN .\ ~~~NOTUISIS PILOT PI,.~NT 

CATALYST A. AIL R.~MPI,I.:s PLACED IN THE TEMPIXITLXN I{.vJG~: 4~j9"-5jfY'C 

Activity of 0.1-0.3 mm part.ic*les 
(CpH,-reforming) 

Carbon ront,ent --__ 

Approx. Coke 7-i rz” 
age of External structure 

Sample,1 coke Bnlk layer (elect’ron (mol!g/h) (mol ‘m2 Ni ‘h) 
(no.) (hr) (wtC/;) (wt,@/O) microscope) x 10 x 103 Comments 

- 

Pl(A43) I.50 11 19 Flake r..) ‘> r 20s hlaloperation 
during st,artup. 
No deactivation 

P2(.44:3) 130 6 12 Flake 1.6 (2.5) 100 (130)’ Maloperation 
during start-up. 
No deactivation 

P3(A4:3) <5 1 Whiskerlike Maloperation 
during st,art-up. 

P4(A4“) 500 4.5 7 Flake 1,s (1.4)’ 11X (5OP Slowly coking 
deactivation 
apparent. 

P5(A4“) 350 1.4 6 0 Flake 1.1 105 Slowly coking 
deactivation 
apparent. 

o Corresponding unused catalyst listed in brackets. 
* Ni-surface corrected for sulphur content. 
c Data for regenerated catalyst in brackets. (Regeneration : coke bllrn-off in air and steam at i’5O”C, 

reduction in H2 at 850°C). 

from decomposition of carbon monoxide 
and methane. A fibrous structure was also 
found on P3 sampled shortly after a mis- 
hap, whereas catalyst sampled a few hun- 
dred hours after a mishap or after a similar 
period with slow build-up of coke showed 
a flake-like structure, which was difficult to 
identify. Most likely, this structure is 
formed by sintering of the fibrous structure. 
The difference between the two structures 
is revealed by their reactivities when ex- 
posed to steam. The fibrous structure was 
easily removable, whereas only part of the 
aged coke is react,ive. When adding a few 
percent of air to the steam, a complete de- 
coking was achieved on all samples at tem- 
peratures above 450°C. 

Analyses of the radial distribution of 
coke in the catalyst particle showed a 
strong accumulat’ion of coke close to the 
external surface as demonstrated by the re- 
sults in Table 4. 

It is remarkable that the coke deposits 

did not influence considerably the pore vol- 
ume distribution and the total pore volume 
of catalysts Pl and P4, as indicated for PI 
in Fig. 6. Apparently, the presence of coke 
in Pl is reflected only by formation of a 
small amount of pores with radii less than 
100 A. On this basis, no change of the dif- 
fusivity of the catalyst during coking should 
be expected. However, it should be noticed 
that during operation in the pilot plant 
with the catalyst fillings of whole catalyst 
pellets (rings: OD/ID - H = 13/6 - 7 
mm/mm/mm), from which P4 and P5 
originate, a deactivation was apparent, from 
changes in the axial temperature profile 
and from the exit gas analyses showing in- 
creasing am0unt.s of ethane and ethylene. 
On the other hand, operation with Pl-2 was 
stable. Samples P4 and P5 and the corre- 
sponding unused catalyst were characterized 
by having practically no pores with radii 
higher than 300 IL. It is natural, then, to 
assume that deactivation of P4 and P5 can 
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tion procedure (A3 and A4). However, it is 
700 

-d&i ml’kg 
0 Pl evident that values of t, obtained for most 
r Pl AFTER REGEWERAllON 

600 
of the A-type catalysts are higher than 
those for catalysts based on alumina (C- 
type) or silica alumina (D9). The addition 
or the presence of potassium and, to a 
smaller degree sodium, results in markedly 
reduced coking, reflected by increased t,, 
whereas addition of calcium and mag- 
nesium to an alumina based catalyst (C9, 
Cll) appears to be without any effect 
on t,. 

