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Abstract

Experimental studies were focused on the feasibility of utilization of hydrocarbons diluted with inert gases
(such as associated oil gases) during the synthesis of nanofibrous carbon. The carbon yield and catalyst lifetime
were studied regarding the initial reaction mixture parameters. Varying the composition of the initial gas
mixture, it is possible to control textural characteristics of the resulting carbon product.

INTRODUCTION

Synthesis of nanofibrous (filamentous) car-
bon by decomposition of hydrocarbon gases in
the presence of metal catalysts is becoming
increasingly important at present. This materi-
al is very promising as a catalyst support [1],
electrode material [2], as a support for immo-
bilization of biologically active substances [3],
as a catalyst [4] and additive to polymers [5].
Besides, nanofibrous carbon is a good adsorb-
ent and can be used for cleaning the waste
from harmful impurities [6].

The material is formed by carbon fibers
ranging from 3 and 500 nm in diameter. Na-
nofibers have a graphite-like structure. Depend-
ing on the catalyst type and reaction condi-
tions, the basal graphite planes may be arranged
either as a coaxial cylindrical system (multi-
layer nanotubes), or at some angle to the fiber
axis to form a system of cones put one into
another, or a package. The use of heavily load-
ed metal catalysts allows one to produce na-
nofibrous materials not only as individual fib-
ers or unstable conglomerates that can be easi-
ly dusted, but also as strong porous granules
[7], formed by densely packed interlaced na-

nofibers. The mechanism of formation of in-
dividual nanofibers and porous granules is de-
scribed elsewhere ([5, 8] and [7], respectively).

The simplicity of process accomplishment
makes it possible to utilize associated oil gases
as hydrocarbon feedstock. The process permits
wasteless utilization of associated oil gases to
produce valuable products — hydrogen and na-
nofibrous carbon.

The aim of present paper was to investi-
gate the influence of inert impurities in the
initial gas mixture on the following characte-
ristics of hydrocarbon decomposition: yield of
carbon, catalyst deactivation, and properties
of the resulting granulated nanofibrous car-
bon material.

METHODS

Nanofibrous carbon materials were synthe-
sized in the installation, providing an ideal gas
mixing in the microreactor with a fluidized cata-
lyst bed. The catalyst mass was 0.002 g. To pre-
pare a mixture, high-purity CH, (not less than
99.99 %) and inert gases (Ar, He, N,) were
used. The amount of mixture fed into the re-
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actor was such that the constant consumption
of methane constituent was provided as in the
experiments with pure methane (120 1/(h g.,;))-
The experiments were carried out at atmos-
pheric pressure. Temperature was varied in the
range of 475—600 °C. The outlet gas mixture
was analyzed chromatographically during the
process. The samples were examined by trans-
mission electron microscopy (TEM) using a JEM-
100CX microscope (resolution 2 A, accelerating
voltage 100 kV, spherical aberration of the ob-
ject lens 2.8 nm; magnification 10 000 to 100 000).

Two types of Ni-containing catalysts were
used to synthesize carbon materials. The first
type was prepared by co-precipitation. The com-
ponents were precipitated from aqueous solu-
tions of Ni(NOs), [(BH,O and Al(NO;); 9H,O tak-
en in the specified ratio, with NaOH serving as
a precipitating agent [9]. The second type of
catalysts was prepared by sol-gel synthesis meth-
od [10]. Catalysts of this type were produced
with two different dispersions of active nano-
particles. In the reduced state, average size of
Ni nanoparticles was 12 or 60 nm in diameter.

The experiments were divided into two se-
ries. The aim of first series was to elucidate
dependencies between the total yield of car-
bon product, the rate of deactivation of the
first type of catalysts and parameters of the
reaction medium. These experiments were con-
ducted until complete catalyst deactivation. As
soon as the process stopped, the resulting car-
bon was unloaded from the reactor and weighed.

The second series of experiments was de-
voted to studying of dependencies between
average nanofiber diameter and carbon growth
conditions. In these experiments, the nanofib-
rous carbon was synthesized during 1.5 h in
the presence of the second type of catalysts,
and then the samples were examined by means
of TEM. The micrographs obtained were ana-
lyzed, and 450 fragments of nanofibers from
every sample were measured. Results of this
analysis allowed us to determine the typical
diameter of nanofibers for every carbon growth
condition used.

