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A number of catalysts have been investigated to identify some factors of chemical 
composition and surface structure which may influence the activity for steam re- 
forming of hydrocarbons. The kinetics for ethane reforming at 500°C are influenced 
by the composition of the catalyst. The specific activity is very low on some support 
materials, and when alkali is present. The activity correlates with the surface hetero- 
geneity expressed by adsorption of nitrogen on the nickel surface. The activity trend 
observed for reforming of ethane is generally following that obtained for reforming 
of other hydrocarbons, hydrogenolysis of ethane, and methanation of carbon monox- 
ide ; whereas decomposition of ammonia appears unaffected by the carrier or the 
presence of alkali. Various explanations for thr effect of the carrier and of alkali 
are discussed. 

In many kinetic studies of chemical 
processes a single catalyst sample is inves- 
t,igated in great detail to provide a basis for 
calculation of the catalyst volume required 
for a given conversion in industrial reactors. 
Tubular steam reforming of higher hydro- 
carbons is a process where secondary ef- 
fects of catalyst activity may have an in- 
fluence comparable to that, on the overall 
conversion. Steam reforming of higher hy- 
drocarbons is a complex process including 
several consecutive and parallel reactions 
of which some may result in coke. The 
overall reaction ran be described by the 
breakdown of the hydrocarbon : 

C,H, + nHzO+nCO + 12 + f Hz (1) 
( ) 

followed by establishment of the equilibria : 

CO + Hz0 = CO2 + H,, (‘L) 
CO + 3H2 = CH, + H,O. (:<I 

‘Tubular reformers are working normally at 
catalyst inlet and exit t’emperatures in the 
ranges 450-550 and 65G85O”C, respec- 
tively. The catalyst activity determines the 
minimum exit temperature t,o be applied 
without breakthrough of higher hydrocar- 
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bons. This may be a problem in reformers 
for towns gas production (1, 2). In most, 
reformers for production of synthesis gas 
and hydrogen, the composition of the exit 
gas will be very close to the equilibria of 
reactions (2) and (3) established at the 
exit temperature and, normally, design re- 
strictions to ensure long tube lives will 
determine the maximum throughput. 

High catalyst activity may result in 
lower tube wall temperatures. In addition, 
it may imply reduced risks of coking be- 
cause the breakdown of the higher hydro- 
carbons may be completed in the colder 
part of the bed where coking rates are 
smaller (1, 3). However, this study deals 
only with the activity for conversion of the 
higher hydrorarbons, reaction (1)) whereas 
the selectivity problems will be reported 
later. Moreover, the rates of the simultane- 
ous reactions, (2) and (3), have not been 
considered and no attempts have been made 
to evaluate a complete kinetic expression 
to be applied in reactor design. As shown 
in Table 1 very different results have been 
reported on the kinetics of reaction (1) 
(4-S). Balashova, Slovokhotova and Bal- 
andin (41 observed the reaction order with 
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TABLE 1 
RESULTS FROM SOME KINETIC STUDIES OF STEAM REEORMING OF HIGHER HYDROCARBONS 

Kinetic 

Authors 

Balashova, Slovok- 
hotova and 
Balandin (4) 

Bhatta and Dixon (5) 
Bhat,ta and Dixon (6) 

Phillips, Mulhall and 
Turner (7) 

Saito et al. (8) 

coefficient,5 Activation 
Catalyst Temp Pressure energy 
system Hydrocarbon (‘C) (atm abs) QT.H, c~mo (kcal/mol) 

Ni/SiOp Cyclohexane 400-460 (1) 0 o-1 22-24 
Ni/C No activity 

Nijy-Al,O$ n-Butane 425-475 30 0 1 
Nil?-AlsOa n-Butane 30 0 1 13 
Nila-AllOsUO? 404-491 30 1 -0.6 24 
(6.3% K) 
Ni/y-AlnO n-Hexane 360-450 15 0.3 o-0.07 21 

n-Heptane 
Ni/SiOz n-But.ane 370-450 1 0 1 

respect to steam to vary with the range of 
steam partial pressure, and the data of 
Bhatta and Dixon (6) demonstrated that 
the kinetics may change significantly from 
catalyst to catalyst. 

The purpose of the present work has been 
to identify some of the factors in chemical 
composition and surface structure of the 
catalyst which may influence the activity. 
Various catalyst preparations have been 
investigated but a more detailed kinetic 
study has only been made with a single 
catalyst sample. The study has been limited 
to temperatures around 5OO”C, a typical 
inlet temperature of the catalyst bed, be- 
cause a high activity for reaction (1) is 
assumed to be important in this part of the 

experiments at atmospheric pressure. Et.h- 
ane, being the simplest higher hydrocarbon, 
was selected as feed. Some experiments 
have been performed at pressure using vari- 
ous pure hydrocarbons and naphtha as 
feed. Finally, the activities for other reac- 
tions, methane reforming, methanation, de- 
composition of ammonia and ethane hydro- 
genolysis, have been estimated for some of 
the catalysts from experiments at atmos- 
pheric pressure. The activity tests have been 
supplemented by chemisorption studies. 

METHODS 

1. Ethane Reforming at Atmospheric 
Pressure 

bed. The activity has been estimated Apparatus. The experiments were per- 
mainly from isothermal steam reforming formed in a simple flow system with a 

:: 
:: 

i: 
7. 

i: 
10. 
11. 

EVAPORATOR 
CAPACITY 
Co OVEN c0 OVEN 
SCRUBBER tBo[OHl,I P DRYER SCRUBBER ~Bo[OHl,I P DRYER 
IASCARITE I IASCARITE 1 
NiMolZnO OVEN NiMolZnO OVEN 
FLOWHEIERS FLOWMETERS 
CAP ILLARV FLOWMETER CAP ILLARV FLOWMETER 
REACTOR REACTOR 
COOLER AN0 SEPARATOR COOLER AN0 SEPARATOR 
SAMPLE VALVE SAMPLE VALVE 
GASMEIER GASMEIER 

FIG 1. Apparatus for studies of et,hane reforming and other reactions at atmospheric pressure. 
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tubular fixed bed reactor as shown in Fig. 1. 
The reactor, which was made of 18/8 stain- 
less steel, was surrounded by an electrically 
heated furnace. ,4 metal block with an ex- 
ternal diameter of 25 mm was mounted on 
tlic reactor to ensurck isothermal conditions. 
The internal diamctcr of the reactor was 
5.04 mm, and a thermowell with external 
diameter of 2.0 mm was placed in the axis 
of the reactor. The tcmpcrature of the 
catalyst bed was adjusted by mean? of a 
tliyristor controller. The axial ternpcraturc 
gradittnt is catiniattd to be less t’han l”C/ 
cm in the catalyst bed. 

The gas flows were controlled by flow- 
meters, whereas the addition of H,O was 
followed on a buret. 

Gases. All gases except H, were taken 
from cylinders. H, (impurities (mainly 0,) 
less than 0.03%, ‘1 was made in an Oerlikon 
clcctrolyzcr and used without further puri- 
firation. C,H,, was purified over Ninlo 
catalyst and ZnO at’ 270°C. Gas chromato- 
graphic analyses show-cd impurities of CH, 
(max 0.01 l-01 %‘i, C,H, (0.04-0.66 vol %), 
C,,H, (0.02-0.08)) and C,H, (0.02-0.40 vol 
s’). N, wa s purified over Cu wire at 250- 
275°C. CO, was used without purification. 

Procedure. A sample of 0.1-0.4 g of re- 
duced catalyst, as 0.3-0.5 mm particles was 
placed in the react’or. The catalyst was 
heated in H, (0.18 mol/hr) to the tem- 
peraturc to bc used for the experiment 
(normally 500°C) and steam was added. 
After condensate was observed in the cooler 
and steam flow checked by sampling of 
condensate, ethane and, in a few experi- 
tnent~s, also CO, were added. All experi- 
mcnts wcrc performed with H, in the feed 
(H,O/H, = approx 10) to avoid oxidation 
of the catalyst. When the exit, gas flow was 
stabilized a sample of the dry exit gas was 
taken, and the conditions were changed. 
Sormally, t,he activity stabilized within less 
than 30 min. However, over periods of days 
a gradual deactivation was observed which 
could be ascribed to sulfur poisoning. Owing 
to this the bed was changed after each run, 
normally having a maximum duration of 
approx 6 hr. In a few cases the bed was 
used for two runs. The parameter to be 
changed during the run was varied unsyste- 

matically with time to minimize the in- 
fluence of poisoning. Moreover, as a check 
each experiment was completed at the same 
conditions as the starting conditions. After 
each experiment the weight of the catalyst 
was checked. 

