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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.ay 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 650°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 of tubular reformers are discussed.

INTRODUCTION

In a previous study (I) 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,, + nH0 = nCO + (n + %L) H (1)

CO + H2O = C02 + H2 (2)
CO + 3H, = CH, + H,0. 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 oceur when
the equilibrium composition shows a posi-
tive affinity 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

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

It is generally assumed (5-6) that (4)
may take place either by reaction on the
nickel surface or by eracking 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 (3). The function of alkali was
ascribed to neutralization of acidie 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. Maecak
et al. (5), who studied coking and decok-
ing reactions in a thermogravimetric sys-
tem, observed no effect of urania 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. An-
other maximum was found when varying
the temperature.

Saito et al. (8) studied the coke forma-
tion in reforming experiments at 770°C
with n-hexane, and found the ecoke 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  to n-hexane. The coking rate
showed a maximum at around 550°C.
Since most of the experiments by Saito et
al. were performed at temperatures above
700°C, they were most likely strongly in-
fluenced by thermal pyrolysis and crack-
ing on the support.

In reforming studies in the temperature
range 400-500°C, Moseley 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 be independent of the
partial pressure of the hydrocarbon (11).
The accumulated amounts of carbon during
the deactivation appeared to be negligible.

Balandin et al. (12, 13) investigated re-
forming reactions at 360-400°C. During
initial periods of the experiments of a few
minutes, self-poisoning was indicated by
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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) 1s 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 contribute to the forma-
tion of coke.

Since the main interest of the present
study 1s coking problems in tubular reform-
ers, the investigations have concentrated on
the temperature level of the inlet layer of a
reformer tube, i.e., around 500°C. At the
same time, as indicated by the previous
activity studies (1), the influence from
cracking reactions may be neglected at this
temperature.

MgeTHODS

Coking Studies

The experiments were performed in the
thermogravimetric system described pre-
viously (2}. The feed system 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 ratlo. 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
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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 aveid 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 frae-
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 wt9, Al
Catalysts based on magnesium
aluminium spinel.

Catalysts based on alumina.
Catalysts on various supports.
Catalysts containing noble metals.

B-types:

C-types:
D-types:
E-types:

The properties of the individual samples
have been listed earlier (7). 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 pore 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-heptane/hr

H,0/C: 2.0 moles/atom

No(4Ar) in feed: 0.125 g mol/hr
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Hz:
N, seal gas:

0.018 g mol/hr
0.670 g mol/hr

Decoking Studies

Some experiments on decoking of cat-
alyst by means of steam were performed
following the techniques deseribed by
Weisz and Goodwin (14). 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 ecatalyst was exposed to a
large excess of steam (H,O: 10 mol/hr, N,:
1 mol/hr). The CO, evolved was absorbed
by a solution of 0.15 N Ba(OH), in a con-
ductivity cell (Radiometer CDC 104). The
conduetivity 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.

REsSULTS

Emupirical Plots

Some preliminary results were reported
earlier (15).

Typical plots of weight of coke versus
process time, obtained in the eoking 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 k.:

(V = k«(t - to) (5)
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COKE CONTENT
wt%

Fre. 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,0/C = 1.3),
2. exp. 236(H,0/C = 1.5), 3. exp. 231(H,0/C =
2.0).

and the coking rate by:
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Experiments based on samples from the
same catalyst batch showed standard de-
viations for k. and ¢ of 25% and 12%,
respectively, and for this reason most of
the experiments were repcated or, when
possible, parameters were changed during a
single run. The uncertainty may reflect that
the conversion, and with that the mean
concentration, of n-heptane in the hydro-
carbon may vary from experiment to ex-
periment. First, the activity wvaries from
sample to sample as shown previously (1);
second, even a small displacement of the
basket from the axis of the reactor 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-
gravimetric system to normal flow reactors.
However, the results may still be used to

- dC _dC _ i (6) identify catalyst properties important for
Codit—t,) dt i the elimination of coking.
TABLE 1
CokINg aT Various Feep Rates, 500°C*
Total
feed )
Cat.  Particle (g mol/ Space velocity H:0/C