Catalysts containing nickel-copper alloy 
(A13) or cobalt (A14) as metal phases 

1 2 3 showed no coking, and similar results were 

FIG. 6. Pore volume distribution of catalyst Pl obtained on alumina catalysts containing 
before and after burn-off of coke. Before regenera- platinum (El), ruthenium (E8), and 
tion : surface area, 13.8 m2/g; porosity, 218 ml/kg. rhodium (E12). Even when the steam/car- 
After regeneration: surface area, 9.8 m2/g; porosity, bon ratio was decreased to 0.6-0.3, no 
263 ml/kg. coking was detected on the precious metals. 

It should be noted that catalvsts A13, A14, 
be explained by a blockage of the pore and El all showed poor ac&ity for ethane 
mouths by coke formed mainly close to reforming. 
the external surface, whereas a blockage of A sample of Al saturated with sulphm 
the larger pores of I’1 and the unused cat- in the equipment for dct’ermination of sul- 
alyst appears more unlikely. A direct phur rapacity before the coking experi- 
measurement of the diffusivity may not ments showed no coking, and the same 
reveal this effect, as even a small destruc- result was obtained on the nearly inactive 
tion of the external film during sampling catalyst (D14) based on carbon. 
may disturb the results. Experiments using ethylene as feed 

In situations where coking results in showed very short induction periods, but 
break-down of the catalyst and accumula- the values of k, correlate with those ob- 
tion of coke in the void between catalyst tained with n-heptane. 
particles, channeling through non-coked A few experiments with n-heptane were 
tubes of an industrial reformer may con- performed with no steam present, steam 
tribute to an overall decrease in the cat- being replaced by nitrogen. Very high 
alyst performance. Channeling around coking rates, were observed, but no cor- 
coked passages may also explain the de- relation with the results with steam pres- 
creasing conversion observed during the cnt, activity data or nickel surface areas is 
coking experiments. apparent. 

Various Catalysts and Supports 
Some series of experiments were per- 

formed on support materials containing no 
Experiments with different catalyst. prep- metals. At standard conditions at 5OO”C, no 

arations revealed great differences in coking coking was observed over magnesia (Sl) 
data as indicated in Tables Fi and 6. While even with ethylene as feed. When heating 
the activity studies (I) showed the specific q-alumina (S41 in &am and n-heptane at 
activity to be within the same range for a a rate of 2”C/min coking was indicated at 
great number of catalysts, the coking re- 715°C. The experiment was repeat’ed with 
sults demonstrate t,hat k, and t, are influ- Sl with nitrogen replacing steam, and 
enced substantially by preparation methods coking was observed at 690°C at a heating 
(A20 and ,422), calcination temperature rate of 4”C/min. Experiments at 750°C . . 
(A20 and A21, A22, and .423), anri activa- with S4 where the nnrtial messurc and the 
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TABLE 6 
COKING RATES OF VARIOUS CAT.ILTSTS. B-E TYPES 

Activity for ethane reforming Coking rates at, 500°C 
at 500°C - 

- n-hept,anea Ethylene* 
rs (HzO/C = 2.0) (HzO/C = 6.0) 

r, (mol/m2 
(mol/g/hr) Ni/hr kc to kc 

x 10 x 103) Wi*O (fiLg/min 1 (min) bglmin) Catalyst 

B-Types: Based on MgA120r 

Bl 1.6 366 
B6 0.52% K 0.54 61 
B4 1.53% K 0,074 8.3 

C-Types : Based on Al& 

Cl TALON 5.5 80 
C6 Cl, l.7y0 K 1.8 29 
CX Cl, 1.3% Na 3.2 47 
c9 Cl, 1.170 Ca 2.2 30 
Cl1 Cl, 1.2”/$ Mg 
c2 ~A1203 9.2 163 
c3 rAMA 8.2 227 
Cl0 C3, 2.1’:; K 1.9 46 