The gas sample was analyzed by means 
of Or,Gat (CO,) and gas chromatographic 
analysis. At the normal conditions the main 
products wcrc CO, and HZ. 

Evaluation. The reaction of ethane with 
steam : 

CJIG + 41120 = 2COr + 7132, (4) 

ran 1-w considered irreversible as k’,, 
1500”C1 = 155 atm4. 

For simplicity a kinetic cxprrssion of the 
power form was selected : 

where 17 = C&H, inlet flow, W = catalyst 
weight, and x = conversion. The conversion 
of C,H,, was calculated on basis of the exit 
gas analysis by : 

(CHJ + (CO) + ((102) 
x = (CH,) + (CO) + (COz) + 3(&H,) 

x 100%. (6) 

The kinetic parameters were estimated from 
plots of the conversion and the parameter 
in quest’ion, and the estimated values were 
used for computer integrations of (5) as- 
suming no diffusion restrictions and no 
tempcratvrr gradients. On the basis of the 
calculated rate constant’s the kinet’ic param- 
eters were changed until the variance was 
minimized. In the calculations the mea- 
sured H,O addition was used as the H&- 
feed, whereas the inlet gas flows were cal- 
culated on the basis of the exit gas analysis 
and the measurement’ of the exit gas flow. 
This procrdure was found to be more ac- 
curate than using the readings of the flow- 
meters. The mass balance of the apparatus 
was checked in a few experiments where 
gas samples were taken before and after 
the reactor. Relative deviations in ethane 
contents of less than 1% were indicated. 
Blank cxpcrimrnts at 500°C with alumina 
particles showed no con\-c>rsion. 
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The calculation procedure described 
could not be applied in experiments with 
C&H, and CO, in the feed, and in all these 
experiments gas samples were taken before 
and after the reactor. The inlet gas flows of 
CO, and C,H, were calculated from the 
CO,/GH, ratio of the feedgas, the exit gas 
analysis and the exit flow. The conversion 
was calculated from the ethane mass 
balance. 

In order to compare the activities of 
catalysts with different kinetic parameters 
the initial rate pi was calculated at follow- 
ing standard conditions: H,O/C,H, = 
8; H,O/H, = 10; temperature = 500°C ; 
and pressure = 1.0 atm abs. 

2. Other Reactions Tested at 
Atmospheric Pressure 

The apparatus used for ethane reforming 
experiments was also used for experiments 
on methane reforming, ammonia decompo- 
sition, and ethane hydrogenolysis. CH, and 
NH, were taken from cylinders. CH, con- 
taining less than 0.02% of higher hydro- 
carbons was purified by washing in a 
Ba (OH), solution and over ascarite to re- 
move an impurity of CO, (0.7 vol %) . NH, 
was used unpurified. 

The methane reforming experiments were 
evaluated in a similar way as the ethane 
reforming experiments assuming first order 
kinetics with respect to methane as gen- 
erally agreed in the literature (9, 10) : 

I” = k . PC”,(l - Q/K,), (7) 

where Q and K,, are reaction quotient and 
equilibrium constant for: 

CH, + 2H,O = CO, + 4Hr. (8) 

The activities were compared by the initial 
rates calculated at the same standard con- 
ditions as above with H,O/CH, = 4. 

In the experiments on decomposition of 
ammonia : 

2NH1 = N, + 3H,, (9) 

the unconverted ammonia was absorbed in 
a solution of sulfuric acid and the conver- 
sion was calculated from the amount of 
washed exit gas and the ammonia feed. 

The activity was expressed as the conver- 
sion at 500°C using a space velocity of 9.0 
mol NHJg cat/hr. 

The experiments on ethane hydro- 
genolysis : 

CzHs + Hz = 2CH4, 

were performed with following feed: 

(10) 

Cd% 5 voly& 
HZ 20 volyo 
N* 75 voly& 

Reaction (10) is generally reported to be 
first order with respect to C,H, (11), 
whereas the order with respect to H, may 
vary. However, the partial pressure of H, 
can be considered as constant due to the 
large excess and the conversions being less 
than 10%. Therefore, the activity was ex- 
pressed as the first order rate constant at 
300°C. 

The methanation experiments were per- 
formed in the apparatus used and described 
by Schoubye (12). A mixture of H, con- 
taining approx 1 vol % CO was used as 
feed (0.1 Nm”/hr) . The reaction: 

CO + 3H, = CH, + H,O, (111 

was performed isothermally at a tempera- 
ture in the range 200-300°C depending on 
the expected activity. The catalyst was 
used as 0.4-0.5 mm particles in amounts 
of 0.5 g. The initial rate was calculated on 
the basis of the kinetics of Schoubye (12) 
at the following standard conditions: 1 vol 
% CO in Hz; temperature = 250°C; pres- 
sure = 1.0 atm abs. 

3. Reforming Experiments at 
Elevated Pressure 

Apparatus. The apparatus was designed 
to simulate operation under industrial con- 
ditions. Water and liquid hydrocarbon feed 
were pumped to an evaporator and mixed 
with gaseous hydrocarbons and N, to be 
used as feed. The feed mixture was passed 
through a vessel for mixing and a preheater 
to a tubular reactor. H, was added just be- 
fore the reactor. The reactor effluent was 
depressurized and passed through a cooler 
and a separator t,o a gas meter. 
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The reactor was made of 18J8 stainless 
steel and had an internal and external di- 
ameter of 10.0 and 17.5 mm, respectively. 
One thcrmowell with external diameter 3 
mm was placed in the axis of the reactor, 
and another at the external surface. The 
reactor was surrounded by an electrically 
heated furnace with 3 independent sections. 
The heated length of the reactor was 60 
cm, whereas the height of the catalyst bed 
was 10 cm. The catalyst zone consisted of 
0.25-approx 10 g of catalyst as l-2 mm 
particles diluted to constant volume with 
particles of magnesium aluminum spinel. 
The amount of catalyst was determined 
such that conversions and temperature 
gradients were of the same order of size in 
all experiments, Above the catalyst zone 
was placed a layer of 5 cm of particles of 
magnesium aluminum spinel. The tempera- 
t.urc was adjusted by thyristor controllers, 
and the pressure was maintained by a pneu- 
matic control valve. The flows of water and 
liquid hydrocarbons were indicated on 
burets, whereas the gas feeds were measured 
on flowmeters. The axial temperature 
gradient in the catalyst bed was found to 
be approx 1 “C/cm, whereas the temperature 
difference between the external tube wall 
and the axis of the bed varied between 2 
and 10°C. On this basis the experiments 
cannot he considered as strictly isothermal, 
and the results may only be used for rela- 
tive comparisons of the catalysts. 

Feedstock. The compositions of the fced- 
stocks were detcrmincd by gas chromato- 
graphic analysis. The liquid hydrocarbons 
were tiesulfurized in a separate apparatus 
over N&lo catalyst and ZnO. Analyses 
showed contents less than 0.05 ppm S. The 
gaseous hydrocarbons, N, and H, were used 
unpurified. 

Procedure. Before each experiment the 
apparatus was checked for leakages in H, 
at 36 atm abs. The reactor was heated up 
in H, to about 400°C. Steam and then 
gradually hydrocarbon feed were added and 
the process conditions were established. All 
experiments were performed with addition 
of H,, (H,O/H, = lo), to avoid oxidation. 
It soon turned out that the catalyst activit,y 

could not be maintained for more than a 
few hours. This could be ascribed to sulfur 
poisoning caused by the quick accumulation 
of sulfur at the extremely high throughputs. 
Therefore, most of the experiments in- 
cluded only one measurement. As standard 
conditions were used : 

Pressure 31 at’m abs 
Mean temp 500°C 
H&/C 4 mol/atom 
SO/Hz IO mol/atom 

In a few experiments where the total pres- 
sure was changed, this was done in an un- 
systematic way to minimize the influence of 
poisoning. Samples of dry exit gas and in 
some cases a sample of unconverted hydro- 
carbon were taken and analyzed by means 
of a gas chromatograph and Orsat analysis 
(CO?). 

Evaluation. The conversion, X, of the 
higher hydrocarbons was calculated from 
the analysis and flow measurement of the 
exit gas giving the g atoms of CO, CO, and 
CH, formed, and from the measured con- 
sumption of liquid hydrocarbon giving the 
total g atoms of C in the feed. In the ex- 
periments with gaseous feed the conversion 
was calculated on basis of the exit gas only. 
Assuming pseudo-first order kinetics with 
respect to the hydrocarbon an apparent 
constant Ic, was calculated from: 

F 
k” = r 111 

1 
( ) 

__. 
l-x (12) 

In an experiment with CH, as feed, x was 
replaced by x//z,, where x,, is the conver- 
sion to establish the equilibrium. As de- 
scribed by Hougen and Watson (13) for 
situations where the kinetic expression is 
unknown, it may be useful for comparing 
different catalysts to assume that even 
complex catalytic systems approximate to 
a pseudo-first order relationship if only 
space velocity is varied. However, it must 
be emphasized that the apparent rate con- 
stant obtained by this empirical method 
may hardly be used for prediction of cata- 
lyst performance at other conditions. It 
should be used only for relative comparison 
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of cat,alyst activities or reactivities of vari- 
ous hydrocarbons. 