Exp wt. size hr X g mol C;Hy, % 22. ) (am()l ) PCrHus [2:84 ( )
no. (g) (mm) 22.4) g - cat- hr tom (atm)  (atm) min (mm )

A: (partial pressures)
518 0.70 2-3 27.0 2.0 1.3 0.05 0.46 466 140
519 0.70 2-3 19 .4 2.0 1.3 0.07 0.66 453 126
520 0.70 2-3 27.3 2.0 1.5 0.05 0.53 236 195
521 0.70 2-3 19.0 2.0 1.5 0.07 0.76 358 206

B: (space velocity)
510 0.69 2-3 20.5 2.0 1.7 0.07 0.78 220 157
515 0.56 2-3 17.0 2.5 1.3 0.08 0.73 596 85
514 1.13 2-3 17.2 1.2 1.3 0.08 0.73 545 74

C: (particle size)
517 1.11 -2 16.9 1.2 1.3 0.08 0.73 388 92
516 1.11 4-5 17.0 1.2 1.3 0.08 0.73 411 96
513 0.61 9X9 16.4 2.3 1.3 0.08 0.75 545 74
512 0.20 6 X6 16.7 6.7 1.3 0.08 0.73 324 125
511e 0.21 6 X6 18.7 6.4 1.5 0.07 0.75 110 223

* N, used as balance; catalyst: A17; feed: n-heptane.

e A single cylinder (no basket).
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Fic. 2. Coking rates and steam/carbon ratio. Feed: n-heptane; catalyst: 0.70 g Al. Standard conditions

at 500°C.

Process Parameters

The results shown in Table 1 demon-
strate that the steam-to-carbon ratio is
more important for k. and ¢, 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 between k. and t,,
and the steam-to-carbon ratio. As shown in
Fig. 2, k. increases strongly when decreas-
ing the steam/carbon ratio, whereas ¢, de-
creases linearly. In another series of experi-

TABLE 2
InFLUENcE oN Coking Rates oF H; ano CO.*

Addition to feed

Coking rates

H:0/C Amount Partial
Exp. mo]e) (g mol/hr pressure ke to
no. atom Gas X 22.4) (atm) (ug/min) (min)

411 a 2.0 N, 2.8 0.12 199 159
b 11.8 0.36 193

412 a 2.0 H, 0.4 0.016 138 113
b 9.4 0.24 205

413 a 2.0 H, 0.4 0.016 181 147
b 9.4 0.24 243

544 a 1.3 CO, 0 0 600 53
b 9.0 0.33 700

5482 g 1.3 CO, 0 0 960 55
b 9.0 0.33 1060

* Standard conditions, 500°C; feed: n-heptane; catalyst: 0.7 g Al.

* 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,0/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 inereasing the hydrogen partial pres-
sure in the feed.

The temperature of the

dependence
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Fr1c. 4. Temperature dependence of coking rate.
Feed: n-heptane; catalyst: 0.69 g Al7. Standard
conditions at H;0/C = 1.3 mol/atom.

coking parameters is demonstrated in Fig.
3. Although the uncertainty of k. is sub-
stantial, the 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 aceuracy of k. allows
calculation of an apparent activation en-
ergy of 40.0 kcal/mole for temperatures
below 550°C.

TABLE 3
CoxiNng Rates or Various HyprocarBons*

Coking rate

Reactivity
ko k. L,
Exp. no. Hydrocarbon (gatom/g/hr) (ug/min) (min)
319 Ethylene — 17500 <1
318 n-butane — 2 —
306 n-hexane — 95 107
308 Cyclohexane 7.2 64 219
307 Benzene 0.53 532 44
231/232/245 n-heptane 1.9 135 213
310 tri-methyl-butane 3.6 5 (56)
323 n-decane 1.9 — (90)
324 n-dodecane — (12) 6)

at 30 atm, 500°C(1)).

* Catalyst: 0.7 g Al; standard conditions: H,0/C = 2.0 mol/atom, 500°C (k, from reforming experiments
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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. Apparently, 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 ocecurred, but at
500°C a small decrease was observed with
increasing coke content. This is not con-
sidered to be related to a poisoning of the
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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 basket.

