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Abstract

The amount and degree of graphitic character of the carbon deposits formed on Fe–Ni (1:4) particles when heated in an
ethane/steam environment at temperature ranging from 765 to 925◦C was found to be dependent upon the concentration as
well as the chemical nature of the sulfide species present in the reactant stream. Distinct advantages with regard to inhibition
of carbon deposition were found when either dimethyl sulfide (DMS) or dimethyl disulfide (DMDS) were used as additives
to the reactant mixture compared to the behavior observed with H2S. The introduction of 25 ppm of the organic sulfides
produced a significant decrease in the formation of catalytically generated carbon and a corresponding increase in the yield
of the desired product ethylene. Under the same conditions H2S was found to promote the growth of catalytic carbon at the
expense of ethylene production. Electron microscopy examinations showed that the addition of sulfur species to the reactant
feed created a major change in the structural characteristics of the solid carbon deposit as the temperature was progressively
raised from 765 to 925◦C. At temperatures in excess of 865◦C there was a transformation from filamentous to graphitic
shell-like structures. The ramifications of this phenomenon on the operation of commercial reactor systems is discussed.
© 2000 Published by Elsevier Science B.V.
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1. Introduction

Carbon deposition on catalysts, reactor tubes and
heat exchanger surfaces adversely affects the per-
formance of a large number of industrial processes,
particularly those involving the conversion of hydro-
carbons. Several review articles have highlighted the
complex structure of carbon deposits [1–8], which can
be divided into three main classes: amorphous or py-
rolytic, filamentous and graphite shell-like structures.
These different types would not be distinguished dur-
ing a routine analysis of a carbonaceous deposit, but
merely referred to collectively as “coke”. The poten-
tial for carbon formation exists in any system in which
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hydrocarbons undergo thermal decomposition and it
is well known that certain metals can increase the
overall rate of this process by catalyzing the growth
of filamentous and the graphitic types of deposit. The
highest catalytic activity for carbon deposition is ex-
hibited by iron, cobalt, nickel, and alloys containing
these metals.

The available evidence suggests that the amor-
phous carbon component is formed via condensation
and polymerization reactions and this material orig-
inates from thermal processes. It is conceivable that
a significant amount of hydrogen is incorporated in
the deposit, however, as the temperature is raised
dehydrogenation reactions will tend to reduce the hy-
drogen content [9]. It is also believed that the acidic
nature of a surface can have a profound effect on the
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amount of this type of carbon that accumulates [10].
On the other hand, there is a general consensus that
the formation of the filamentous and graphitic forms
of carbon require the participation of a catalytic entity
that usually operates in a particulate form during the
respective growth processes.

The mechanism commonly accepted to account for
the observed characteristics of the steady-state growth
of carbon filaments from the metal catalyzed decom-
position of carbon-containing gases can be summa-
rized according to the following steps [11,12]:
1. adsorption of reactant gas molecules at particular

faces of the metal particle followed by decomposi-
tion to generate carbon species;

2. dissolution in and diffusion of carbon species
through the metal particle;

3. precipitation of carbon from a different set of faces
to form a fibrous structure.
It has been established that the latter set of faces

control not only the degree of crystalline perfection of
the deposited carbon filament, but also the conforma-
tional characteristics of the material [13–16]. A conse-
quence of this phenomenon is that certain metal faces
will remain free of deposited carbon and therefore,
available for continued reaction with the hydrocarbon.

While the fundamentals of the formation of the
graphite shell-like deposit have not received the same
attention as the efforts devoted to the growth charac-
teristics of filamentous carbon there is a possibility
that many of the steps outlined above are also involved
in the formation of this type of carbon. Nolan et al.
[17] reported that graphite, in the form of a shell struc-
ture surrounding a metal particle core, was the exclu-
sive type of deposit produced from the decomposition
of carbon monoxide. They observed that the limiting
thickness of the graphite shells was about 30 layers,
and that this parameter was dependent on the lifetime
of the metal catalyst particles. Based on these findings,
they argued that the growth of graphite layers did not
occur via a mechanism that involved precipitation of
carbon from the surface of the metal. Rodriguez et al.
[18] carried out a detailed examination of the nature
of the solid carbon produced on iron–nickel particles
during interaction with ethane at about 850◦C, condi-
tions at which the alkane readily forms ethylene, and
demonstrated that precipitation of dissolved species
was the key step in the formation of the graphitic
shell-like deposits.