4. Catalysts 

The catalysts which are listed in Tables 
2 and 3 have been divided into various 
types determined by their chemical com- 
positions. The A-type is based on magnesia 
containing approx 6 wt s Al. Group 1 has 
a minor content of Na (0.02-0.16 wt 70) 
whereas groups 2-4 are free of alkali metals 
(less than 0.01 u-t “/o). Group 2 includes 
catalysts with fixed composition but with 
different preparation rout’es whereas the Ni 
content is varied in group 3. The B-type is 
based on magnesium aluminum spine1 
whereas the C-type is supported by various 
types of alumina. Catalysts based on other 
supports are represented by Type D and, 
finally, type E covers catalysts containing 
precious metals. If not indicated in the 
tables the catalysts of groups B-E contain 
no alkali metals (less than 0.01 wt s) . The 
numbering of the catalysts is made in ac- 
cordance with the numbering used previ- 
ously (14). Some of the catalysts were pre- 
pared in parallel and may present a better 
basis for comparisons. In addition to what 
is indicated in Tables 2 and 3 such groups 
are (A20-A23), (A26-A32), (Bl and B4- 
B6), and (A25, A36, C7, C8, D8, DlO and 
Dll). 

The catalysts were reduced in a separate 
reactor at 850°C in H, for a period of 2 hr 
unless otherwise indicated. The content of 
nickel in the reduced state was determined 
as previously (14). The nickel surface area 
was calculated on basis of the sulfur ca- 
pacity assuming the saturated surface to 
contain 44.2 X 10e9 g S/cm*. The sulfur 
capacity was determined by chemisorption 
of H,S at 500°C as described previously 
(15). A mean particle radius was calculated 
from the nickel surface area and the con- 
tent of reduced nickel as shown earlier (14). 
This figure should be used only as an indi- 
cation. For some catalysts the range of 
nickel particle size was estimated by means 
of an electron microscope, A N, capacity of 
the Ni surface was determined by a proce- 
dure described below. 

5. Adsorption Studies 

The presence of special sites on the 
nickel surface was investigated on basis of 
the work by Van Hardeveld et al. (16-19) 
who found that N, was physisorbed on the 
so-called B,-sites of nickel crystallites in 
the range 15,-70 A in a polarized state which 
was infrared active. The polarization ex- 
plains the relatively high initial heat of 
adsorption (approx 13 kcal/mol) . Other 
studies (20-22) have considered the IR ac- 
tive N, as weakly chemisorbed molecules, 
whereas the results of Bradshaw and 
Pritchard (23, 24) appear consistent with 
those of Van Hardeveld et al. 

As demonstrated by Van Hardeveld and 
Van Montfort (19) the determination of 
the number of B,-sites either by IR or volu- 

metric methods is not, unambiguous, as 
there is no simple correlation between the 
intensity of the IR-ab,sorption band of the 
adsorbed N, and the number of B,-sit,cs. 
The results make it likely that all N, ad- 
sorbed at’ room temperature and relatively 
low pressure is adsorbed in the IR-active 
form, but this N, is only a fraction of that 
which can be adsorbed at higher pressure or 
lower temperature. On this basis Van 
Hardeveld (25) has proposed measurement 
of the adsorbed volume at room tempera- 
ture and a N, pressure of 200 mm Hg as a 
standard method for determination of the 
number of B,-sites. 

This method has been adopted here, and 
as a correction for ordinary physically ad- 
sorbed N,, the measurement was repeated 
after poisoning the nickel surface with N,O. 
The N, capacity, n,, was det,ermined as the 
difference between the two adsorbed vol- 
umcs at 200 mm Hg. The measurements 
were performed in a conventional BET ap- 
paratus as described previously (15). A 
sample of 15-20 g of prereduced catalyst 
was heated in a flow of H, and evacuated 
for approx 3 hr at 800°C to a pressure 
below 10m4 mm Hg before the measure- 
ments. The high evacuation temperature 
was necessary to remove all II, from the 
surface. It was evident that H, could still 
be removed when heating the evacuated 
sample from 600 to 800°C. Evacuation at 
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600°C only resulted m smaller values of 
the N, capacity. Cat.alyst C4 was reduced 
in the equipment at 500°C but evacuated 
at 800°C. 

Some isotherms are shown in Fig. 2. For 
catalyst C4, which was the catalyst with 
the highest N, capacity, the contribution 
from the physically adsorbed N, is negli- 
gible, whereas the iY, capacity of a typical 
catalyst like Al is determined as the dif- 
fcrence between two figures of same order. 
This makes the determinat.ion of no very 
uncertain. Ercn cat,alyst. C4 shows a value 
of n,, of approximately one order of magni- 
tude less than t’hc typical values of the 
catalyst of Van Hardeveld. This is ex- 
plained by the larger nickel crystallites of 
the presc>nt, catalysts. The high uncertainty 
of the small adsorption volumes makes an 
estimation of the initial heat of adsorption 
vcxry unsafe. On basis of the isotherms on 
(14 at 25 and 65°C an initial isosteric heat 
of adsorpt,ion was e&mated to about 11 
kcal/mol N,. 

RESULTS 

1. Ethane Reforming 

4 series of experiments was performed to 
cleterminc a kinetic expression for ethane 
reforming at 500°C over catalyst Al. Mini- 

VIM Ncm’l kg 

loo- 

50 100 150 ml 250 

FIN. 2. Isotherms for ?Js-adsorption at, 25°C. 
Measurements after passivation of Ni surface with 
N20 indicated by filled points and broken lines. 

mum variance for an expression of the form 
(5) was obtained by: 

r = 1.67 x 

The effect of the partial pressure of carbon 
dioxide appeared insignificant. Experiment’s 
at 450 and 550°C including variations of 
the partial pressure of steam showed aHZO = 
-0.60 and -0.23, indicating that a more 
coml)lex expression is required to describe 
the kinetics of t,he reaction in a broad tcm- 
peraturc range. In this connection it should 
be noticed that Bodrov, L4pel’baum and 
Tcmkin (9) found t’he kinetic coefficient of 
hydrogen to yary with temperature in their 
studies of the methane reforming reaction. 

The kinetic coefficients, mainly for steam, 
were dctcrmined for some other catalysts. 
As shown in Table 4 the reaction order with 
reqject to steam varied significant.ly from 
catalyst to catalyst,. Thus, catalysts con- 
taining free magnesia (h-types and 113) 
showed negative values of ar*.,o down to 
-0.5, whereas catalysts based on mag- 
nesium aluminum spine1 (Bl j or alumina 
(Cl ) showed values of zero or slightly posi- 
tive, rcspcctivcly. The addition of potas- 
sium caused a significant decrease of (Y,(~~). 
The addition of sodium had a less pro- 
nounced cffcct. The addition of potassium 
implied no change of the apparent activa- 
tion energy whereas replacement of nickel 
with a nickel-copper alloy caused a sub- 
stantial increase of the activation cnc’rgy. 
This is demonstrated in Fig. 3. 

The influcncr on the cxl)eriments of mass 
and heat transfer was analyzed by means 
of the Tops$c REACTOR program (Rb’l 
designed for computer calculation of the 
temperature and conversion profiles of a 
fixed bed converter. The calculation is per- 
formtd on the basis of the intrinsic kinetics 
and the pore volume distribution of the 
catalyst. For catalyst A18, a catalyst at a 
typical act,ivity lcvcl, the calculation 
showed an effectiveness factor of more than 
0.95 and a temperature drop over the ga5 
film surrounding the> particles of 1.3”C, 
which reflects only negligible restrictions. 
For a very active catalyst such as A22, 
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TABLE 4 
ETHANF: REFORMING AT ATMOSPHERIC PRESSURE, 500°C: SUMMARY OF KINETIC PmAhmmKsf 

Catalyst 
type Comments 

Type A, Group 1 (MgO) 
Al 
A18 

Group 2 
A19 
A21 
A22 
A23 
Al3 

Group 5 (Promoted) 
A34Al,0.14wty0K 
A35 Al, 0.53 wt y0 K 
A37 Al, 0 61 wt y0 Na 

Type B, (MgA104) 
Bl 
B4 1.53wtOjoK 

Type C, (-41~03) 
Cl 

Type D 

Kinetic coefficients 
Apparent activation 

Cd% 60 6 energy E,, (kcal/mol) 

0.54a -0.33a 0.20 18.1 (0.15) 
-0.52b 

0.0 
-0.26c 
-0.4% 
-0.17c 

24.4 (0.7) 

-0.42c 18.9 (0.3) 
-1.51e 19.6 (0.5) 
-0.7 

0.06 18.3 (2.5) 
(0.4)c ---l.Ogd 

(0.6p 0.13a 

D3 MgO/Aln03 = l/l -0.26b 
D4 ZrOt 19.2 (0.9) 

f Figures in brackets indicate the accuracies of the activation energies. The accuracies of the coefficients 
are estimated to: a 10.05; b 0.05-0.1; c 0.1-0.2; d 0.2-0.3; e 0.3-0.5. 

some transport restrictions were indicated 
by an effectiveness factor of approx 0.9 and 
a temperature drop over the gas film of 
45°C. 

