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Carburisation of nanocrystallineiron with ethylene
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The carburisation of nanocrystalline iron with ethylene has been studied. The carburisation processes
were carried out under atmospheric pressure, under the flow of pure ethylene or ethylene-hydrogen mix-
ture at a constant temperature in the range of 310-550 °C. The process was controlled using a spring
thermobalance and cathetometer, with the accuracy of 0,1 mg. The phase composition of the samples after
carburisation was determined by means of X-ray diffraction (XRD). As a result of the carburisation of
nanocrystalline iron with ethylene, the formation of iron carbide FesC occurs, followed by the formation
of carbon deposits. Under a C,H,/H, gas mixture, these two reaction steps can be separated, while under
pure ethylene the reactions are much faster and the simultaneous formation of iron carbide and carbon
deposits is observed. Depending on temperature and on the carburisation degree, various forms of carbon
deposits can be observed using TEM: spherical, helicoidal, and nanotubes. The diameter of these carbon
forms is below 100 nm.
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1. Introduction

Carbonaceous deposits formed during industrial processes using hydrocarbons
causes the deactivation of catalysts [1-3]. As a consequence, the regeneration or ex-
change of the deactivated catalyst is necessary. On the other hand, carbon deposits
formed on metals as fibres or nanotubes have a lot interesting applications [4-11].
The best catalysts for the preparation of such nanocarbon materials are based on iron,
nickel and cobalt [12-31].

This paper deals with the preparation of nanocarbon materials by the decomposi-
tion of ethylene on nanocrystalline iron.
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2. Experimental

The nanocrystalline iron used in carburisation experiments was doped with small
amounts of two (Al,Oz; and CaO) or three (Al,O3 CaO and K,0) structural promoter
oxides. The samples were obtained by the fusion of magnetite with promoter oxides.
The alloy obtained was crushed after cooling and sieved to separate the fraction of
1.2-1.5 mm. To obtain metallic iron, polythermal reduction with hydrogen was per-
formed. The pyrophoric samples obtained after reduction were passivated using nitro-
gen with an addition of 0,5% of oxygen. The chemical composition after passivation
was determined using inductively coupled plasma atomic emission spectroscopy
(AES-ICP). Besides iron, the samples contained 2.9 wt. % of Al,O3 3.0 wt. % of
Ca0, 0.7 wt. % of K,0, 0.3 wt. % of SiO,, and 1 wt. % of other metal oxides (Mg, Ni,
Cr, Ti, V).

The average crystallite size of iron in the samples, determined using X-ray diffrac-
tion (XRD) (CoK4,), and calculated using Scherrer’s equation, amounted to 17 nm.

The carburisation process was carried out in a spring thermobalance. A single
layer of grains of the sample was placed in a platinum basket and hung in the thermo-
balance. Changes in the sample mass were recorded with a cathetometer. The accu-
racy of the measurements was 0.1 mg. Before carburisation, the samples were reduced
at a temperature rising from 20 to 500 °C under hydrogen. After reduction (when
a constant mass of the sample was reached), the carburisation process was started using
ethylene (40 dm®h) or an ethylene/hydrogen mixture (1:19). The carburisation processes
were carried out isothermally, at a temperature in the range of 310-550 °C.

3. Results and discussion

Examples of the thermogravimetric lines (TG) for the carburisation of nanocrystal-
line iron with ethylene are shown in Figure 1a. Line (1) corresponds to the carburisa-
tion of the sample with a potassium addition, carried out under a mixture of ethylene
and hydrogen (1:19). The two other lines correspond to carburisation under pure eth-
ylene — line (2) corresponds to the sample without potassium and line (3) to the one
with a potassium added. The carburisation processes were carried out up to a sample
mass increase of 0.072 g C/g Fe, which corresponds to the stoichiometric content of
carbon in the iron carbide (FesC). In Figure 1b, the derivatives of the TG lines in Fig-
ure la are shown. Comparing the rates of carburisation under pure ethylene for the
two samples — with and without addition of potassium — it can be concluded that the
presence of potassium increases the reaction rate. The dilution of ethylene with hy-
drogen leads to a decrease of the reaction rate (line (1) in Fig. 1b). The reaction rate
under a mixture of ethylene with hydrogen for the sample with potassium, however, is
higher than the reaction rate on the sample without potassium under pure ethylene.
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Fig. 1. TG (a) and corresponding DTG (b) curves of the carburisation process of nanocrystalline iron
at 370 °C: 1 — a sample of iron with an addition of potassium, carburised under a C,H,/H, mixture,
2 —a sample of iron without an addition of potassium, carburised under C,Hy,

3 —a sample of iron with an addition of potassium, carburised under C,H,

The phase composition of the carburised samples was determined using XRD. The
results are shown in Figure 2. The number of patterns corresponds to the number of
samples in Figure 1. In pattern 4, corresponding to the sample before carburisation,
only the peaks corresponding to o-Fe are present. The other peaks visible in patterns
1-3 correspond to iron carbide FesC (cementite). Other iron carbides were not de-
tected.
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Fig. 2. Diffraction patterns: 1 — triply promoted iron sample after carburisation under a C,H4/H,

mixture, 2 — doubly promoted iron sample after carburisation under C,H,,
3 — triply promoted iron sample after carburisation under C,H,, 4 — iron sample before carburisation