Previous work from this laboratory [19–21] has
shown that either pre-treatment or continuous addition
of 5–10 ppm H2S to iron, nickel or cobalt particles un-
dergoing reaction with ethylene had a significant im-
pact on the catalytic activity of these metals, particu-
larly with respect to the enhancement in yields of car-
bon filaments. It should be emphasized that while trace
amonts of sulfur in the gas stream can promote carbon
deposition on metal particles, it is well established that
high levels of sulfur-containing additives effectively
inhibit its accumulation [22–28]. In the current inves-
tigation, we have extended this experimental approach
in an attempt to establish the effect of the chemical
nature of the sulfur precursor molecule on the char-
acteristics of the carbon deposit resulting from the
iron–nickel catalyzed decomposition of ethane. Atten-
tion has been focused on a number of factors that could
have an impact on this phenomenon including, the re-
action temperature, the chemical nature of the sulfur
precursor molecule, the concentration of the additive
and the characteristics of the solid carbon deposit.

Motojima et al. [29,30] have examined the effects
of a variety of sulfur compounds, including H2S,
n-butylmercaptane, dibenzylsulfide and thiophene, as
additives to acetylene for the growth of carbon fila-
ments from nickel powders at temperatures ranging
from 550 to 750◦C and 1 atm pressure. They reported
that there were significant differences in the behavior
of the sulfur compounds on this reaction and that
thiophene was the most effective for the growth of
coiled carbon filament structures. The optimum yield
(about 50 wt.%) for the growth of these carbon struc-
tures was obtained at a thiophene flow rate of 0.35
sccm (1.17% in acetylene). It was claimed that the
optimum flow rate of the additive was restricted to a
very narrow range and that “excessive” amounts of
this component might act as poisons for the nickel
catalyst. It was significant that these workers found
that the yield of carbon filaments produced by this
method was 1.7 times greater than that obtained from
using H2S as the additive molecule.

Kato et al. [31] studied the catalytic effect of sul-
furized metal and sulfur-containing substrates for
growth of vapor grown carbon fiber production at
temperatures around 1100◦C and 1 atm pressure.
They claimed that the catalyst, which had equiva-
lent amounts of sulfur and metal was in the molten
state under these conditions. Egashira et al. [32,33]
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found that carbonaceous substrates containing 3%
sulfur and sulfur pretreated ceramic materials such
as alumina and silica exhibited high activity for car-
bon filament formation. When the sulfur-containing
substrates were impregnated with a fine dispersion
of iron there was a significant increase in the yield
of the solid carbon product. They rationalized the
promotional effect of sulfur according to the notion
that the formation of HS radicals in the vapor phase
resulted in the extraction of hydrogen from the edges
of the growing carbon fiber to generate active centers
that facilitated the deposition of further amounts of
solid carbon. While this explanation may be some-
what questionable, the experimental observations are
certainly relevant to the current investigation.

2. Experimental

2.1. Flow reactor studies

A flow unit was specially designed and constructed
to allow for the introduction of a reactant mix-
ture (ethane/steam/sulfides/helium) to a quartz tube
(40-mm ID and 90-cm long) that was heated by a
conventional Lindberg horizontal tube furnace. The
gas flow to the reactor was accurately monitored and
regulated by the use of MKS mass flow controllers.
Powdered Fe–Ni (1:4) catalyst samples (100 mg) were
dispersed along the bottom of a ceramic boat, which
was placed at the center of the quartz reactor tube.
After reduction in a 10% H2–He (20:180 cm3/min)
mixture at 600◦C for 1.0 h, the reactor was purged
with helium while the system was brought to the de-
sired reaction temperature (765–925◦C). The reactant
mixture ethane/steam (4:1) (200 cm3/min) containing
various amounts of sulfide species was introduced into
the reactor. After a reaction period of 2.0 h, the system
was once again purged with helium and then allowed
to cool down to room temperature. There was provi-
sion for taking gas samples at various intervals during
reaction for subsequent product analysis by a Varian
3400 Gas Chromatography unit that was equipped
with a 30-m megabore (GS-Q) capillary column.