Due to the variations in kinetic coeffi- 
cients from catalyst to catalyst the activi- 
ties were compared on the basis of initial 
rates ri as described previously. For cata- 
lysts for which no kinetic coefficients were 
determined, ri was calculated on the basis 
of the kinetics of a similar catalyst. The 
relative standard deviations of ri calculated 
from experiments based on samples of the 
same origin and of the corresponding nickel 
areas were estimated to ,be approx 17 and 
lo%, respectively, which yield a relative 
standard deviation of t’he specific rate rs 
of no better than 20%. Therefore, the ex- 
periments only allow identification of sub- 
stantial differences of specific act,ivity. 

the alkali-free nickel catalysts appear to 
have a specific activity in the range rs = 
0.1-0.35 mol/m2 Ni/hr. This is observed 
on a broad range of support materials such 
as magnesia in various sintered forms, and 
with Al/Mg ratios varying from 0 to 2, 
magnesium aluminum spinel, alumina in 
different modifications, alumina stabilized 
by zirconia, chromia and silica. Moreover, 
results from a systematic series of catalysts 
(A22-A32) shown in Fig. 4 indicate only 
insignificant influence on the specific ac- 
tivity of the nickel content and of the 
nickel crystallite size varying with the 
nickel content from 50 to 50OOA. The re- 
sults might reflect less specific activity on 
the smallest crystallites but more experi- 
ments with catalysts with nickel crystallites 
below 70 A are required to elucidate this 
effect. 

From the results shown in Tables 2 and 3 Some alkali-free catalysts show a small 
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FIG. 3. Temperature dependence of rate constant 
for ethane reforming at 500°C. 

specific activity. The catalysts based on 
silica-alumina, silica-magnesia and on 
titania had T,? = 0.02-0.04 mol/m” Ni/g, 
whereas the activity of catalysts based on 
pure zirconia and carbon was very poor 
with T,~ = 2.6 X 10e3 and 3.8 X 10e4, respec- 
tively. The low activity of the zirconia 
based catalyst (D4) is not accompanied by 
an activation energy differing from that of 
catalyst Al. The activity of the zirconia- 
alumina based catalyst (D5) appears nor- 
mal, which may be explained by nickel 
being supported mainly by alumina as it 
was present as nickel aluminum spine1 
before the reduction. 

The addition of potassium to the cata- 
lysts can result in a decrease of the specific 
activity of more than one order of magni- 
tude. This is demonstrated in Fig. 5 which 
indicated the influence to be stronger on 
A- and B-types than on C-types. The ef- 
fect of sodium addition is less than that of 
potassium. The significant, influence of po- 

I 
5 10 20 50 

FIG. 4. Influence of Ni content on Ni surface area 
and activit,y for et,hane reforming at 500°C. Cata- 
lysts A26-A32. 

tassium is remarkable as sulfur poisoning 
of cat’alyst Al involving a gradual blocking 
of the nickel surface is causing a decline of 
the specific activit’y by only approx 50%. 
This appears from Table 5 showing in addi- 
tion an influence of other poisons such as 
chlorine and arsenic being less than that of 
potassium. 

: X K : X K 

O.OOL A Alkali Content 
wt % lm+ll 

I z 3 L 5 6 

FIG. 5. Influence of alkali on the specific act.ivity 
for ethane reforming at 500°C. 
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TABLE 5 
THIG INFLUENCE OF POISONS ON THE ACTIVITY OF C.\T.ILYST Al 

sirllfrlr Ta x 103 
Content capacity ri x 10 (g mol,’ 

Expt no. Poison (wt mm) (wt pm) Coverage (g mol/g/hr) m* Nijhr) 

Av of unpoisoned Al - 80 883 <O.l 2.41 120 
4201 s 239 SO5 0.30 0.66 62 
4202 k 360 805 0.45 0.53 69 
4203 s 398 805 0.49 0.59 64 
329 s 615 805 0.76 0.38 56 
55 k 805 805 1.00 <O.Ol 
133 Cl 1350 885 ? 2.43 
141 AS 4200 X85 7 0.55 

The presence of potassium implied no 
decrease of the nickel surface area deter- 
mined by chemisorption of hydrogen sulfide 
at 550°C or as demonstrated previously 
(15) by chemisorption of hydrogen at 
-72°C. However, the measurements of 
nitrogen adsorption on the nickel surface 
shown in Tables 2 and 3 were significantly 
influenced by the addition of potassium. As, 
moreover, the nitrogen capacity of the 
zirconia-based catalyst D4 was negligible, 
it is natural to correlate catalyst activity 
and nitrogen capacity. This has been done 
in Fig. 6 and a correlation coefficient of 
0.94 indicating great significance was cal- 

l o I 

FIG. 6. N1 capacity and activity for et,hane re- 
forming at 500°C. 

culated. Although the correlation reflects 
the great uncertainty of the adsorption 
measuremenm and does not account for the 
relatively low activity of the silica-alumina 
supported catalyst D9, it seems likely that 
the differences in specific activities are re- 
lated to inhomogeneities of the nickel sur- 
face. It does not necessarily ascribe a spe- 
cial high activity to B,-sites, as the number 
of these sites in some way is correlated with 
the number of other surface configurations 
such as corner atoms with low coordination 
numbers. 

Measurements on catalysts containing 
different metals showed large variations of 
specific activities. From Tables 2 and 3 the 
specific activities of metals based on alum- 
ina or magnesia may be listed as follows: 

Rh, Itu > Ni, Pd, Pt, > Ke > (Ni0.7Cu1.3) > Co. 

The low activity of El0 could be explained 
by some irregularities in the preparation. 
The low activity of cobalt may be related 
to the process conditions with a H,O/H, 
ratio close to the equilibrium constant for 
oxidation of cobalt by steam. The precious 
metals supported by carbon showed very 
poor activities similar to t’he results with 
carbon supported nickel catalysts. 

2. Other Reactions at Atmospheric 
Pressure 

In some reforming experiments with 
catalyst Al, ethane was replaced by meth- 
ane or n-butane. First order kinetics were 
applied for methane reforming experiments. 
This was justified by an experiment show- 
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TBBLE 6 
I<KF~RMING EXPICRIMKNTS .krr ATMOSPHIWC 

PRESSURIC V.UCIOUS HYDROC:IHHONY, 
c.\T.\I,YST Al 

Feed 

8p act (.500°C),~ 
x 10:’ 

~-~ App. activat,iou 
)‘, r,c ellergyh 

(mol.’ (g atom! & 
m2 hr) m* hr) (kcal imol) 

CK 61 61 26.2 (0.4) 
GHG 120 240 1x.1 (O.lc5) 
~GHK 138 5.52 1X.6 (0.6) 

u Rates calculated for same part,ial pressure of 
hydrocarbon (H,O.‘C,,H,, = X; H?O ‘H? = 10; 
.5OO”C). 

* Figures in parentheses indicate the acwu’acy of 
E,. 

ing the kinetic coefficient to be close to 
unity. Equation (13) was used for evalua- 
tion of butane reforming experiments. The 
results are summarized in Table 6. The 
initial specific rates have been calculated 
at the same partial pressure of the hydro- 
carbon. The apparent activation energy is 
higher for methane than for ethane reform- 
ing, and a smaller reactivity is reflected by 
a lower initial specific rate. Contrary to 
this n-butane shows an activation energy 
and molar specific rate very close to that of 
ethane. This implies that the rate per car- 
bon atom is higher for n-butane t,han for 
cthane. Moreover, it was observed that in 
the temperature range 400~525°C the reac- 
tion with n-butane rc>rultcd in no higher 
hydrocarbons among the products. 