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
intrinsie activities of samples P1 and P4
containing 11 and 4.5 wt% carbon were
estimated from ethanc-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 the 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 (7).

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

CONVERSION % COXE CONTENT W1
1 16
7
/
0} / o 500°C {5
/ o 450°C
/,’ 2 380°C |
Q //
a 4 13
10} /
/ 2
/
//
/s . i
a // A Y
e PROCESS TIME min.
10 50 100 150 200

Fi6. 5. Hydrocarbon conversion and process time. Feed: n-heptane; catalyst: 0.7 g Al. Standard con-
ditions at H,0/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
ExamiNaTioON oF Catanysts Exposkp To CokING BY MALOPERATION IN A MoNoTUBE PILOT PLanT
CataLysT A. ALt SampLes Pracep 1Ny THE TeMmperaTURE Rangr 450°-550°C

Carbon content

Activity of 0.1-0.3 mm particles
(CyHg-reforming)

Approx. — Coke ri ry
age of Iixternal structure _—
Samples coke  Bulk layer (electron (mol/g/h) (mol/m2 Ni/h)
(no.) (hr)  (wt9%) (wt9%) microscope) X 10 X 108 Comments

P1(A43) 150 11 19 Flake 2.5 208 Maloperation
during start-up.
No deactivation

P2(A43) 150 6 12 Flake 1.6 (2.5) 100 (130)° Maloperation
during start-up.
No deactivation

P3(A43) <5 1 Whiskerlike Maloperation
during start-up.

P4(A42) 500 4.5 7 Flake 1.8 (1.4y 118 (50) Slowly coking
deactivation
apparent.

P5(A42) 350 1.4 6.0 Flake 1.1 105 Slowly coking

deactivation
apparent.

s Corresponding unused catalyst listed in brackets.

b Ni-surface corrected for sulphur content.

¢ Data for regenerated catalyst in brackets. (Regeneration: coke burn-off in air and steam at 750°C,

reduction in H, 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 1s
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 reactive. 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 accumulation 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 P1 and P4, as indicated for P1
in Fig. 6. Apparently, the presence of coke
in P1 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 amounts of ethane and ethylene.
On the other hand, operation with P1-2 was
stable. Samples P4 and P5 and the corre-
sponding unused catalyst were characterized
by having practically no pores with radii
higher than 300 A. Tt is natural, then, to
assume that deactivation of P4 and P5 can
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o M
+ P1 AFTER REGENERATION
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_4dY  ml
dllog Rl g

log IRA}

3 4

Fic. 6. Pore volume distribution of catalyst P1
before and after burn-off of coke. Before regenera-
tion: surface area, 13.8 m?/g; porosity, 218 ml/kg.
After regeneration: surface area, 9.8 m?/g; porosity,
263 ml/kg.

be explained by a blockage of the pore
mouths by coke formed mainly close to
the external surface, whereas a blockage of
the larger pores of P1 and the unused cat-
alyst appears more unlikely. A direct
measurement of the diffusivity may not
reveal this effect, as even a small destrue-
tion of the external film during sampling
may disturb the results.

In situations where coking results in
break-down of the catalyst and accumula-
tion of coke in the void between catalyst
particles, channeling through non-coked
tubes of an industrial reformer may con-
tribute to an overall decrease in the cat-
alyst performance. Channeling around
coked passages may also explain the de-
creasing conversion observed during the
coking experiments.

Various Catalysts and Supports

Experiments with different catalyst prep-
arations revealed great differences in coking
data as indicated in Tables 5 and 6. While
the activity studies (1) showed the specific
activity to be within the same range for a
great number of catalysts, the coking re-
sults demonstrate that k. and ¢, are influ-
enced substantially by preparation methods
(A20 and A22), calcination temperature
(A20 and A21, A22, and A23), and activa-
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tion procedure (A3 and A4). However, it is
evident that values of ¢, obtained for most
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 inereased ¢,,
whereas addition of calcium and mag-
nesium to an alumina based catalyst (C9,
C11) appears to be without any effect
on t,.