RESULTS AND DISCUSSION

Figure 1 presents the results obtained for
the first series of experiments using methane/

1) 4
- Y
™,
- _ t"‘
- -
£ 131 1
. "
--l-. T .'-."\-'\.
£ ] '1_‘
T oo n -.\
- . s =
= - .
- -, "x,{.‘
i S L ¥
N o -,
em “
" L
| bl 4
“ gy E]
LT
- == L
T
T T 1

|'] T LI L L
0 dan dhea Al 2 iE

Pt Pt |

Ihxa sl

Fig. 1. The influence of argon concentration in methane
on nanofibrous carbon yield, %: 1 — CH,,2 — CH, (75) +
Ar (25), 3 — CH, (50) + Ar (50), 4 - CH, (25) + Ar
(75), 5 — CH, (10) + Ar (90).

argon mixtures. When the inert gas is added,
the total carbon yield (the yield observed after
complete catalyst deactivation) decreases. Note,
that carbon yield decreases with increasing the
temperature at any concentration of the inert
admixture. Probably, this decrease is due to a
more rapid catalyst deactivation at relatively
high temperatures.

Figure 2 shows the curves of methane con-
version versus time at different argon concen-
trations in the reaction mixture. The time of
complete catalyst deactivation becomes short-
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Fig. 2. Dependence of methane conversion on the time
of catalyst operation at different proportions of argon
in the inlet mixture. Temperature 535 °C. Initial mix-
ture, %: 1 — CH, (100), 2 — CH, (90) + Ar (10), 3 — CH,
(80) + Ar (20), 4 —CH, (10) + Ar (90).
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Fig. 3. The influence of hydrogen concentration in the
reaction medium on nanofibrous carbon yield. Tempera-
ture 520 °C.

er as concentration of the inert admixture in-
creases. In particular, the catalyst is deactivat-
ed as soon as the gas mixture is fed into the
reactor, when the concentration of inert gas is
very high. It should be noted that the above
phenomena (see Figs. 1 and 2) are independent
on the nature of inert gas. For nitrogen, heli-
um, and argon, the behavior of methane-
inert gas mixtures was similar.

Analyzing the results obtained, we estab-
lished that inert gas influences the catalyst de-
activation and yield of the resulting carbon
by changing the partial hydrogen pressure. This
observation is confirmed by Fig. 3, where dif-
ferent concentrations of hydrogen in the reac-
tion medium were obtained by varying inert
admixtures.

M miFn

Fig. 4. The sample of nickel catalyst deactivated at 600 °C.
10 % CH, + 90 % Ar gas mixture was used as a feed-
stock.

Earlier hydrogen was already reported to
reduce deactivation of the catalyst and increase
the carbon yield. Positive influence of the hyd-
rogen presence was described by Chesnokov
and Buyanov [11, 12], authors of the article
[13, 14] and several other researchers [15, 16].

The comparison of experimental data sug-
gests, that a decrease in the carbon yield at high
concentrations of the inert gas is caused by fast
catalyst deactivation due to low partial hydro-
gen pressure under these conditions. Figure 4
shows a micrograph of catalyst particles com-
pletely deactivated at 600 °C, when 10 % CH, +
90 % Ar initial reaction mixture was used.

The second series of experiments showed
the dependence between average nanofiber

Fig. 5. Self-organization effect for carbon nanofibers obtained from 100 % CH, at 600 °C: a and b — initial average

sizes of nickel particles are 12 and 60 nm, respectively.
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Fig. 6. Carbon nanofibers obtained from 100 % CH, at 500 °C: a and b — initial average sizes of nickel particles are

12 and 60 nm, respectively.

diameter and carbon growth conditions. Under
some conditions, self-organization of the cata-
lytic system takes place. Average diameter of
carbon nanofibers is the same independently
from initial dispersion of the active nickel na-
noparticles. Self-organization of the catalyst
particles is the phenomenon of changing their
initial size (increase or decrease) during the
process of catalytic decomposition of hydro-
carbons to yield catalytic filamentous carbon.
According to the experimental data, tem-
perature affects self-organization. As it follows

from Fig. 5, at the conditions of 100 % CH,
initial mixture and temperature of 600 °C, the
process of self-organization is finished after 1.5 h
of the reaction. Average diameter of nanofibers
in both samples is similar (50—70 nm) and does
not depend on the initial dispersion of catalyst
active component. When the initial size of parti-
cles is 12 nm, they undergo agglomeration, while,
on the contrary, particles of 60 nm decrease in
size. Nanofibers with the similar diameters form
also on the catalysts with different initial disper-
sions of the active component at 550 °C using