Rclsults from experiments on hydrogcnol- 
ysis of cthane and decomposition of am- 
monia arc shown in Figs. 7 and 8, respec- 
tivclv. The trends of activities for these 
reacfions, methane reforming and methana- 
tion of carbon monoxide were compared 
with the activity trend for ethanc reforming 
by calculating activities relative to catalyst 
=21. The results are shown in Table 7. 

The activity trends for cthane and meth- 
ane reforming, ethane hydrogcnolysis and 
methanation are broadly in line. Thus, the 
presence of potassium affects all these re- 
actions by decreasing the specific activity. 
The data for mcthnnation show some dcvi- 

FIG. 7. l%hane hydrogenolysis. Temperature 
drprndcncc of rate constants for various c.atalysts. 

ations from those for ethane reforming. 
Firstly, the catalysts based on zirconia 
(114) and carbon (D14) show relatively 
high activities. Secondly, it appears that the 
specific activity of highly active catalysts, 
part’icularly those based on alumina, is 
higher than the corresponding values for 
ethane reforming. On the other hand, the 
influence of alkali appears to be more pro- 
nounced for methanation. 

The results from decomposition of am- 
monia differ significantly from the general 
trend, as no decrease of the specific ac- 
tivity is observed for potassium-promoted 
catalysts and D4. No large changes of spc- 
cific activities are observed, and as shown 
in Fig. 9 the activities for ammonia decom- 
position correlate simply with the nickel 
area. The cobalt-cont’aining catalyst (A33) 
fits int,o this correlation. 

3. Reforming Experiments at Pressure 

The reforming experiments at pressure 
with 1-2 mm part’irles wrre subject to great 
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FIG. 8. Ammonia decomposition. Temperature dependence of conversion at standard conditions. 

uncertainty as explained previously. This 
makes a more detailed evaluation doubtful. 
However, the results plotted in Fig. 10 show 
the conversion of ethane to increase with 
pressure. In principle, this could be ex- 
plained by Knudsen diffusion causing se- 
vere restrictions at low pressure but the 
results from the experiment, 1231, per- 
formed at constant pressure and varying 
nitrogen flow indicates the pressure effect 
on the conversion to be related to the ki- 
netics. When using naphtha as feed, posi- 
tive and negative pressure effects are ob- 
served depending on the type of catalyst. 
As shown in Fig. 11 the conversion in- 

creases with pressure for catalysts Al and 
BG, whereas the opposite effect is observed 
for the strongly alkalized B4. These results 
correlate with the kinetic coefficients for 
ethane reforming at atmospheric pressure 
listed in Table 4 which indicates the overall 
pressure coefficient to be positive for Al and 
B6 and negative for B4. 

The activities of various catalysts ob- 
tained by reforming of naphtha at 31 atm 
abs correlate with the corresponding activi- 
ties determined by ethane reforming at 
atmospheric pressure. This is demonstrated 
in Fig. 12, where the straight line reflects 
the correlation for equal specific activities. 

TABLE 7 
I~ICLSTIVE SPECIFIC ACTIVITIES AT ATMOSPHERIC PRESSIJRE 

No. 

Catalyst 

Remarks 

Reforming 

CeH, CHa 
500°C 500°C 

Hydrogen- Methana- 
olysis of tion of Decomp. of 

C&J co NH, 
300°C 250°C 500°C 

Al 
A22 
A35 
Bl 
B5 
Cl 
c4 
c7 
D4 
D8 
D9 
D14 

(0.07 wt % Na) 

0.53y0 K 

1.57y0 K 

5.8 wt % K 
zron 
SiOz 
SiOJA120, 
Carbon 

1.0 
2.4 
0.03 
3.0 
0.02 
0.7 
2.5 
0.09 
0.02 
1.1 
0.2 
0.04 

1.0 1.0 
2.0 4.2 
0.09 0.08 
1.4 
0.02 

8.7 

0.01 0.08 

0.04 0.01 

1.0 

9.1 

0.002 

2.7 
20.6 

0.001 
0.8 
4.9 
0.04 
0.4 

1.0 
0.9 

0.9 
3.2 
1.5 
0.4 
0.5 
0.5 
0.4 

0.5 
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FIG. 9. Ammonia decomposition at 500°C. Ac- 
tivity as function of nickel surface area. Activity 
expressed as conversion at standard conditions 
relat,ive t.o catalyst Al. 

Experiments with various hydrocarbons 
performed at 31 atm abs and 500°C using 
a fixed steam to carbon ratio revealed great 
differences in conversions. As shown in 
Table 8 most hydrocarbons are more reac- 
tive than is methane. Normal paraffins ap- 
pear less reactive than isoparaffins and 
naphthenes whereas the reactivity of ben- 
zene is very close to that of methane. How- 
ever, it should be noticed that the experi- 

0 Elp 1230. variation of total pressure 

50.,.,.,..,, 

1 

Patm ohs. 
IP-p%Iotm.obs. 

2 5 VI 20 30 50 

FOG. 10. Ethane reforming at pressure. Pressure 
dependence of conversion at, st’andard conditions at 
500°C. 0.5 g catalyst A18. The numbers indicate 
the sequence of measurements. 

AB5 

P atm.abs 

FIG. Il. Reforming of naphtha 36 at, pressure. 
Pressure dependence of conversion at standard 
conditions at 500°C. Expt 1206: 0.5 g Al; Expt 
1195: 10.7g 135 (1.5 wt To K); Expt 1196: 11.7g 
B6 (0.3 wt 7c K). Numbers indicate sequence of 
measurements. 

ments arc performed at a fixed steam to 
carbon ratio which implies that the partial 
pressure of the hydrocarbons varies with 
the number of carbon atoms of the hydro- 
carbon. As mentioned previously, extrap- 
olation by means of the apparent rat’e 
constant k, is very doubtful. When the con- 

,clormlng of naphtha ,30atm 

oglk,/k,[Alll 

FIG. 12. Correlation between relative activities 
at 500°C for reforming of naphtha 36 at, 30 atm 
and reforming of ethane at atmospheric preuxure. 
Activities expressed relat.ive to catalyst Al. 
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stants are corrected for the actual partial (S&GH, + Hz = ‘)%CH,, (15) 
pressures of the hydrocarbons and assuming 
first order kinetics as shown in Table 8, the 

H,O + SZ = S2-~30 

results indicate normal rjaraffins to be more &H,O + S1 = S,-c; + H&, 
(16) 
(17) 

reactive wit,11 inrreasing number of carbon 
atoms. This trend is still obtained when 

SIKH. + &O = 2S1 + CO + ; HZ, (1s) 

assuming a reaction order of 0.5 with re- 
spfrt, to the l~ydrocarbon, and it, is in ac- 
cord:tnc*c with the results obtained at low 
pressure shown in Table 5. 

The analyses of higher hydrocarbons in 
the reactor &luvnt~ shown in Table 9 indi- 
cate the composition to be very close to 
that of the feedstock. This observation is 
in :LcCordance with the result obtained in 
thv reforming cxpcriment with n-butane at 
atmospheric pressure. Thercforc, the prcs- 
ence of iiitermcdiatc~ in the l)roductu is 
rcry uulikcly. The cxperitncnt with benzene 
rcprc~cnt~ an exccl)tion to this picture, and 
a detailed evaluation of t!lc analysis of the 
unconverted naphtha from experiment 1207 
apl)ears very complicated. 

co + s1-0 = SI + cos. (19) 

For cthanc hydrogcnolysis the rupture of 
the carbon-carbon bond is gcncrally as- 
sunlcd to be the rate tletermining step of 
the overall reaction, all other steps being 
in qu:tsi-eq”ili~)rium ( 11, 29, 30) In other 
studies (31-33) it is bclicvcd that the de- 
sorption of I)roducts is rate determining. 
Recently Bondart, (34) has considered the 
react#ion as two irreversible steps. 