Catalysts containing nickel-copper alloy
(A13) or cobalt (Al4) as metal phases
showed no coking, and similar results were
obtained on alumina catalysts containing
platinum (E1), ruthenium (E8), and
rhodium (E12). Even when the steam/car-
bon ratio was decreased to 0.6-0.3, no
coking was detected on the precious metals.
It should be noted that catalysts A13, Al4,
and E1 all showed poor activity for ethane
reforming.

A sample of Al saturated with sulphur
in the cquipment for determination of sul-
phur capacity before the coking experi-
ments showed no coking, and the same
result was obtained on the nearly inactive
catalyst (D14) based on carbon.

Experiments using ethylene as feed
showed very short induction periods, but
the values of k. correlate with those ob-
tained with n-heptane.

A few experiments with n-heptane were
performed with no stcam present, steam
being replaced by nitrogen. Very high
coking rates, were observed, but no cor-
relation with the results with steam pres-
ent, activity data or nickel surface areas is
apparent.

Some series of experiments were per-
formed on support materials containing no
metals. At standard conditions at 500°C, no
coking was observed over magnesia (S1)
even with ethylene as feed. When heating
n-alumina (S4) in steam and n-heptane at
a rate of 2°C/min coking was indicated at
715°C. The experiment was repeated with
S1 with nitrogen replacing steam, and
coking was observed at 690°C at a heating
rate of 4°C/min. Experiments at 750°C
with 84 where the partial pressure and the
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TABLE 6
CokiNG RaTes ofF Various CaravLysts, B-E Typrs

Activity for ethane reforming

Coking rates at 500°C

at 500°C -
n-heptanee Ethylene?
Ts (H.0/C = 2.0) (H,0/C = 6.0)
Ti (mol/m? _
(mol/g/hr)  Ni/hr ke t k.
Catalyst X 10 X 10%) @m,0 (ug/min) (min) (ug/min)
B-Types: Based on MgAlLO,
B1 1.6 366 0.0 880 84 2550
B6 0.529% K 0.54 61 (—0.3) 620
B4 1.53% K 0.074 8.3 —1.08 0 — 17
C-Types: Based on ALO;
C1 7ALO; 5.5 80 0.13 2470 12
Cé C,1.7% K 1.8 29 56 63
C8 Cl,1.39% Na 3.2 47 5 —
C9 C1,1.19% Ca 2.2 30 130 12
Cil  Cl,1.2% Mg 518 2
C2 vALO; 9.2 163 175 15 1750
C3 vALO; 8.2 227 2180 12 6670
C10 C3,2.19% K 1.9 46 1.8 —
D-Types: Based on various materials
D4 ZrQ, 0.067 2.6 43 60
D9 Si0/ALO, 1.1 25 26 9
Di4 Carbon 0.04 5 0 —
E-Types: Noble metals based on AL,O;
E1 0.5% Pt 0.53 221 — >270
E8 0.5% Ru 5.4 2059 — >240
E12 — Rh 4.1 2502 — >180

o 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 5-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
P1 with and without addition of alkali. The
results indicated that the reactivity of the
carbonaceous deposits increased when al-
kali is present.

Discussion

Coking Parameters

Equation (5) implying a constant coking
rate after a certain induction period, differs
from the Voorhies expression (16-18)
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003 004 005 006 007

a0l kg pg/ min PCH, atm
oexp 477(PC,H)

700+ o exp 480 {HO/C)
600+
500
L00f
300 g A

o HAIC molefatom

1I.O 125 150 175 0

Fic. 7. Coking rates on support S84 (0.4 g) at
750°C. Feed: n-heptane (6.2 g/h). Exp. 477: Varia-
tion of pea, (H:0/C = 2.0, N, as balance). Exp.
480: Variation of H.0/C (pcm,, = 0.06 atm, N,
as balance, total feed: 1.07 g mol/hr).

normally fulfilled in coking studies on
cracking catalysts:

C = k,tr, )

n being less than 1. Thus, Ozawa and
Bischoff (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 re-
flected by the high apparent activation en-
ergy of 40 keal/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

keal/mole. This value cannot be compared
directly with that obtained from Fig. 4,
which also includes the temperature de-
pendence of the gasification Reaction (1).