D-Types: Based on various materials 

134 ZrOI 0.067 2.6 
I>9 SiO.JAl& 1.1 25 
D14 Carboil 0.04 5 

E-Types: Noble metals based on A1203 

El o.syc, Pt 0.53 221 
ES 0.5cj, Ihl 5.4 2059 
El2 - Ith 4.1 2502 

0.0 880 84 2550 
(-0.3) 620 
- 1.08 0 17 

0.13 2470 
56 

5 
130 
518 
175 

2180 
1.8 

43 
26 

0 

- 
- 

12 
63 

- 

12 
2 

15 
12 

60 
9 

>270 
> 240 
> 180 

1750 
6670 

a Mean of two experiments. 
b Single experiment. 

steam carbon ratio were varied, showed 
both parameters to affect significantly the 
coking rate as demonstrated in Fig. 7. This 
result is contrary to what was indicated in 
Table 1 for nickel catalysts at 500°C. 

Results from a series of experiments per- 
formed at 750°C on various support ma- 
terials shown in Table 7 demonstrate that 
coking from cracking depends on the com- 
position of the support, the acidic materials 
resulting in the highest coking rates. It is 
apparent that the calcination temperature 
of magnesia may influence the coking rate. 
Moreover, the addition of alkali to q-alu- 
mina has a pronounced effect. 

The retarding effect of alkali on coking 

reactions is accompanied by its ability to 
improve the reaction between coke and 
steam as illustrated by some experiments 
performed with the coked catalyst sample 
Pl with and without addition of alkali. The 
results indicated that the reactivity of the 
carbonaceous deposits increased when al- 
kali is present. 

Colcing Parameters 

Equation (5) implying a constant coking 
rate after a certain induction period, differs 
from the Voorhies expression (16-18) 
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. exp 480 lyom 

FIG. 7. Coking rates on support 54 (0.4 g) at 

750°C. Feed: n-heptane (6.2 g/h). Exp. 477: Varia- 
tion of ~)c~II,( (H,O/C = 2.0, N, as balance). Ifxp. 
480: Variation of H?OiC (T)c;H,& = 0.06 atm, Nr 
as balance, t,ot)al feed: 1.07 g molihr). 

normally fulfilled in coking studies on 
cracking catalysts: 

C’ = k,t”, (7) 
n being less than 1. Thus, Ozawa and 
Bischoti (18)) who used an apparatus sim- 
ilar to that of the present work, found an 
initial rapid coke formation in their investi- 
gation at 350-500°C of ethylene cracking 
over a silica-alumina catalyst. Contrary to 
this, Lobo and Trimm (19,20), who studied 
coking from olefins on metal films in a 
static thermogravimetric system, observed 
a trend of the coking process in accordance 
with the present work. This might indicate 
a fundamental difference between coking on 
cracking and metal catalysts. It could be 
related to the observation that coking is 
accompanied by deactivation of the surface 
of a cracking catalyst (18), whereas coking 
on the nickel surface apparently results in 
no decrease of the intrinsic activity. 

Moreover, the temperature dependence 
around 500°C of the coking rates derived 
from the data of Voorhies (16) and Ozawa 
and Bischoff (18) is much less than rc- 
fleeted by the high apparent activation en- 
ergy of 40 kcal/mole calculated from Fig. 4. 
For coking from olefins on nickel at tem- 
peratures around 500°C and with no steam 
present, Lobo and Trimm (19, 20) found 
activation energies in the ranges of 29-34 

kcal/mole. This value cannot be compared 
directly with that obtained from Fig. 4, 
which also includes the temperature de- 
pendence of the gasification Reaction (I). 

Lobo and Trimm observed a maximum 
in coking rate as tentatively indicated for 
the reforming reactions in Fig. 3 and as 
found by Macak et al. (5) and by Saito 
et al. (9). This may indicate that the maxi- 
mum found in coking from reforming rcac- 
tions should not be related to the gasifica- 
tion step. When increasing temperature, 
Lobo and Trimm observed a minimum in 
coking rate at 600”-650°C above which the 
coking rates increased with an activation 
energy in the range 43-50 kcal/mole being 
close to that of thermal pyrolysis. Lobo 
and Trimm explain the existence of the 
maximum as an effect of decreasing adsorp- 
tion with temperature. For temperatures 
around 500°C they assume diffusion of 
carbon through nickel t,o be the ratc-deter- 
mining step, and that, zero order kinetics 
mean that the nickel surface remains ac- 
cessible for t.he hydrocarbon. This ~xplana- 
tion is in accordance with the present rc- 
suits and to t,he whisker growth mechanism 
disrussed earlier i2), although xurfacc dif- 
fusion may be involved as well. 