1. Kinetics These opposite ~%ws arc reflected by the 

Although the kinetics of cthanc reform- assumpt’ions mattt in the formulation of 

ing appear complex it. may be helpful to kinetics for reforming reactions. Balashova, 

discuss qunlitativcly the parameters in- Slovokhoto\-a and Balandin (4) argued for 

valved in terms of a simple speculative se- the rupture of the carbon-carbon bond as 

quencc. Ethane is assumed to bc chemi- the rate determining step, whereas Bhatta 

sorbed on nickel following the pattern and Dixon (6) and Saito et al. (8) were in 

generally proposed in studits of ethanc favor of the dcsorption of products or the 

hydrogenolysis (11 ‘I . An initial chemisorp- reaction with steam being the slow step. 

t’ion step on a dual site involving dehydro- Phillips, Mulhall and Turner (71 suggested 

genation is followed by a rupture of the that the rate determining step varies with 

carbon-carbon bond and formation of a the type of hydrocarbon, whereas Bodrov, 

surface radical CH,. Adsorption of steam Apel’bauiii and Tcmkin (91 for methanc 

on the carrier is assumed to be in\-olvcd on reforming :~ssumvtl the reaction with steam 

the hasi? of the observed influenrc on the t,o bc rate determining at, low tcmpernturc 

kin& coefficient for water of the type of and the chcmisorption of methane to be 

support’ material and of t’lic presence of limiting at high teml)crature. 

alkali. A rcile of the carrier for steam ad- There are some objections to discussing 

sorption has also bvcn suggested in the lit- the kinetics by means of a single rate dc- 

erature (4, 6, 8‘). When S, and S, arc empty termining step. Firstly, as proposed by 

sites on the surface of nickel and the car- Boudart (341, the dissociative chcmisorp- 

ric>r respectively, the following sequence can tion of ethanc is most probably irrerersiblc 

be fortnnlatcd : in t’lie tcmperatur~ range of the present 
study. Secondly, for prattt.ical purposes, the 

CsHs + 2S1 = (S&-GH, + ‘+ Hz, (14) 
surface reaction (18) might also be consid- 
ered as irreversible since no influence on the 

Cert.ainly, steps (14 1 and (151 rcpre33it n 
simplification becaurc there may be a grad- 
ual formation of strongly adsorbed specie:: 
by further dehydrogrnation. As discussed 
by Kcmbnll (27) anal Frc,nnet, and Lienard 
(%y 1 these specica briny become less reacti\-< 
and may therefore diminish the surface 
available for the reaction. Evc~ntually tlicy 
may bc convcrtcd to carbon. 



TA
BL

E 
9 

R
EF

O
R

M
IN

G
 

EX
PR

R
IM

EN
TS

 
W

IT
H

 
VA

R
IO

U
S 

HY
DR

O
C.

AR
RO

NS
~ 

Ex
pt

 
no

. 
: 

Fe
ed

 :
 

An
al

ys
es

 
(w

t, 
yp

) 

12
16

 
12

10
 

12
08

 
Bu

ta
ne

 
C

yc
lo

he
xa

ne
 

Be
nz

en
e 

Li
q.

 
Li

q.
 

Li
q.

 
Fe

ed
6 

pr
od

.c
 

Fe
ed

 
pr

od
. 

Fe
ed

 
pr

od
. 

C
d%

 
0.

01
 

0.
04

 
C

zH
e 

0.
05

 
0.

47
 

G
H

a 
+ 

G
W

 
1.

20
 

1.
57

 

n-
C

4 
80

.3
0 

79
.0

0 
i-C

4 
17

.9
2 

18
.6

1 
‘X

L 
0.

27
 

0.
00

 

n-
C

5 
0.

25
 

0.
31

 
i-C

6 
C

P 

12
09

 
12

15
 

12
07

 
n-

H
ep

ta
ne

 
12

14
 

12
03

 
N

ap
ht

ha
 

4g
d 

Tr
i 

12
13

 
N

ap
ht

ha
 

Li
q.

 
m

et
h.

 
bu

ta
. 

n-
D

ec
an

e 
36

d 
Li

q.
 

Fe
ed

 
pr

od
. 

Fe
ed

 
Fe

ed
 

Fe
ed

 
Fe

ed
 

pr
od

. 
u2

 

?j
 

0.
10

 
1.

13
 

g z 

0.
02

 
3.

70
 

1.
08

 
s i 

0.
05

 

0.
01

 
0.

01
 

0.
06

 
0.

02
 

0.
32

 
0.

01
 

0.
11

 

n-
C

6 
1.

65
 

0.
01

 
0.

08
 

0.
82

 
0.

57
 

G
C

B 
0.

02
 

0.
04

 
0.

06
 

0.
04

 
M

C
P(

+S
SD

M
P)

 
0.

92
 

0.
04

 
0.

03
 

0.
17

 
0.

10
 

C
H

(+
33

D
M

P)
 

99
.9

8 
96

.3
4 

0.
07

 
0.

06
 

0.
47

 
0.

36
 

0.
06

 
Be

nz
en

e 
99

.7
1 

62
.2

3 
0.

05
 

0.
24

 
0.

56
 

ii4
 

29
.1

6 
3.

92
 

2.
05

 
%

 
8.

55
 

4.
45

 
0.

22
 

g 
1.

74
 

0.
51

 
0.

22
 

16
.5

1 
4.

39
 

4.
51

 
16

.8
4 

4.
70

 
3.

58
 

3.
40

 
2.

72
 

1.
20

 
1.

86
 

1.
80

 
1.

19
 

1.
24

 
0.

23
 

0.
39

 



n-
C

7 
0.

01
 

0.
72

 
0.

02
 

0.
38

 
86

.4
0 

87
.7

1 
G

O
-C

T 
0.

18
 

0.
07

 
0.

17
 

8.
45

 
7.

67
 

D
M

C
P 

0.
01

 
0.

11
 

1.
72

 
1.

52
 

M
C

H
(+

22
D

M
H

 
+ 

11
3T

LJ
C

P)
 

0.
01

 
0.

 0
6 

0.
35

 
0.

72
 

0.
69

 
EC

P(
f2

5D
M

H
) 

0.
01

 
0.

11
 

0.
19

 
0.

18
 

To
lu

en
e 

0.
03

 
0.

38
 

0.
37

 
0.

36
 

T&
C

& 
3.

26
 

0.
31

 
0.

35
 

is
o-

cs
 

+ 
c*

+ 
0.

06
 

0.
07

 
3.

30
 

0.
20

 
0.

19
 

EC
H

 
0.

82
 

Et
hy

lb
en

z 
0.

54
 

Xy
le

ne
s 

3.
00

 

n-
C

9 
5.

06
 

c ‘9
+ 

10
.2

6 

?&
G

O
 

1.
61

 
C

 lo
+ 

7.
02

 

&C
T1

1 
0.

09
 

C
 1

1+
 

1.
09

 

0.
01

 
5.

14
 

98
.7

8 
5.

45
 

1.
53

 
1.

72
 

0.
52

 
1.

76
 

1.
02

 
2.

33
 

0.
09

 
0.

12
 

0.
33

 

0.
37

 
0.

17
 

>9
5 

0.
06

 
0.

07
 

5.
21

 
7.

02
 

4.
78

 
5.

50
 

4.
31

 
3.

06
 

6.
66

 
5.

49
 

1.
04

 
1.

15
 

1.
8’

2 
2.

70
 

6.
40

 
7.

16
 

11
.8

7 
14

.6
0 

2.
53

 
1.

74
 

0.
30

 
1.

10
 

4.
36

 
4.

48
 

4.
60

 
5.

02
 

10
.4

3 
15

.4
1 

0.
18

 
1.

43
 

2.
07

 
9.

62
 

0.
06

 
1.

10
 

a 
Te

m
p:

 
50

0°
C

; 
pr

es
su

re
: 

30
 a

tm
 

ab
s;

 
ca

ta
ly

st
: 

Al
X;

 
ga

s 
ch

ro
m

at
,o

gr
ap

hi
ca

l 
an

al
ys

es
 

of
 f

ee
d 

an
d 

liq
ui

d 
pr

od
uc

ts
. 

* 
C

H
,: 

0.
01

 v
ol

 
yO

. 
c 

C
al

cu
la

te
d 

fro
m

 
ga

s 
an

al
ys

is
. 

d 
N

ap
ht

ha
 

no
. 

: 
36

 
49

 

AS
TM

: 
IB

P/
M

BP
/F

H
P 

(“C
) 

40
 

65
 

12
0 

40
 

89
 

16
9 

Sp
ec

 g
r 

k/
m

l) 
0.

67
4 

0.
70

5 



194 JENS R. ROSTRUP-NIELSEN 

rate of carbon dioxide was indicated. More- 
over, the surface species S,-CH, and prob- 
ably also S,-0 may be assumed to be the 
most abundant surface intermediates, the 
concentrations of other intermediates being 
negligible. There is some evidence for this 
assumption. As no intermediates are found 
in the products when using n-butane or 
higher hydrocarbons (except benzene) as 
feed, this may indicate the same active 
species, containing one carbon atom, to be 
involved in the reaction. In addition, some 
LEED studies by YIaire et al. (35,36) have 
shown similar structures of the type CH, 
to be formed by adsorption on nickel of 
methane, ethane, propane and neopentane. 