2.2. Characterization studies of solid carbon deposits

The characterization studies of the solid carbon de-
posits produced on the alloy powder were performed

using a combination of techniques including, high res-
olution transmission electron microscopy and temper-
ature programmed oxidation. The detailed structural
features of the carbonaceous deposits were determined
from examinations performed in a JEOL 2000EX II
electron microscope. The lattice resolution of this in-
strument is estimated to be 0.18 nm. The degree of
crystalline order of individual forms of the deposit
was ascertained from selected area electron diffrac-
tion analysis and lattice fringe measurements. Suitable
specimens for transmission purposes were prepared by
ultrasonic dispersion of the deposit in iso-butanol fol-
lowed by application of a drop of the supernatant onto
a holey carbon support film. With this type of spec-
imen arrangement it was possible to find sections of
the deposit which were extremely thin and protruded
from the edge of the carbon support film.

The graphitic content of the various samples of car-
bonaceous deposits was evaluated from a compari-
son of the oxidation characteristics of such materials
with that of two standard materials, high purity single
crystal graphite and active carbon in a CO2/Ar (1:1)
mixture. These experiments were carried out using a
Cahn 2000 microbalance in which the specimen was
heated at a rate of 5◦C/min. Under these conditions
the onset of gasification of active carbon took place
at 550◦C, whereas the corresponding point for pure
graphite was found to be 860◦C. Prior to conducting
the oxidation experiments all metallic inclusions were
removed from the deposits by repeated washing in 1 M
HCl over a period of 7 days. The efficiency of this
process was checked by XRD and TEM examinations
of the treated deposits and both methods indicated an
absence of metallic inclusions in the carbon solids.
This is an essential step since metals such as iron and
nickel have been found to be very active catalysts for
the gasification of carbonaceous solids and this as-
pect would distort the oxidation profiles and create
major problems with the characterization procedure
[34].

2.3. Materials

The gases used in this work, C2H6, H2, 1000 ppm
and 5% H2S/He, CO2 and He, were all 99.999% pu-
rity and were purchased from MG and BOC Indus-
tries and used without further purification. Dimethyl
sulfide (DMS) and dimethyl disulfide (DMDS) were
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obtained from Aldrich. Research grade iron–nickel
(1:4) powder was supplied by Johnson Matthey.

3. Results

3.1. Flow reactor studies

3.1.1. Effect of hydrogen sulfide on carbon deposition
In an attempt to establish a fundamental understand-

ing of the relationship between the sulfur concentra-
tion in the reactant gas mixture and the potential for the
formation of solid carbon in the ethane/steam system,
experiments were performed under conditions where
the reaction temperature was maintained constant and
various concentrations of hydrogen sulfide were con-
tinuously added to the reactant feed passing over the
powdered alloy samples. Analysis was conducted of
the gaseous products and solid carbon yields obtained
during the interaction of the Fe–Ni (1:4) alloy powder
in an ethane/steam (4:1) environment as a function of
the H2S concentration at 815◦C. These data which are
presented in Fig. 1 show that the addition of as little
as 25 ppm of H2S result in a significant increase in the
yield of solid carbon deposited on the iron–nickel alloy
surface, while at the same time there is a correspond-
ing decline in the generation of CO. The amount of
CO is reduced still further upon raising the concentra-
tion of H2S in the reactant. The solid carbon yield does

Fig. 1. Product distribution from the Fe–Ni (1:4) catalyzed decomposition of ethane/steam (4:1) containing various amounts of H2S at 815◦C.

not appear to exhibit any pronounced change between
50 and 100 ppm H2S, but eventually decreases when
the sulfide concentration is raised above 100 ppm. The
yields of the major gaseous products CH4 and C2H4
increase as the level of H2S is raised to 50 ppm and
gradually decrease at higher additive levels.

In a further set of experiments with the iron–nickel/
ethane-steam system, the concentration of H2S was
held constant at 150 ppm, whilst the temperature of
the reaction was varied over the range 765–925◦C.
Inspection of the product distributions given in Fig. 2
indicates that the yield of solid carbon reaches a
maximum at 865◦C and then decreases at higher
temperature. On the other hand, the concentration of
the desired product, ethylene, exhibits a sharp drop
as the temperature is raised from 765 to 815◦C and
continues to decrease upon reaching 925◦C.