Fig. 7. Carbon nanofibers obtained at 550 °C (initial average size of nickel particles is 12 nm): a — 50 % CH, + 50 %
Ar; b — 10 % CH, + 90 % Ar.
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TABLE 1

The influence of temperature and argon concentration in methane on nanofibrous carbon yield, g/g..

Experiment time — 1.5 h

T, °C Initial average size of Ni nanoparticles
12 nm 60 nm
CH, 50 % CH, + 50 % Ar 10 % CH, + 90% Ar CH, 50 % CH, + 50 % Ar
500 8.7 10. 8 13.9 6.2 12. 7
550 17.9 20.7 13.0 11.4 7.4
600 27.4 26.0 13 13. 4 4.1

100 % CH, and at 550, 600 °C using 50 % CH,
+ 50 % Ar initial mixture. The typical diame-
ters were in the range of about 50—60, 40—50
and 30—40 nm, respectively.

At 500 °C the effect of self-organization is
not observed (Fig. 6) for all the initial mixture
compositions used.

Thus, the effect of self-organization of
nanoparticles of the nickel catalyst, during
decomposition of hydrocarbons producing fil-
amentary carbon, is observed for 550, 600 °C
and 100 % CH,, 50 % CH, + 50 % Ar initial
mixtures. The experimental results comply with
the data in Ref. [17], where the self-organiza-
tion of catalytic system was found at 550 °C
for 100 % CH, initial mixture. The results show,
that diameter of the catalyst particles tends to
an average value, which is optimal for the
given experimental conditions.

The mechanism of “agglomeration and dis-
persion” of initial nanoparticles of the catalyst
is a very interesting and important problem. At
present this problem is under investigation.

It should be noted, that an increase in the
concentration of inert admixture and in tem-
perature results in the catalyst deactivation
which, in turn, reduces the yield of carbon.
The yields of carbon after 1.5 h of carbon
nanofibers growth are shown in Table 1. For
large catalyst particles (60 nm), the deactiva-
tion is especially strong.

Figure 7 shows the micrographs of carbon
nanofibers grown at 550 °C, at the initial
dispersion of catalyst active component equal
to 12 nm. With a change of initial reaction mix-
ture 50 % CH, + 50 % Ar to a mixture of 10 %
CH, + 90 % Ar, typical diameters of nanofib-
ers decrease from 40—50 to 20—30 nm.

Fig. 8. Carbon nanofibers obtained from 50 9% CH, +509% Ar mixture (initial average particle size is 60 nm): a and
b — carbon growth temperatures are 500 and 600 °C, respectively.
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A decrease in the average diameter of na-
nofibers with increasing temperature was ob-
served for the sample series obtained using
50 % CH, + 50 % Ar mixture and the cata-
lysts, in which the initial dispersion of active
component was 60 nm. The diameter of na-
nofibers decreases from 60—80 (at 500 °C) to
30—40 nm (at 600 °C). Figure 8 illustrates this
observation.

Thus, typical diameter of carbon nanofi-
bers strongly depends on the carbon growth
conditions. Varying the composition of reac-
tion mixture and temperature, one can change
the texture of carbon granule obtained.

CONCLUSION

The experiments showed that methane with
inert impurities can be used for synthesis of
nanofibrous carbon materials. Thus, the syn-
thesis of nanofibrous carbon can be applied to
the wasteless utilization of various diluted hyd-
rocarbon gases (including associated oil gases).
However, inert admixtures irreversibly affect
the catalytic activity, decreasing the catalyst
lifetime and carbon yield.

The self-organization process was observed
within a wide range of experimental parame-
ters. It was established, that the texture of
obtained carbon nanofibrous granules can be
controlled by varying the temperature and con-
centration of inert impurities in the reaction
medium.
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