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. () and by Saito
et al. (9). This may indicate that the maxi-
mum found in coking from reforming reac-
tions should not be related to the gasifica-
tion step. When inereasing temperature,
Lobo and Trimm observed a minimum in
coking rate at 600°-650°C above which the
coking rates inereased with an activation
energy in the range 43-50 keal/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 to be the rate-deter-
mining step, and that zero order kinetics
mean that the nickel surface remains ac-
cessible for the hydrocarbon. This explana-
tion is in aecordance with the present re-
sults and to the whisker growth mechanism
discussed earlier (2), although surface dif-
fusion may be nvolved as well.

The evaluation given by Macak et al. (5)
is In contrast to these results, as it is sug-
gested that the carbonaceous deposits are
blocking the nickel surface, and that the
reactants have to diffuse through the coke
laver to react on the nickel surface. At low
temperatures, the coke layer exposes per-
meability for reactants and produets, but
above 570-600°C graphitization causes in-
ereased 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 polvmer film blocking the
surface.

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
dehydrogenation and polymerization into
strongly adsorbed species, which may form
carbon. A similar reaction pattern 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 (7) in the
discussion of the kinetics of ethane reform-
ing, this means that the steps:

Q(CnHu) - (Sl)n = (CnHv)2 - (Sl)2n
+ (u — v)Hy = polymers = coke (8)

are competing with the gasification step,

CH,—sl+o—Sl=co+gH2+zsl.
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:

CnHm + 281 + yS3 = (S1)2 - CnHz

+y() — H+ == —LH (10)

S — CH, + 8 + H,
= (Sl)2 - Cn—le’ + Sl - CH; (11)
(81): — C:H,» + Hy = 28, — CH,. (12)

This implies that p-u, should be re-
placed by pc,u. in the expression for the
rate of step (9) derived earlier (1):
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where k, and k', 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 the reactions
with the gas phase, as demonstrated by
Frennet and Lienard (22). Therefore, in a
simple sequence, a certain residenee 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 earbon. The residence time of C,H.
radicals may be expressed by:
L0u, (14)

Te
Xcam, being the surface concentration of
C.H, (mol/m?Ni).

From the simple sequence is obtained:

TCaH: —

k' 1 .
TC.H, = Ef * Pt * Pt D (mol/m? Ni),
(15)
where ky is the rate constant for (11) re-
flecting the reactivity of the adsorbed rad-

ical for hydrocracking.
Then:

1 1
= . .D =
k’H * Pu, kH * PH,
nk’'a  PCaHn
1 . .
< + ]{'r : Kw PH:0 P

FEP2) )

2

TCnH,

1—y/2

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

ry = N. (T - Tc)) (17)

where 7. is some critical residence time on
the surface of the hydrocarbon radicals re-
quired to form precursors for coke. When

k4 - pe.n./pud’?

nk'A

Ty = 3
PCattn 1y Pmo
<1+kT-Kw Pr" + K pH,>

Pr:0

’ . 12
= K4 Poutn/Pu™ () Bt Nijh),

D2

(13)
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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
nucleation at the actual conditions have
not been reported. But there is some evi-
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 dem-
onstrated earlier (2) that coke is formed
rapidly at 230°C when heating catalyst Al
in pure methane,

When steam is present, the residence

time 1
vime 18

tiang
LiUIIs

and the surface ohility r\{-'
ana e suriacc Mmooy

the carbonaceous species for nucleation may
become the limiting step. Apparently, the
mobility is too small at temperatures below
450-500°C under the conditions used by
Moseley ef al. (10), and polymers are
cumulating on the surface, which is grad-
ually blocked, and the 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
be removed as initially by treatment in hy-
drogen (11, 25).