All samples were carburised to a mass increase corresponding to the amount of
carbon sufficient to transform iron into Fe;C. However, the peaks of unconverted iron
can still be observed in the XRD patterns of samples 2 and 3. If free iron is still pre-
sent in these samples, in spite of the fact that this amount of carbon is sufficient to
transform all of the iron into FesC, then carbon deposits have to be formed. Compar-
ing the patterns of these samples, it can be stated that the intensity of the o-iron peak
is higher for the sample 3 (with potassium), therefore the formation of carbon deposits
occurs earlier on this sample.

In order to determine the range of carbon concentration in which only iron carbide
without carbon deposits is formed, the following experiments were carried out. A series
of samples with different carbon contents, below the stoichiometric carbon concentra-
tion in cementite, was prepared. The phase composition of these samples was deter-
mined using XRD. The conversion degree of iron to Fe;C for each sample was deter-
mined on the basis of the surface area of the Fe (200) and Fe;C (121/210) peaks.

In Figure 3a, the dependences of the conversion degree of iron to Fe;C on the car-
bon content are shown for doubly and triply promoted iron samples carburised under
pure ethylene at 340 °C. The solid line in this plot corresponds to stoichiometric ce-
mentite. For the doubly promoted sample, there are no experimental points below
about 0.045 g C/g Fe, since such a substantial mass increase on this sample was
measured in a very short period of time at the beginning of the process (during the
first 2 minutes). This was the reason for which it was impossible to measure the mass
increase for a less carburised sample. For the triply promoted iron sample, it was pos-
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sible to obtain a sample with lower carbon content, namely 0.03 g C/g Fe. All of the
experimental points for both doubly and triply promoted samples are located below
the theoretical straight line corresponding to the formation of cementite. Therefore it
can be concluded that for carburisation carried out under pure ethylene at 340 °C both
cementite and carbon deposits are formed even at the very beginning of the process.
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Fig. 3. The dependence of the conversion degree of iron to Fe;C on the relative increase
of carbon mass for: a) doubly and triply promoted iron samples, carburised under pure ethylene
at a temperature of 340 °C; b) doubly (at 340°C) and triply (at 370°C) promoted iron samples,

carburised under a mixture of ethylene/hydrogen (1:19)
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In Figure 3b, a similar dependence is shown for carburisation under a mixture of
ethylene with hydrogen (1:19) for the doubly promoted iron sample at 340 °C and for
the triply promoted sample at 370 °C. The experimental points for the triply promoted
sample are located on the line corresponding to the cementite formation, thus under
the conditions of this experiment only cementite is formed, without carbon deposits.
The experimental points for the doubly promoted sample are also located on the ce-
mentite line, but only below a mass increase of about 0.04 g C/g Fe. Above this value,
the experimental points are located below the theoretical cementite line, therefore
carbon deposits are then formed simultaneously with cementite.

Fig. 4. TEM images of the sample: a) without addition of potassium, carburised under C,H,
at of 450 °C; b) without the addition of potassium, carburised under C,H, at 500 °C,
¢) with the addition of potassium, carburised under C,H, at 550 °C; d) without addition
of potassium, carburised under C,H, at the temperature of 550 °C
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In order to identify the forms of carbon deposits, a series of samples carburised
under pure ethylene for 180 min was prepared. The samples obtained were character-
ised using TEM. In Figure 4a, TEM image is presented of a doubly promoted iron
sample carburised at 450 °C, up to a mass increase of about 0.9 g C/g Fe. Spherical
carbon forms 10-20 nm in diameter can be observed.

Fibrous forms of carbon deposits were observed after carburisation to a higher de-
gree (1.7 g C/g Fe) and at higher temperature (500 °C). Under these experimental
conditions, carbon fibres about 100 nm in diameter were obtained (Fig. 4b). Figure 4c
shows a TEM image of the iron sample containing potassium carburised at 550 °C up
to a mass increase of 1.32 g C/g Fe. At the end of the carbon fibres, iron carbide crys-
tallites about 100 nm in diameter can be observed. The diameter of the carbon fibres
in this picture is in the range 50-150 nm. Similar carbon structures were observed on
the doubly promoted iron sample carburised at the same temperature up to 1.24
g C/g Fe. Hollow carbon fibres were also observed in this case (Fig. 4d). The external
diameter of these fibres was about 40 nm and the internal one about 10 nm.

There were no differences in the forms of carbon deposits obtained on the doubly
and triply promoted iron samples.

4. Conclusions

The products of the carburisation of nanocrystalline iron with ethylene are iron
carbide and carbon deposits. Iron carbide is formed only as cementite, other iron car-
bides were not detected.

The presence of potassium in the sample enhanced the reaction rate.

The form of carbon deposits depends on the process conditions. In the temperature
range of 500-550 °C, carbon fibres are formed.
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