These assumptions lead to the following 
equations for the rates of the steps and for 
the tot.al number of sites, L and M, on the 
surface of nickel and carrier, respectively: 

7-14 = r15 = g-1* T+16 = T-16 r+17 = T-17, 

(SI) + (SI-CH,) + (5&O) = L, 
(Sz) + (St-&O) = M, (20) 

the remaining steps involved in establish- 
ment of the equilibria (2) and (3) being 
kinetically insignificant in accordance with 
the principle formulated by Boudart (34). 
Using Langmuir equations and thus assum- 
ing a homogeneous surface and no changes 
of heats of adsorption with coverage the 
following rate equation is obtained: 

sorption properties of the carrier material. 
A possible temperature dependence of re- 
action orders is clear since the relative size 
of the terms of denominator may change 
with temperature depending on the sizes of 
the activation energies for the hydrocarbon 
adsorption and the surface reaction, and 
the heat of adsorption for steam. The dif- 
ferent rcactivities of various hydrocarbons 
may be reflected by the size of 12,, which 
may also be affected by the presence of 
some optimal sites on the nickel surface. 
Surface heterogeneities were ignored in the 
derivation of (21) but as demonstrated by 
Boudart (34, 37) this will still lead to rate 
functions being qualitatively correct. If step 
(15) is assumed to be rate determining the 
second term of the denominator in (21) dis- 
appears. An expression of that form was 
derived by Licka (38). 

Equation (21) may be converted to a 
power-rate law using the well-known ap- 
proximation of the term ax/( 1 + az) by 
the term bz” where 0 < cr < 1: 

r = knpC-,I-Icl-2m . r)H202~~1-m)pH23(m-n), (22) 

where 0 < m < 1, and 0 < n < 1. 
This expression may explain the kinetic 
coefficients obtained for catalyst, Al as 
shown in (13)) and that t’he kinetic coeffi- 
cient for steam may become less than - 1 
as observed for catalysts A35 and B4, but 

(21) 

where Ic, = k,,, k, = lc,, and Ic, = k,,,. 
k+17/(L6*Li). 
From this expression it is possible qualita- 
tively to comprehend the varying kinetic 
coefficients reported in the literature (Table 
1) and observed in this study (Table 4). 
The kinetic order with respect to steam 
may become positive or negative depending 
on the size of the equilibrium constant for 
steam adsorption, K,, and the relative 
sizes of the rate constants for the hydro- 
carbon adsorption, kn, and the surface re- 
action, Ic,. Since K, is the product of the 
equilibrium constants of steps (16) and 
(17) it is strongly influenced by the ad- 

the reaction orders with respect to steam 
and hydrogen are not. numerically equal as 
predicted. 

In addition, the overall pressure coeffi- 
cients to be deduced from Fig. 11 correlate 
with the kinetic order for steam indicating 
the r81e of hydrogen to be more compli- 
cated than accounted for in the simple 
sequence. 

In Boudart’s (34) recent kinetic interpre- 
tation of ethane hydrogenolysis hydrogen 
is assumed to be in a chemisorption equilib- 
rium with nearby saturated sites on the 
metal surface different from the sites where 
the hydrocarbon reacts. If so, step (14) 
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should be reformulated by : though thermal pyrolysis must, have in- 

H, + 2& = 2(&-H, (23) fluenced the latter results, the relative re- 

CzHs + 2% + yS3 = (SJ-GH, 
activities appear to vary with temperature. 

+ y&-H + 66+yp Hz. 

This conclusion is supported by the differ- 

(24) ent activation energies for normal and 
cycloparaffins reported by Balashova, Slo- 

This implies that the term pi.,ll,i in (21) vokhotova and Balandin (40). 
and (22) should be replaced by pV& At, 600°C Schnell (4%) was able to detect 
pIr,“/z. Henrc: substantial amounts of low olefins in re- 

r)llrL(m--~ll-(‘il”)~, (26) 

The simple sequence for hydrocarbon ad- 
sorption simulating t’he steps suggested in 
hydrogcnolyais remains speculative, and it 
may hardly be used for evaluation of the 
reactivity trend of the higher hydrocarbons 
bwausc the results from hydrogenolysis 
have been reported mainly for temperatures 
below 400°C. 

The apparent multiple fission of carbon- 
carbon bonds and the relatively high 
reactivity of branched hydrocarbons and 
cyclohexane deviates from the pattern 
generally observed in hydrogenolysis at, 
low temperature, nickel attacking eclec- 
tively the ends of chains (59). However, in 
reforming studies in the temperature range 
250-350°C Balashova, Slovokhotova and 
Ralandin i40’) found a stepwise degrada- 
tion of hydrocarbons and a much higher 
reactivity of n-paraffins than of cyclopar- 
affins. At, higher temperatures, 350-45O”C, 
Phillips, ~Iulhall and Turner (7’1 observed 
l~xrtially decomposed hydrocarbons from 
tlw reforming reaction with branched hy- 
drocarbons which were less reactive than 
normal paraffins. Methyl cyclohexane was 
found to be slightly 1~~s reactive than 
normal heptane and a small amount of 
tolucne was found among the products. In 
the prcwnt study at 500°C intermediates 
ww-c indicated only for benzene this being 
the least’ reactive hydrocarbon. In experi- 
ments at very high temperatures 750- 
95O"C, Yoshitomi, Morita and Yamamoto 
(41) found cyclohexane to be more reactive 
than n-hexanc above approx 800°C. Al- 

forming cxperimcnts with propane and 
butane performed at very short contact 
times. In the present experiments on butane 
reforming at atmospheric prcssurc conver- 
sions and contact times lapprox 2 X IO-” 
sw) were within the range considered by 
Schncll. Since no intermediates wrc iden- 
tified in these studies performed at 400- 
525”C, the olefins observed by Schnell are 
most probably not intcrmcdiates from the 
reaction on the nickel surface but product’s 
from thermal pyrolysis or cracking on the 
carrier material, these reactions being more 
pronounced at, the tcmpcrat’ure level applied 
by Schncll. 011 this basis, it appears rcason- 
able to assume multiple fission of the 
carbon-carbon bonds on the nickel surface 
for most nonaroniatic hydrocarbons at tem- 
peratures of 500°C and above, and to con- 
sidcr minor amounts of ethanc, propane and 
other higher hydrocarbons which might br: 
observed in the effluent of some t~ubular 
rcformcrr as hcing hydrogenated products 
from pyrolysis or cracking. 

2. Catalyst Activity 

The results shown in Table 7 demon- 
strated that the specific activity of 
nickel for reforming reactions, hydro- 
genolysis and methanation is strongly in- 
fluenced by t,he carrier employed and by 
the prcscncc of alkali. A parallelism of ac- 
tivity trends is observed. Another common 
feature of these reactions is a resemblance 
of the trend of specific activit’ies of different 
metals, ruthenium and rhodium being re- 
ported to shorn much higher specific activi- 
ties for hydrogcnolysis ill) and mcthana- 
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tion (43) than do nickel, platinum, and 
palladium. Contrary to this, ammonia de- 
composition appears unaffected by the car- 
rier and the presence of alkali. This makes 
doubtful the use of this reaction for ac- 
tivity tests of reforming catalysts as pro- 
posed by Merkel (44). 

A carrier effect in reforming reactions 
has also been described by Balashova, 
Slovokhotova and Balandin (4) who found 
nickel on carbon to be nearly inactive for 
reforming of cyclohexane compared with 
nickel on silica. Balashova, Slovokhotova 
and Balandin explained the difference by a 
failing ability of coke for activation of 
steam since the two catalysts showed com- 
parable activities for dehydrogenation of 
cyclohexane. However, as proven by the 
hydrogenolysis experiments, nickel on car- 
bon may show poor activity in other reac- 
tions where steam is not involved. 

A low activity for hydrogenolysis has 
also been reported by Sinfelt (11) for co- 
balt on carbon. Moreover, Sinfelt showed 
the specific activity for hydrogenolysis of 
silica-alumina-based nickel catalysts to be 
much less than those of alumina- or silica- 
based catalysts, the latter being the most 
effective. These results are in accordance 
with the trend observed for ethane reform- 
ing in the present study, although the ac- 
curacy of the experiments does not allow 
a distinction between alumina- and silica- 
based catalysts. For methanation of carbon 
dioxide Pour (45) found the specific activ- 
ity of supported nickel to decrease in the 
order chromia, alumina, silica. 

The diminution of the activity for re- 
forming reactions caused by alkali was 
mentioned by Andrew (3). The effect was 
explained by adsorption of alkali blocking 
the most active sites on the nickel surface. 
When this explanation is applied for t.he 
present measuements, it implies that the 
adsorption of alkali is not affecting the 
sites for ammonia decomposition. More- 
over, it implies that alkali is adsorbed more 
specifically at. the most active sites than is 
sulfur, because as mentioned earlier, the 
specific activity displays a more drastic 
fall by increasing the amount of alkali than 
by increasing the amount of sulfur. This 

behavior appears unlikely but, in principle, 
it cannot be excluded, as demonstrated by 
Roginskii (46). 