It is known that the solubility of carbon
in nickel increases significantly at tempera-
tures around 500°C. Thus, several studies
have shown segregation of carbon to occur

hy annling ninlral +4 tha famnanafiinae vanon
2Y COOE NICKEC: U0 uie Wemperature range

below 500°C, or disappearance of coke bv
heating above approximately 500°C (26—
28). The increased solubility may result in
improved surface mobility or formation of
an “intermediate carbide”
Renshaw et al. (29), 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 be
considered only as an example it may be

amall
Siitchil,

ac-

as proposed by

107
1Ji

useful for a preliminary classification of
parameters influencing the selectivity for
gasification. Thus, the expression (16) may
qnn]\“nfvxvn]‘v 1Hhictrate tha

influnence from
uaianvely uiustrate ine

111U vy 11Vt

the steam-to-carbon ratio. The role of
steam adsorption in {16) may appear com-
plex, because Ky pu,o and the reciproeal

term as well are included in D. As dis-
cussed earlier (I), the various kinetic ex-
pressions indicate that both terms may be
significant and, in prineiple, D becomes a
hyperbola function of py,o showing a mini-
mum. However, the experimental data and
practical experience clearly indicate coking
to decrease, when only pu,o is increased.
Therefore, it might he assumed that prac-

l/l(/dl \/dluﬁb Ul ll are pld(,(.u on LI (&
ing branch of the hyperbola.

JA R B
aeclin-

Catalyst Parameters

The simple sequence demonstrates the

armmilihrinnm annatant fa
L,\iuuxuxjuxu eonstant ior

importance of the

steam adsorption, K,. This is in accord-
ance with the experimental results in
Tables 5 and 6 which show larger induction
times for coking, ¢, for catalysts having
negative kinetic orders
steam, i.e., catalysts containing alkali or
being based on magnesia. The small alkali
content, in the catalyst studied by Nicklin
et al. (6) and Bhatta and Dixon (7) may
have influenced the results, which showed a
negative reaction order with respect to
steam.

with

orders respect to

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 (7).

thig unhilkalvy hepange
[ 299 4s] utiaCiy, woetaust

However
ALUNYL YL,

annparag
appcals

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, It is an open
question whether this effect can be related
simply to the improved steam adsorption
causing an increased “virtual” steam pres-
sure for the reaction.

Te.
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TABLE 7
CoxkING oN VARIOUs SUPPORT MATERIALS*

Coking rates

Support Correspond. k. to
Exp. no. no. Remarks catalyst (pg/min) (min)

482 81 MgO(AlOs), Mg/Al = 7/1 A22 60 7
487 52 S1 sintered A23 330 37
492 83 MgALO, B1 90 44
477 84 7ALO; C1 410 2
484 85 S84+ 28 wt9 K (C6) 30 —
490 56 aAlO; Ch 184 40
491 87 ZrQ, D4 170 16
481 S8 Si0,/ALO; D9 340 —

* Standard conditions: H,0/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 wvalues 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 (1) as shown by the spe-
cific activities 7¢ 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 duc 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:

rw(—AH),

T.—T.= h-a

(18)

where:

T, T,: temperature of catalyst surface and
bulk gas phase, respectively;

Tw: 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 wvarious cat-
alysts cannot be determined from the
coking experiments, but the relative levels
may be estimated from the ethane reform-
ing experiments by r; 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
kg/cm?, H,0/C = 3.8 mole/atom, mass
velocity 1.0 g/cm? see) 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 0.1°C for catalysts A22 and B4,
respectively. For this calculation were used
reaction rates estimated from the naphtha
reforming experiments rcported earlier (1),
and the enthalpy of reaction was caleu-
lated by assuming 5% of the naphtha to be
converted into the equilibrium mixture ac-
cording to (2) and (3), considering inactive
the remaining part of the naphtha. This
assumption is justified by the results of
Phillips et al. (31).

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 rate reported in Table 2.

A number of ecatalysts with poor specific
activity showed very little or no coking.
This mayv be aseribed to low values of the
rate constant for adsorption k,, which may
be influenced by surface heterogeneities
(1) and the properties of the metal.