3.1.2. Effect of organicsulfides on carbon deposition
In this series of experiments the iron–nickel powder

was initially reacted at 815◦C in an ethane/steam (4:1)
mixture containing various amounts of either DMS
or DMDS. From a comparison of the data obtained
with these respective sulfide additives, Figs. 3 and 4,
it is evident that over the additive concentration range
(25–150 ppm), in the presence of DMS the production
of methane rises from 22 to 30%, but does not exhibit
any dramatic changes with a DMDS additive. On the
other hand, the yield of ethylene appears to reach
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Fig. 2. Product distribution and percent conversion of ethane from the Fe–Ni (1:4) catalyzed decomposition of ethane/steam (4:1) containing
150 ppm H2S as a function of temperature. (�) C2H6 conversion; (j) C2H4; (m) solid C; (d) CO; (h) CH4; (s) C2H6; (e) Other (× 0.2).

an optimum level at 25–50 ppm DMS and 150 ppm
DMDS. Startling differences in the solid carbon
yields are found when the organic salts are used as the
source of sulfur compared to the behavior observed
with H2S (Table 1). In the former cases no evidence
for an enhancement in formation of carbon deposits is
observed as a function of sulfide concentration and on

Fig. 3. Product distribution from the Fe–Ni (1:4) catalyzed decomposition of ethane/steam (4:1) containing various amounts of DMS at
815◦C.

the contrary, it appears that at certain concentrations
there is a decrease in the accumulation of such mate-
rial. Furthermore, in systems were sulfur was derived
from an organic precursor there is little variation of
the mole fraction of ethane in the reactor effluent,
suggesting that in these cases the conversion of the re-
actant was not affected by the sulfide concentration. A
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Fig. 4. Product distribution from the Fe–Ni (1:4) catalyzed decomposition of ethane/steam (4:1) containing various amounts of DMDS at
815◦C.

comparison of the data presented in Tables 1 and 2 in-
dicate that when the iron–nickel catalyzed decompo-
sition of ethane is conducted at 815◦C in the presence
of the two organic sulfide additives an inverse rela-
tionship exists between the amount of carbon deposit
and the yield of ethylene. In contrast, when the reac-
tion is performed with the same concentrations of H2S
no distinct relationship is found between the yields of
solid carbon and ethylene.

It is interesting to note that the effectiveness of
both the inorganic and organic sulfides in suppress-
ing catalytic carbon formation was indistinguishable
as the concentration of each additive was progres-
sively raised above 150 ppm. Experiments performed
at additive levels in excess of 500 ppm showed that
the yield of solid carbon was the same with all three
sulfide compounds.

Table 1
Comparison of percent solid carbon yield from the iron–nickel
catalyzed decomposition of ethane at 815◦C as a function of the
concentration of various sulfide additives

Concentration of additive (ppm) H2S DMS DMDS

0 10.1 10.1 10.1
25 18.8 5.1 3.8
50 15.6 8.1 4.9

100 16.5 7.5 5.9
150 8.7 8.0 8.5

Table 2
Comparison of the ethylene yields from the iron–nickel catalyzed
decomposition of ethane at 815◦C as a function of the concentra-
tion of various sulfide additives

Concentration of additive (ppm) H2S DMS DMDS

0 8.8 8.8 8.8
25 7.9 25.5 15.0
50 17.9 25.0 15.0

100 10.8 20.2 12.6
150 5.0 16.7 25.8

Finally, the effect of reaction temperature on the
performance of the organically derived sulfur on in-
hibiting the growth of solid carbon was investigated.
The results of experiments performed in the presence
of 150 ppm of each additive as function of temper-
ature over the range 765–925◦C as given in Fig. 5
(DMS) and Fig. 6 (DMDS). When the interaction of
the iron–nickel powder with ethane/steam was carried
out in mixtures containing 150 ppm DMDS, the yield
of solid carbon exhibited a decrease as the tempera-
ture was progressively increased from 765 to 925◦C.
This trend was not so apparent when an analog set
of experiments were carried out in the presence of
150 ppm DMS. From a comparison of the data con-
tained in these two plots, it was interesting to find that
in the presence of DMS, the ethylene selectivity de-
creased as a function of increasing temperature, Fig. 5,
whereas at 815◦C an optimum yield of the olefin is
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Fig. 5. Product distribution and percent conversion of ethane from the Fe–Ni (1:4) catalyzed decomposition of ethane/steam (4:1) containing
150 ppm DMS as a function of temperature. (�) C2H6 conversion; (j) C2H4; (m) solid C; (d) CO; (h) CH4; (s) C2H6; (e) Other
(× 0.2).

achieved upon addition of 150 ppm of DMDS to the
reactant mixture (Fig. 6).