The effect of alkali has also been re- 
ported for hydrogenolysis. Cimino, Boudart, 
and Taylor (47) observed a great effect of 
alkali on the kinetics of ethane hydro- 
genolysis on iron. This effect was explained 
by assuming alkali to depress the affinity 
of the surface for hydrogen so that dehy- 
drogenation of the adsorbed hydrocarbon is 
retarded. In the simple sequence (14) this 
means a higher value of z. Shephard (SS) 
observed a similar effect on a nickel alum- 
ina catalyst and noticed that. removal of 
alkali resulted in increased specific activity. 
For methanation of carbon monoxide 
Schoubye (12) reported low activities of 
alkali-promoted catalysts. 

The evaluation of interactions between 
metal and support has been an intricate 
subject of catalysis. Bifunctional catalysis 
is not very likely to be involved apart from 
the role of the carrier in steam adsorption 
which cannot explain the different specific 
activities. As discussed earlier, cracking on 
the carrier surface may be excluded in the 
temperature range applied in the experi- 
ments and no correlation between surface 
acidity and specific activity is apparent. 
Thus catalysts based on magnesia, spine1 
and y-alumina show specific activities 
within the same range. A similar conclusion 
on a role of acid sites for hydrogenolysis 
was arrived at by Richardson (48). 

The electronic nature of the support, was 
emphasized in the work by Schwab et al. 
(49) and Szabo and Solymosi (50). A 
change of the activation energy with the 
doping of oxides supporting thin nickel 
films was assigned t,o a change of the semi- 
conductor properties of the carrier influenc- 
ing the Fermi level of the electrons of the 
metal phase. However, from later develop- 
ments (51) there is much evidence for the 
localized chemical properties of the surface 
atoms being important for the cat,alytic 
reaction rather than the collective proper- 
ties of the bulk phase. Therefore, apart 
from extremely small metal crystallites as 
used by Dalla Betta and Boudart (52) an 
electronic interaction between the carrier 
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and the surface atoms of the metal is very 
unlikely. The measurements reported in 
Table 4 and Fig. 3 are in accordance with 
this statement, as t,he use of zirconia (D4) 
or the presence of alkali (A34 and A35j re- 
sulting in low specific activities are accom- 
panied by no detectable change of the ac- 
tivation energies. Contrary to this, an 
increased activation energy observed when 
using a nickc-copper catalyst (A13) may 
be explained by an influence on the nickel 
surface atoms of neighboring copper atoms. 

As mentioned earlier the correlation 
shown in Fig. 6 indicates that, different 
specific activities might be related to the 
heterogeneity of the nickel aurfacc which 
presumably is influenced by the carrier. 
The reforming reactions, hydrogenolysis 
and methanation may therefore be charac- 
terized as structure-sensitive, while decom- 
position of ammonia appears “facile”. The 
effect of surface structure is often studied 
on a series of catalysts with varying metal 
crystallite size because heterogeneity of the 
surface is expected to increase by decreas- 
ing the crystallite size in the range below 
approx 70 A (17). In hydrogenolysis results 
appear ambiguous, as Sinfelt (11) found 
an effect for nickel on silica-alumina, 
whereas the activity showed no variation 
with crystallite size for nickel on silica. 
For methanation on nickel supported by 
alumina Bousquct and Teichncr (55) found 
no influence on the specific activity of 
crystallite size. The nickel crystallitcs of 
the cat~alysts in the present study are nearly 
all outside the range of interest, and re- 
forming of ethane appears to be unaffected 
by the crystallite size as shown in Fig. 4, 
although a decrease of the specific activity 
with crystallite size might be indicated for 
the catalyst with the smallest crystallites. 

Meanwhile, surface heterogeneity is not 
only a result of crystallite size but rather a 
matter of surface topography, with the 
existence of ensembles of nickel atoms on 
the surface being optimal for the particular 
reaction in question. The configuration of 
such ensembles may vary from reaction to 
reaction. Thus, Ponec and Sachtler (64) 
from their work on nickel-copper alloys 
suggested that, the ensembles required for 

reactions affecting the carbon-hydrogen 
bond or leading to isomerization contain a 
smaller number of adjacent nickel atoms 
than the ensembles required for hydro- 
genolytir splitting of the carbon-carbon 
bond. 

On larger crystals the number of special 
ensembles may vary with crystal orienta- 
tion (55, 56) or the ensembles may be re- 
latcd to cpitaxial relations or abnormal 
shapes of the crystals which could be stabi- 
lized by the support material. The interface 
is extremely complex as chemical reactions 
may be involved. In principle, the shape of 
the metal particle is influenced by the 
anisotropy of the surface energy of the 
metal and by the interfacial energy (57). 
Unfort’unately, very few studies have been 
reported on this effect. For liquid nickel 
droplets at, 1500°C Kingery (58, 59) found 
a significantly higher adhesion energy and 
correspondingly low interfacial energy and 
contact angle for stabilized zirconia as 
support than for alumina. Studies in vacua 
of nickel droplets on various materials indi- 
cated by low contact angles t,hat wetting 
was more pronounced on graphite than on 
several oxides. Contact angles on zirconia 
and titania were lower than on magnesia, 
alumina and bcryllia. Preferential adsorp- 
tion of impurities at the interface may 
lower the interfacial energy and result in 
facetting and other equilibrated shapes 
(5S, 6~, 61 j. 

It is evident that these observations allow 
no conclusions to be made concerning the 
effect of the carrier on the catalytic activity 
of the metal. In addition, use of data ob- 
tained for droplets at high temperature ap- 
pears doubtful. However, there may be 
some indication that carrier materials 
showing high adhesion energy and thus in- 
fluencing the shape of the metal particle 
cause a decrease of the number of ensem- 
bles for the reforming reactions. Moreover, 
it is conceivable that the influence of alkali 
is caused by adsorption of alkali at the 
interface or on the metal changing the 
shape of the crystal or the facetting of 
t,he planes. Shephard (3s) also considered 
the importance of various crystallite forms 
for the activity for hydrogenolysis. Exami- 
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nation in the electron microscope of the 
catalysts of this study revealed no marked 
differences between active and poor cata- 
lysts, and more detailed studies on well- 
defined systems are required to evaluate 
these effects. 

CONCLUSIONS 

The kinetics and the specific activity for 
reforming reactions vary from cat,alyst to 
catalyst. The major differences in the ki- 
netics are found in the influence of steam 
partial pressure. This is related to the abil- 
ity of the carrier material to adsorb steam. 
Active magnesia or the presence of alkali 
enhance steam adsorption. The kinetics 
cannot be described in a broad temperature 
range by a simple power law, as the powers 
vary with temperature. 

At temperatures around 500°C the results 
indicate multiple fission on the nickel sur- 
face of the carbon-carbon bonds for most 
nonaromatic hydrocarbons. The reactivity 
of normal paraffins at equal partial pres- 
sures appears to increase with the number 
of carbon atoms. The reactivity of branched 
hydrocarbons and cycloparaffins appear 
higher than those of normal paraffins 
whereas aromatics show poor reactivity. 

The activities per unit nickel surface 
area, t’he specific activities, are within the 
same range for a great number of catalysts 
irrespective of the nickel surface area, sup- 
port material, preparation or activation 
procedure. Use of supports such as zirconia 
and carbon results in very poor specific 
activities, whereas some decrease of the 
specific activity is observed when using 
silica-alumina and titania. Addition of 
alkali in various ways implies a significant 
drop in specific activity, the effect of potas- 
sium being larger than for sodium. 

The activity trends observed for reform- 
ing reactions are generally in accordance 
with results obtained or reported for ethane 
hydrogenolysis and methanation, whereas 
the specific activity for decomposition of 
ammonia appears unaffected by the carrier 
and the presence of alkali. It is unlikely 
that this effect of the carrier and alkali is 
related to the ability for steam adsorption 
or to surface acidity. Morever, electronic 

interactions between carrier or alkali and 
the metal may be excluded, since the effect 
is not accompanied by a change of the 
activation energy. 

The results indicate that the activity for 
reforming correlates with the surface het- 
erogeneity as expressed by the adsorption 
of nitrogen on the nickel surface. It is be- 
lieved that some carrier materials and 
adsorption of alkali on the interface or the 
metal may influence the surface structure 
by changes of the surface and interfacial 
energies. This might affect the number of 
ensembles being optimal for reforming re- 
actions, hydrogenolysis and methanation. 
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