Thus, the result on the nickel-copper
catalyst A13 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 A1 catalyst, which
was in accordance with previous results in
pure methane and carbon monoxide (2),
mayv also be explained by restricted adsorp-
tion caused by the blockage of the nickel
surface. Probably, the surface of the
cobalt catalvst A14 was blocked by super-
ficial oxidation as indieated earlier (7). In
atmospheres containing no steam, coke
from carbon monoxide and methane (2)
and from olefins (19) was formed on cobalt
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as on nickel. The evaluation of the different
behavior of the nearly inactive nickel ecat-
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 olefin atmosphere with
no steam present. Duc to this and the high
activity of K8 and E12 the result cannot
be related to low values of k', or high
values of K,. The different behavior of the
noble metals might be related to reduced
mobilities and solubility of ecarbon in the
metal phase thus retarding the nucleation
process, or to low values of the rate of re-
action (8) caused by another composition
of the surface radicals. Further studies are
required to clucidate 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 eoking step (8).
The coking rate from trimethyl butane
being close to that of m-butane might re-
flect that 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 earbon—carbon bonds of the
n-heptane molecule. The high coking rates
from ethylene and benzene may indicate
high values of k’y and the existence of
surface radicals favoring dimerization reac-
tions. The low reactivity of benzene corre-
sponds to a low value of k. The low coking
rates of n-decane and n-dodecane may be
explained by a higher value of ky; 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-
dicating paraffins to yield no higher hy-
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drocarbons as products. As discussed pre-
viously (7), the existenee of these radicals
may vary from hydrocarben 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. Alkali 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 observed
over catalysts with poor activity or ecat-
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 700°C, cracking rates depend on the
eomposition of the support. The acidie
properties of the support appear ecritical,
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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°-550°C, coking may occur
only on the nickel surface. Whether carbon
i1s 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 certaln amount of the hydrocar-
bons may pass unconverted to the hotter
part of the tube, where coking on the nickel
surface is more critical. At temperatures
close to 700°C, coking may result also from
cracking on the support material, depend-
ing on its composition, or from thermal
pyrolysis of the unconverted hydroearbons.
Even methane may form coke in this way
as experienced in some reformers operating
at extremely high throughputs (4, 32}, or
at conditions where the equilibrium gas is
very close to having a positive affinity to
formation of carbon by the decomposition
of methane (2, 33). Sulphur poisoning may
also cause coking in the hot part of the
tube, the hvdrocarbons passing through the
deactivated inlet layer.

An effective catalyst for tubular reform-
ing of naphtha should be able to depress
coking from both routes. The use of alkali
may improve steam adsorption and elim-
inate effeetivelv the presence of acidie sites.
However, the alkali results in a very small
activity, implving that naphtha is passed
to hotter parts of the tube, where coking
hecomes more critical. A catalvst based on
active magnesia mayv show a high gasifica-
tion activity, a smaller but still enhanced
steam adsorption, and a low cracking ac-
tivity of the support. Due to the high ac-
tivity for gasification, the hvdrocarbons are
converted mainlv in the colder part of the
tube. Both principles have resulted in cata-
lysts with proven industrial operability
(4, 34, 35).



COKING ON Ni CATALYSTS FOR REFORMING

ACKNOWLEDGMENTS
The author thanks Dr. Haldor Topsge for per-

mission to publish this work. Thanks are given

to

Mrs. U. Ebert Petersen for her skillful and

patient assistance In performing the experiments.

-2

10.

11.

13.

14.

16.

. Rostrupr-NIELSEN, J. R., J. Catal. 31,

. Sarro,

. Sarro, M., Toxuxo,

REFERENCES

173
(1973).

. Rostrup-NieLsEN, J. R., J. Catal. 27, 343

(1972).

. Anprew, S. P. S., Ind. Eng. Chem. Prod. Res.

Develop. 8, 321 (1969).

. Rostrup-NIeLsEN, J. R., Chem. Eng. Prog.

Ammonia Safety Symp. Technical Man.
No. 156 82 (1973).

. Macag, J., Licka, S., AND MALECHA, J., Chim.

Ind., Genie Chim. 105, 517 (1972).