3.2. Characterization studies of the solid carbon
deposit

3.2.1. Temperature programmed oxidation studies
The oxidation profiles of the demineralized car-

bon deposits generated from the interaction of

Fig. 6. Product distribution and percent conversion of ethane from the Fe–Ni (1:4) catalyzed decomposition of ethane/steam (4:1) containing
150 ppm DMDS as a function of temperature. (�) C2H6 conversion; (j) C2H4; (m) solid C; (d) CO; (h) CH4; (s) C2H6; (e) Other
(× 0.2).

ethane/steam (4:1) mixture containing 25–150 ppm
of the, respective, sulfides with Fe–Ni powders at
815◦C for 2 h are shown in Figs. 7–9. For compar-
ison purposes, included on each plot is the profile
obtained for the solid carbon produced in the ab-
sence of sulfide additives under otherwise identical
reaction conditions. It is apparent that in the case of
H2S, the oxidation profiles are found to be highly
dependent upon the partial pressure of sulfur in the
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Fig. 7. Comparison of the gasification characteristics in CO2/Ar (1:1) of catalytic carbon produced from the interaction of Fe–Ni (1:4)
alloy at 815◦C with C2H6/H2O (4:1) containing various concentrations of H2S.

gaseous reactant stream. In general, however, as
the level of sulfur in the reactant gas is raised, the
carbon deposits produced from the iron–nickel cat-
alyzed decomposition of ethane at 815◦C become
progressively more graphitic in nature. This feature is
particularly evident with the solid carbon generated
in the presence of all concentrations of the organic

Fig. 8. Comparison of the gasification characteristics in CO2/Ar (1:1) of catalytic carbon produced from the interaction of Fe–Ni (1:4)
alloy at 815◦C with C2H6/H2O (4:1) containing various concentrations of DMS.

sulfides, which are found to be significantly more
graphitic in nature than those produced when equiva-
lent concentrations of H2S were present in the reactant
gas.

In a final set of experiments, the influence of
reaction temperature on the character of the carbon
deposits produced from ethane/steam mixtures con-
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Fig. 9. Comparison of the gasification characteristics in CO2/Ar (1:1) of catalytic carbon produced from the interaction of Fe–Ni (1:4)
alloy at 815◦C with C2H6/H2O (4:1) containing various concentrations of DMDS.

taining 150 ppm DMDS was investigated. For this
purpose the concentration of the organic sulfide addi-
tive was held constant at 150 ppm, while the tempera-
ture was varied over the range 765–925◦C. From the
profiles shown in Fig. 10 it is clear that the carbona-
ceous material acquired a more graphitic character as

Fig. 10. Comparison of the gasification characteristics in CO2/Ar (1:1) of catalytic carbon produced from the interaction of Fe–Ni (1:4)
alloy with C2H6/H2O (4:1) containing 150 ppm of DMDS at various temperatures.

the reaction temperature was increased, reaching the
highest level at 925◦C.

3.2.2. Transmission electron microscopy studies
Examination by transmission electron microscopy

of the structures of the carbon deposits that were
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Fig. 11. Transmission electron micrograph of carbon filaments produced from the interaction of C2H6/H2O (4:1) over Fe–Ni (1:4) alloy
particles at 765◦C in the presence of 150 ppm DMDS.

produced on the iron–nickel powdered catalysts from
the various reaction systems revealed the existence of
two types of material: carbon filaments and graphite
“shell-like” structures. Filamentous carbon deposits
were found in the greatest abundance at 765 and
865◦C and the typical appearance of these structures
is presented in the electron micrographs (Figs. 11–13).

A more detailed appreciation of an individual car-
bon filament and the associated iron–nickel particle
can be seen in Fig. 14. This type of structure was
produced from an ethane-steam reactant mixture
containing 150 ppm of H2S and has been generated
by the “whisker-like” mode where the catalyst is
located at the growing end of the filament. When
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Fig. 12. Transmission electron micrograph of carbon filaments produced from the interaction of C2H6/H2O (4:1) over Fe–Ni (1:4) alloy
particles at 815◦C in the presence of 150 ppm DMDS.