The evaluation given by Jlncak et nl. (5) 
is in contrast to these results, as it is sug- 
gcsted that the carbonaceous dcposita are 
blocking the nickel surface, and that the 
rrartants have to diffuse t’hrough the coke 
lavcr to react on the nickel surface. At low 
tempcraturrs. the coke layer exposes pcr- 
mcabilitv for reactants and product.s, but 
above Fi70-600°C graphitization causes in- 
creased diffusion restrictions and a reduced 
reaction rate. This explanation is also in 
conflict with the observations made for low 
temperature gasification (10, 11) showing 
formation of a polymer film blocking t,he 
surfacr. 

Selectivity in Terms of a Simple Sequence 

As discussed earlier (I), coking on the 
nickel surface may be related to a gradual 
conversion of the hydrocarbon radicals by 
dehydrogcnation and polymerization into 
strongly adsorbed species, which may form 
carbon. A similar reaction patt’ern was dis- 
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cussed by Whalley et al. (21) on the basis 
of FEM studies of the adsorption of eth- 
ylene on nickel. Since the strongly adsorbed 
residues may be expected to be bound to 
the surface at more than one carbon atom, 
the initial step of the coking reaction com- 
peting with the gasification reaction most 
likely involves a dimerization of the hydro- 
carbon radicals. When using the termi- 
nology introduced previously (1) in the 
discussion of the kinetics of ethane reform- 
ing, this means that the steps: 

2(CJI,) - (SI), = (CnHu)2 - (X,),n 
+ (U - v)H:! = polymers = coke (8) 

are competing with the gasification step, 

CH,-&+O-&=CO+;Hs+2&. 

(9) 

It is difficult to evaluate whether CH, or 
the initially formed radicals, participate in 
(8). Moreover, the dimerization products 
may have some reactivity for (9) before 
they are converted into non-reactive resi- 
dues. However, there may be some evidence 
for the initially formed radicals being im- 
portant for (8) as different coking rates 
were obtained with various hydrocarbons 
(Table 3). 

The sequence for ethane reforming may 
be extended by following steps to a general 
n-paraffin, C,H,, (n > 2)) assuming a step- 
wise irreversible degradation of the carbon 
chain and no desorption of intermediates: 

C,H, + 28, + yS, = (&)z - C&L 

+ ?/(,q - H + m -; - ’ Hz (10) 
(Sdz - CJL + SI + K 

= (Sl)z - C,-1H,t + S1 - CH, (11) 
(,Q2 - C~HP + Hz = 2X1 - CH,. (12) 

This implies that p,.2Hb should be re- 
placed by p&u, in the expression for the 
rate of step (9) derived earlier (1) : 

where lc, and VA are rate constants for the 
surface reaction (9) and for the hydrocar- 
bon adsorption, respectively, whereas K, is 
the equilibrium constant for steam adsorp- 
tion, which is influenced by the metal and 
the carrier material as well. 

The formation of non-reactive residues 
may be slow compared with t,he reactions 
with the gas phase, as demonstrated by 
Frennet and Lienard (22). Therefore, in a 
simple sequence, a certain residence time of 
the hydrocarbon radicals on the nickel sur- 
face is required to form the strongly ad- 
sorbed species that may react further to a 
polymer film blocking the surface or aggre- 
gate to carbon. The residence time of C,H, 
radicals may be expressed by: 

(14) 

XC,,& being the surface concentration of 
C,H, ( mol/m2Ni) . 