. Nickuin, T., FarringTON, F., AND WHITTAKER,

R.J, 1. G E.J 10, 151 (1970).

. Buarra, K. S. M., ano Dixon, G. M., Ind.

Eng. Chem. Prod. Res. Develop. 8, 324
(1969).
M., Toxuno, M. anNp MogITa,
Kogyo Kagoku Zassht T4, 687 (1971).
M., anp MoriTas, Y.,
Kogyo Kagakw Zasshi 74, 693 (1971).
MoseLey, F., Srtepuens, R. W., STEwart,
K. D, ano Woop, J., J. Catal. 24, 18 (1972).
Buarra, K. S. M., anp Dixon, G. M., Trans.
Faraday Soc. 63, 2217 (1967).

Y,

. Prac, M., BALANDIN, A. A., AND SLOVOKHOTOVA,

T. A, Kinet. Katal. 9, 360 (1968).
Bavasnova, S. A, SvovokHotova, T. A., AND
BavanpiN, A, A, Vestn. Mosk. Univ. Ser.
I1: Khim. 24, 23 (1968).
Wersz, P. B., anp Gooowin, R. D., J. Catal.
2, 397 (1963).

. Rostrur-NIELSEN, J. R., Chem. Eng. World

5, 50 (1970).
Vooruies, Jr., A., Ind. Eng. Chem. 37, 318
(1945).

17.

18.

19.

20.

21.

22.

26.
27.

28.

29,

30.

31.

32.

33.

35.

201

EserLy, P. K., KimeeguIN, Jr., C. N., MILLER,
W. H, axp Drusuer, H. V., Ind. Eng.
Chem. Process Des. Develop. 5, 193 (1966).

Ozawa, Y., aNDp Biscuorr, K. B., Ind. Eng.
Chem. Process Des. Develop. 7, 67 (1968).

Loso, L. S., Trimwm, D. L., anp FIGUEIREDO,
J. L., Proc. 5th Int. Congr. on Catalysis
(Palm Beach, 1972), ed. J. W. Hightower.
North Holland, Amsterdam 2, 1125 (1973).

Loso, L. 8., anp Trivmm, D. L. J. Catal. 29,
15 (1973).

WaaLLEY, L., Davis, B. J,, axp Moss, R. L,
Trans. Faraday Soc. 66, 3143 (1970).

FrenNNET, A, AND LieNaro, G., Surface Sci.
18, 80 (1969).

23. PresLanp, A. E. B.,, axp WaLker, P. L., Jr,

Carbon 7, 1 (1969).

24. GwarHMEY, A, T, axo CunNiNGHAM, R. E.,

Advan. Catal. 9, 25 (1957).

. Cockeruam, R. G., PercivaL, G., aND YAR-

woop, T. A, I. G. E. J. 5, 105 (1965).
Sickarus, E. N, Surface Sci. 19, 181 (1970).
Brakevy, J. M., Kim, J. S, axp Porter, H. C.,

J. Appl. Phys. 41, 2693 (1970).

Banerseg, B. C., ANp WaLkegr, Jr, P. L., J.
Appl. Phys. 33, 229 (1962).

Rensuaw, G. D, Roscor, C., aNp WALKER,
Je.. P. L., J. Catal. 22, 394 (1971).

CimiNo, A., Bouparr, M., anp TavLor, H.,
J. Phys. Chem. 58, 796 (1954).

Pumcues, T. R.,, Yarwoop, T. A, MuLHALL,
J., axp Tuener, G. E., J. Catal. 17, 28
(1970).

Fueming, H. W, anp CroMEANS, J. S., Chem.
Eng. Prog. Ammonia Safety Symp. Tech-
nical Man. No. 13. (1971).

BrmngEr. G. W., Proc. Symp. on Natural Gas
as Raw Material for the Chemical Industry
and for Manufacture of Reduction Gases in
Ore Treatment, Karlsruhe 1972, paper 7.

. Bripger, G. W., aNp Wyrwas, W., Chem.

Proc. Eng. 48, 101 (1967).
Torsgr, H., I. G. E. J.. 6, 401 (1966).