H2S was replaced by either of the organic sulfides
the amount of carbon filaments was significantly re-
duced, nevertheless the structural characteristics were
identical to those described above. High resolution
examination shows that these filaments possess a
well-defined ordered structure and from the appear-
ance of the lattice fringe images it is possible to

ascertain that the graphite platelets are aligned in a
direction that is almost parallel to the fiber axis (Fig.
15). In sharp contrast, the carbon filaments formed
from an ethane-steam mixture that did not contain
any sulfur additives tended to acquire a more disor-
dered “bead-like” structure, an example of which is
presented in the electron micrograph (Fig. 16).
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Fig. 13. Transmission electron micrograph of carbon filaments produced from the interaction of C2H6/H2O (4:1) over Fe–Ni (1:4) alloy
particles at 865◦C in the presence of 150 ppm DMDS.

The other type of deposit, a shell-like material in
which iron–nickel particles appeared to be coated and
encapsulated by highly graphitic carbon, is shown in
Fig. 17. Electron diffraction studies confirmed that
this material possessed a high degree of crystalline
perfection. This form of carbon tended to predomi-
nate at 925◦C and was most prevalent in the deposits

associated with the presence of organic sulfides in
the reactant stream. It was interesting to find, how-
ever, that the amount of the shell-like deposit pro-
duced on a given alloy particle was significantly lower
than that achieved when a similar sized catalyst parti-
cle was responsible for generating filamentous carbon
structures.
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Fig. 14. Transmission electron micrograph showing the appearance of a carbon filament and the associated catalyst particle produced after
reaction at 865◦C with an C2H6/H2O (4:1) mixture containing 150 ppm H2S.

4. Discussion

It is apparent from this investigation that significant
differences were observed when the Fe–Ni (1:4) sam-
ples were heated in an ethane-steam reactant mixture
containing similar concentrations of either H2S, DMS
or DMDS. From examination of the data given in Ta-
bles 1 and 2 it is apparent that the yields of catalytic
carbon deposits and ethylene are extremely sensitive
to the concentration as well as the chemical nature
of sulfide additive. In the 25–150 ppm range, the ma-
jor difference between H2S, DMDS and DMS is that
whereas the former additive promoted carbon deposi-
tion, both organic sulfides suppressed this process on
the alloy. Furthermore, it can be seen that the perfor-
mance of DMDS in this regard was superior to that
displayed by DMS at concentrations up to 150 ppm.
Analysis of the total products derived from experi-
ments where the organic sulfides were introduced into
the reactant mixture reveals that as the accumulation
of solid carbon decreases there is a corresponding en-
hancement in the yield of ethylene. This finding is con-
sistent with the notion that catalytic carbon is formed
via a secondary reaction, i.e. the catalyzed decompo-
sition of ethylene.

The diverse behavior displayed by the inorganic and
organic sulfur compounds is fascinating and leads one
to conclude that contrary to the accepted view in these
reactions the organic sulfides do not readily undergo
gas phase decomposition and merely function as an
expensive source of H2S, but instead retain some of
their organic characteristics when they adsorb on the
alloy surfaces. Moreover, the subtle differences ob-
served with DMS and DMDS suggest that the nature
of the organic functionality plays a critical role in the
performance of the sulfur moiety with regard to in-
hibition of carbon deposition and selectivity towards
ethylene formation. Further, surface studies are being
conducted on these systems in an attempt to elucidate
the difference in adsorption characteristics between
H2S and the organic sulfides on the alloy.

Since sulfur chemisorption on metal surfaces either
prevents or modifies the adsorption characteristics of
other reactant molecules, in many respects it resem-
bles the behavior of certain metallic additives, such as
copper, in bimetallic catalysts [24]. Sulfur adsorption
on a metal surface causes two types of poisoning: (a)
blockage of catalytic sites (geometric effect) and (b)
changes in the catalytic performance of the host due to
the influence of neighboring sulfur atoms (electronic
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Fig. 15. High resolution transmission electron micrograph showing the details of the lattice fringe image of the graphite platelets (the
direction is indicated by parallel lines) constituting the carbon filament presented in Fig. 14.

effect). The geometric effect plays an important role
over the entire sulfur coverage range and dominates
in the high coverage regions [24,35,36]. On the other
hand, the electronic effect is considered to be operative
only at low sulfur coverages [37,38]. Somorjai [39]

proposed that facile (small ensemble) reactions such
as hydrogenation and dehydrogenation should be less
affected by sulfur addition than demanding (large en-
semble) reactions like hydrogenolysis. Consequently,
a sulfur treatment of metal catalysts may provide a
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Fig. 16. Transmission electron micrograph showing the appearance of carbon filaments produced after reaction at 925◦C from interaction
of Fe–Ni (1:4) alloy particles with an C2H6/H2O (4:1) mixture.

sensitive tool for improving selectivity by modifying
the concentration of ensembles [40].