From the simple sequence is obtained: 

k’A 
x&H, = - ’ p&H, ’ PHz”~-’ ’ 

kH 
$ (mol/m2 Ni), 

(19 

where ku is the rate constant for (11) re- 
flecting the reactivity of the adsorbed rad- 
ical for hydrocracking. 
Then : 

1 1 
V”H, 

=- 
kH . pH2 ’ D = kH ’ pH2 

1+nk’a.-. PCnHm 

k, . Ku PHsO 
p,?‘-v’2 

+ Kwp$ (16) 2 

For simplicity the nucleation rate for the 
growth of carbon may be expressed by: 

r,v = N ’ (7 - 7.), (17) 

where 5e is some critical residence time on 
the surface of the hydrocarbon radicals re- 
quired to form precursors for coke. When 

rg = k’A . Pc.H,/~H~“‘~ 

1 + nk’A . @!!.% . pH;--1//2 + K, Pjb’$ 
2 

kr . Kw pH20 2 

= k’A ’ pc~;‘pH2u’n (mol C,H,/m* Ni/h), (13) 
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T is less than TV) no coking may occur, rc- 
sulting in a stable performance of the cat- 
alyst. This treatment of the coking reac- 
tions remains speculative. In principle 7C 
depends on the reactivity for gasification 
of the polymerized coke precursors, which 
has not been considered in the simple se- 
quence. Moreover, the details of carbon 
nuclcat,ion at the actual conditions have 
not been reported. But, there is sonic cvi- 
dence that the nucleation rate depends on 
the mobility of the carbonaceous species 
(23) and the presence of surface steps and 
grain boundaries (21, 23, 24). 

When no steam is present, the residence 
time is large and coking may take place at 
very low temperatures. Thus, it was dcm- 
onstratcd earlier (2) that coke is formed 
rapidly at 230°C when heating catalyst Al 
in pure methane. 

When steam is present, the residence 
time is small, and the surface mobility of 
the carbonaceous species for nucleation may 
become the limiting step. Apparently, the 
mobility is too small at temperatures below 
45&5OO”C under the conditions used by 
Moselcy et al. (IO), and polymers are ac- 
cumulat’ing on the surface, which is grad- 
ually blocked, and t.he reaction ceases. A 
slow dehydrogenation of the film may con- 
tinue, without further accumulation of car- 
honaceous deposits. After some period of 
time the polymers have aged and may not 
he removed as initially by treatment, in hy- 
drogen (21, 25). 

It is known that the solubility of carbon 
in nickel increases significantly at tcmpera- 
lures around 500°C. Thus, several studies 
have shown segregation of carbon to occur 
by cooling nickel to the temperature range 
helow 5OO”C, or disappearance of coke hv 
heating ahove approximately 500°C @‘8- 
28). The increased solubilitp may result in 
improved surface mohility or formation of 
an “intermediate carbide” as proposed by 
Renshaw et al. (291, and these factors may 
enhance the nucleation and growth of car- 
bon whiskers. As emphasized above, addi- 
tional studies are required to elucidate this 
evaluation. 

Although the simple sequence should he 
considered only as an example it may be 

useful for a preliminary classification of 
parameters influencing the selectivity for 
gasification. Thus, the expression (16) may 
qualitatively illustrate the influence from 
the steam-to-carbon ratio. The role of 
steam adsorption in (16) may appear com- 
plex, because K,*I)~,~ and the reciprocal 
term as well are included in D. As die- 
cussed earlier (1) , the various kinetic ex- 
pressions indicate that both terms may be 
significant and, in principle, D becomes a 
hyperbola function of pHzO showing a mini- 
mum. However, the cxpcrimental data and 
practical experience clearly indicate coking 
t’o decrease, when only l),r.,o is increased. 
Therefore, it might be assumed that prac- 
tical values of 1) arc placed on the declin- 
ing branch of the hyperbola. 

Catalyst Parameters 

The simple sequence demonstrates the 
importance of the equilibrium constant for 
steam adsorpt’ion, IT,. This is in accord- 
ance with the experimental results in 
Tables 5 and 6 which show larger induction 
times for coking, t,, for catalysts having 
negative kinetic orders with respect t’o 
steam, i.e., catalysts containing alkali or 
being based on magnesia. The small alkali 
content in the catalyst studied by Nicklin 
et al. (S) and Bhatta and Dixon (7) may 
have influenced the results, which showed a 
negative reaction order with respect to 
steam. 

It might be argued that alkali may 
change the rate of Reaction (8) since 
it may affect the hydrogen content of 
the adsorbed radicals (30) or the het- 
erogeneity of the nickel surface (1). 
However, this appears unlikely, because 
the results obtained in the experiments 
with no steam present, showed no signifi- 
cant effect of alkali on the coking rate. The 
decoking experiments indicated that alkali 
may improve the reactivity of the carbon- 
aceous deposits, which in terms of the dis- 
cussion above means a larger value of the 
critical residence time, T?. It is an open 
question whether this effect can he related 
simply to the improved steam adsorption 
causing an increased “virtual” steam pres- 
sure for the reaction. 
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TABLE 7 
COKING ON V.knrous SUPPORT MATERIALS* 

Exp. no. 
Support 

no. Remarks 

482 Sl 
487 s2 
492 s3 
477 s4 
484 s5 
490 86 
491 67 
481 S8 

MgO(AlzO& A-g/Al = 7/l 
Sl sintered 
MgAlnOb 
sAl& 
s4 + 2.8 wtyg K 
a A1203 
zro, 
SiOp/A1,O, 

Correspond. 
catalyst 

A22 
A23 
Bl 
Cl 

((35) 
c5 
D4 
D9 

Coking rates 

kc to 
b.dnin) (min) 

60 7 
330 37 
90 44 

410 2 
30 - 

184 40 
170 16 
340 - 
- 

* Standard conditions: H,O/C = 2.0, 750°C; hydrocarbon feed: n-heptane. 

The experiments with metal-free sup- 
ports (Table 7) showed no coking at a tem- 
perature level around that of the inlet 
layer of a tubular reformer. This may dis- 
pose of the principle of neutralizing the 
acidic sites of the catalyst (6) at these 
temperatures. At higher temperatures, the 
acidity strongly influences the cracking re- 
actions and the coking rate. 

It is apparent from (16) that coking 
should be retarded by high values of 
k,, the rate constant for the gasification 
step. This is influenced by the hetero- 
geneity of the surface and is diminished by 
the presence of alkali or the use of some 
carrier materials (I) as shown by the spe- 
cific activities rS listed in Tables 5 and 6. 
However, this effect is difficult to evaluate, 
as it is overlapped by other phenomena. 
First, it is difficult to vary only k, in a 
series of catalyst samples. Secondly, it is 
not possible to calculate the selectivity for 
coking, because the coking experiments can- 
not be considered as being differential, and 
this will result in smaller coking rates for 
the most active catalysts as outlined earlier. 
Thirdly, the reaction in the basket is most 
probably affected by gas film diffusion re- 
sulting in a temperature drop across the 
gas film due to the endothermic reaction. 
The adiabatic temperature decrease by re- 
action to equilibrium at standard condi- 
tions was calculated to be 54”C, and it is 
evident that this may have influenced the 

results, as the temperature of the catalyst 
is determined by its activity: 

where: 

T,, T,: temperature of catalyst surface and 

rw: 
bulk gas phase, respectively; 
reaction rate for reaction (1) per 
unit weight; 

AH: enthalpy of reaction; 
h: heat transfer coefficient; 
a: surface to weight ratio of catalyst 

bed. 

The reaction rates of the various cat- 
alysts cannot be determined from the 
coking experiments, but the relative levels 
may be estimated from the ethane reform- 
ing experiments by ri listed in Tables 5 
and 6. The heat transfer effect may explain 
the substantial difference between coking 
rates for catalysts A3 and A4, differing 
only in nickel surface area and activity. 
These differences were provoked only by 
the use of two different activation proced- 
ures of samples from the same unreduced 
catalyst. Being the more active catalyst, 
A3 may have a lower catalyst surface tem- 
perature and thus a lower coking rate. A 
similar effect might have contributed to 
results reported in literature (5, 6). 