Another aspect that can be encountered with sul-
fur addition is the possibility of reconstruction of the
metal surfaces. The phenomenon of surface recon-
struction or faceting is important in catalysis, espe-
cially in regard to structure-sensitive reactions. Sulfur
induced reconstruction has been rationalized in two
ways [41]: (a) a change in the cooperative stable con-
dition as a result of hydrogen desorption and (b) a
modification in the metal–sulfur bonding characteris-
tics to accommodate more sulfur atoms. Presumably,
a strong metal–sulfur interaction weakens the bond-
ing between the surface and the next lower metal lay-
ers, allowing for rearrangements of the surface metal
atoms to take place. In this regard one might expect to
find a difference in the strength of such bonding when
sulfur is derived from an organic rather than an inor-
ganic compound. Furthermore, it is possible that the
structure of the organic sulfides plays a critical role
in the adsorption step and the characteristics of this

process may be quite different to those encountered
with H2S. Clearly, these aspects warrant further fun-
damental study and a detailed surface science inves-
tigation of the interactions may reveal the key factors
surrounding the differences in adsorption and subse-
quent decomposition behavior of H2S and the organic
sulfides.

The results of electron microscopy examinations
demonstrated that the addition of sulfur species to
the reactant feed exerted a profound influence on the
characteristics of the catalytically generated carbon
filaments. When one combines these studies with the
TPO data presented in Figs. 7–9, it becomes evident
that the presence of sulfur, particularly that derived
from the organic precursors, induces a significant
influence on the crystalline perfection of the carbon
filaments. Since this property is directly related to the
events occurring at the metal–carbon interface [13–16]
it is tempting to speculate that sulfur has an impact on
the interstitial spacing of the metal atoms in this re-
gion, thereby creating an improvement in the registry
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Fig. 17. Transmission electron micrograph of the graphitic shell-like deposit formed on Fe–Ni (1:4) particles during the interaction with
an C2H6/H2O (4:1) mixture containing 150 ppm DMS at 925◦C.

with the interatomic distance of the carbon–carbon
bond in graphite. The observation that many of the
carbon filaments adopt identical crystalline struc-
tures to the “recently discovered” multi-walled car-
bon nanotubes confirms the opinion held by many

researchers that these types of deposits have been
known for many years and are universally regarded as
a nuisance in the efficient operation of many indus-
trial processes that involve hydrocarbon conversion
reactions.
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Fig. 18. Schematic representation of the transformation in the nature and structure of the carbonaceous deposit as the temperature is raised
to 925◦C.

In all cases it was found that as the temperature was
progressively raised from 865 to 925◦C there was a
distinct change in the form of the deposit. This trans-
formation in the character of the solid carbon deposit
from filamentous structures to a shell-like geometry
that is observed when the alloy is treated at temper-
atures in excess of 865◦C in a reactant mixture con-
taining the organic sulfides may have some important
technological ramifications. Consider the situation de-
picted in the schematic diagram in Fig. 18. In the ab-
sence of a sulfide additive, carbon filaments are formed
at a rapid rate during the initial stages of the cracking
reaction. Over a period of time these structures pro-
vide a high surface area collection site for pyrolytic
carbon, derived from uncatalyzed gas phase reactions.
Essentially, the combination of these two processes
generates the required conditions for the formation of
a carbon–carbon composite that possesses a high me-
chanical strength and as consequence, is difficult to
remove from the reactor walls. In contrast, it would
appear that in the presence of a suitable concentration
of a sulfide additive, the growth of filamentous car-
bon is restricted in favor of the formation of a smooth
graphite sheet deposit, which does not provide the type
of surface that is conducive for the accumulation of
the pyrolytic carbon component. Under these condi-
tions there is a net decrease in the overall amount of
carbon deposited and the highly graphitic nature of
the shell-like material would be less likely to exert
a deleterious effect with respect to the heat transfer

properties within the metal reactor tube. In addition,
the preferential formation of this latter type of deposit
will tend reduce the likelihood of encountering the
problems associated with the extensive collection of
pyrolytic carbon derived from non-catalyzed sources
that invariably result in blockage of the reactor.
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