The phenomenon may also play a role in 
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industrial reformers. For a normal tubular 
reformer for production of synthesis gas for 
the manufacture of ammonia (pressure 30 
k/cm2, H,OJC = 3.8 mole/atom, mass 
velocity 1.0 g/cm’ set) the temperature 
drop at a gas temperature of 500°C and a 
naphtha conversion level of 5% may be 
estimated to be approximately 10°C and 
less than O.l”C for catalysts A22 and B4, 
respectively. For this calculation were used 
reaction rates estimated from the naphtha 
reforming experiments reported earlier (I), 
and the enthalpy of reaction was calcu- 
lated by assuming 570 of the naphtha to be 
converted into the equilibrium mixture ac- 
cording to (2) and (3)) considering inact,ive 
the remaining part of the napht,ha. This 
assumption is justified by the results of 
Phillips et al. (311. 

The presence of substantial amounts of 
carbon dioxide or hydrogen in the feed 
may cause a decrease of the enthalpy of 
reaction calculated as indicated, and may 
thereby result in a higher catalyst tem- 
perature. This may explain the marginal 
effects of carbon dioxide and hydrogen on 
the coking rat’c reported in Table 2. 

A number of catalysts with poor specific 
activity showed very little or no coking. 
This may bc ascribed to low values of the 
rate constant for adsorption Ic’“, which may 
be influenced by surface heterogeneities 
(1) and the properties of the metal. 

Thus, the result on the nickel-copper 
catalyst Al3 is in accordance with previous 
observations ($2) that showed only negli- 
gible formation of carbon when it was ex- 
posed to nearly pure methane at 500°C. The 
result was explained by methane, contrary 
to carbon monoxide, not being adsorbed on 
the allov. The failing carbon formation on 
the sulphur poisoned Al catalyst’, n-hich 
was in accordance with previous results in 
pure methane and carbon monoxide (Rj, 
mav also be explained by restricted adsorp- 
tion caused by the blockage of the nickel 
surfare. Prohablv, the surfare of the 
cobalt catalvst Al4 was blocked hv supcr- 
ficial oxidation as indicated earlier (1). Tn 
atmospheres containing no st’eam, coke 
from carbon monoxide and methane (2, 
and from olefins (19) was formed on cobalt, 

as on nickel. The evaluation of the different 
behavior of the nearly inactive nickel cat- 
alysts D4 and D14 and of the very active 
catalysts C2 and C3, requires further in- 
vestigation. 

The alumina-based catalysts containing 
noble metals showed no coking, which is in 
accordance with the observations of Lobo 
and Trimm (19) in olcfin atmosphere with 
no steam present. Due to this and the high 
activity of E8 and El2 t,he result cannot 
be related to low values of h;‘,, or high 
values of I<,,.. The different behavior of the 
noble metals might be related to reduced 
mobilities and solubilitp of carbon in the 
metal phase thus retarding the nuclration 
process, or to low values of the rate of re- 
action (8) caused by another composition 
of t.he surface radicals. Further studies are 
required to elucidate these effects. 

Various Hydrocarbons 

The results obtained with various hydro- 
carbons as feed shown in Table 3 may in- 
dicate that the initially formed hydrocar- 
bon radicals rather than the CH,-radicals 
are involved in the initial coking step (8). 
The coking rate from trimethyl butane 
being close to that of n-butane might re- 
flect t)hat trimethyl butane is decomposed 
to radicals resembling those originating 
from n-butane, whereas radicals containing 
more carbon atoms and being more strongly 
bound are formed during the terminal 
fission of the carbon-carbon bonds of the 
n-heptane molecule. The high coking rates 
from ethylene and benzene mav indicate 
high values of Ic’,, and the existence of 
surface radicals favoring dimerization reac- 
tions. The low reactivity of benzene corrc- 
sponds to a low value of k,,. The low coking 
rates of n-decane and n-dodecane may he 
explained by a higher value of k,, and 
probably by a lower adsorption rate caused 
bv the smaller partial pressure of these 
heavier hydrocarbons at standard con- 
ditions. 

The presence of a small amount of 
hydrocarbon radicals containing more than 
one carbon atom is not in conflict with 
the observations made previouslv (1) in- 
dicat.ing paraffins to yield no higher hy- 
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drocarbons as products. As discussed pre- 
viously (I), the existence of these radicals 
may vary from hydrocarbon to hydrocar- 
bon, benzene showing less conversion into 
CH,-radicals. Moreover, it was indicated 
that the amount of radicals with more than 
one carbon atom decreases with tempera- 
ture, due to increased conversion into CH,- 
radicals. This might explain the maximum 
in coking rate when increasing temperature 
as roughly indicated in Figs. 3 and 4. 

CONCLUSIONS 

The coking reactions during steam re- 
forming of naphtha appear very complex, 
and this makes general conclusions doubt- 
ful when based on experiments with only a 
limited number of catalysts. The coking 
rate on the nickel surface at temperatures 
close to 500°C depends on steam-to-carbon 
ratio, temperature, the type of hydro- 
carbon, and the catalyst. The ability of the 
catalyst for steam adsorption appears im- 
portant for depressing the formation of 
coke. This property may be improved by 
the presence of alkali or by use of mag- 
nesia as support. The preparation method 
for magnesia-based catalysts may influence 
significantly the ability for preventing for- 
mation of coke. Alkah appears to have no 
detectable effect on coking rates when 
steam is not present. 

The gasification activity of the catalyst 
may change coking rates in various ways, 
the temperature decrease across the gas 
film surrounding the catalyst being an im- 
portant parameter. No coking is obsrrved 
over catalysts with poor act,irity or cat- 
alysts exposed to total sulphur poisoning. 

The coking reaction at 500°C is not ac- 
companied by poisoning of the nickel sur- 
face as reported for lower temperatures, 
where the surface is blocked by a film of 
carbonaceous residues. However, the pore 
mouths may be blocked and cause in- 
creased diffusion restrictions. 

Coking on the support material is not 
detected at temperatures below 650°C. 
Above 7OO”C, cracking rates depend on the 
composition of the support. The aridic 
properties of the support, npptnr critical, 

and the presence of alkali or the use of 
magnesia results in less coke. Again, the 
preparation method of magnesia appears 
important. 

Tubular reformers operate with an axial 
temperature profile, where the temperature 
may increase 200”-400°C through the cat- 
alyst bed, and this introduces further im- 
plications. At the temperature range of the 
inlet layer, 450”-55O”C, coking may occur 
only on the nickel surface. Whether carbon 
is deposited is determined by the process 
conditions and the properties of the cat- 
alyst as discussed above. However, depend- 
ing on the activity of the catalyst, the 
reactivity of the feed, and the space ve- 
locity, a certain amount of the hydrocar- 
bons may pass unconverted to the hottrr 
part of the tube, where coking on the nickel 
surface is more critical. At temperatures 
close to 7OO”C, coking may result also from 
rracking on the support material, depend- 
ing on its composition, or from thermal 
pyrolysis of t’he unconverted hydrocarbons. 
Even methane may form coke in this way 
as experienced in some rrformcrs operating 
at extremely high t,hroughputs (4, 921, or 
at conditions where the equilibrium gas is 
very close t,o having a positive affinity. to 
formation of carbon by t’he deromposltlon 
of mct,hane (2, .SJ). Sulphur poisoning may 
also cause coking in the lrot part’ of the 
tube, the hydrocarbons passing through the 
deactivated inlet Iaycr. 

An effective catalyst’ for t~ubular rrform- 
ing of naphtha should be able to depress 
coking from hoth routes. The use of alkali 
may improve steam adsorption and elim- 
inate effectively the prtsenrr of acidic sites. 
However, the alkali results in a fry small 
a&vi@, implying that’ naphtha is passed 
to hotter parts of the tube, wherr coking 
becomes more critical. A cat,alvst hascd on 
active magnesia map show a high gasifica- 
t,ion activity, a smaller hut still enhanced 
steam adsorption, and a low cracking ac- 
tivity of t,hc support. Due to the high ac- 
tivity for gasification, the hvdrocarhons are 
converted mainlv in the colder part of the 
tube. Both principles have resulted in cata- 
lvsts with proven industrial operability 
(4. 34> 35~. 
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