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racteristics and magnetic
properties of iron carbide from an oolitic hematite†

H. H. Wang,ab G. Q. Li, *ab J. H. Mab and D. Zhaoa

Iron carbide (Fe3C) is a magnetic material but it is not stable when it is prepared. Iron carbide was first

prepared from high phosphorus oolitic hematite pellets using hydrogen reduction and was subsequently

carburized with methane (CH4). The products were then cooled down to room temperature using three

different cooling conditions: fast cooling, furnace cooling, and heat preservation for 2 h with subsequent

fast cooling. The results showed that the optimal reaction conditions for the preparation of Fe3C from

hydrogen reduced high phosphorus oolitic hematite are carburizing with CH4 for 15 min at 1023 K, then

fast cooling with argon gas, thus a degree of carburization of 95.12% can be obtained. The heat

preservation promotes the self-decomposition of Fe3C and the occurrence of multi-walled nano carbon

fibers. The carbon nanotubes (CNTs) are in the form of rings, chains or nets, which can be attributed to

the collisions between the CNTs. The nonuniform nano iron grains restrict the growth of CNTs

deposited on the surface of metallic iron, and cause the bending of each CNT, which generates the

chain or the net shape. Under fast cooling, the saturation magnetization declines from 82.59 to

61.97 emu g�1 as the time of carburization with CH4 increases from 10 to 30 min. The addition of the

heat preservation and the control of the time of carburization with CH4 can give the desired saturation

magnetization. The Fe3C prepared from high phosphorus oolitic hematite has relatively high magnetic

properties.
Introduction

The high phosphorus oolitic hematite reserves (3–4 billion tons)
in China cannot be utilized because of the difficulty of impurity
removal.1 Recently, several technologies for the dephosphori-
zation have been studied for the utilization of high phosphorus
hematite, which were mainly: mineral processing,2,3 deep
reduction4–8 and smelting technology.9 Generally, mineral pro-
cessing has problems of low iron recovery and dephosphoriza-
tion ratio. The deep reduction leads to the reduction of apatite
to phosphorus, which will dissolve into the iron phase, there-
fore, the decline of phosphorus content in the iron phase needs
to be further investigated. The immature technology of smelting
for dephosphorization and the energy consumption mean that
the technology is unable to be widely applied.

Iron carbide (Fe3C), a type of raw material used for steel-
making and also a functional material, can be widely used in
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many industrial elds.10–14 Nanosized Fe3C has been mainly
considered as a side product during the synthesis of carbon (C)
structures, where the metallic iron is used as a catalyst, for
example, in chemical vapor deposition,15 ultrasonic spray
pyrolysis,16 laser ablation in organic solvent17 and pyrolysis
processes18 during the synthesis of carbon nanotubes (CNTs).
Papers in the literature have presented countless procedures for
the production of a plethora of nanoparticles and nano-
structures (ranging from physical to chemical approaches, in
water or solventless, by using a hard template or so matter),
thus, it is surprising that a synthetic pathway to produce Fe3C
nanoparticles in a reproducible, simple, and fast manner is still
missing. This should contribute to the stability of an interstitial
compound of Fe3C, which can also be affected by the experi-
mental conditions. Iron carbide in macro-scale was mainly
prepared from high grade of iron ore such as Australian ore,
Brazilian ore and other raw iron ores with little gangue, by
reacting it with carburization gas, using a carburization process
at low temperature (about 773–1123 K).19–21 The Fe3C can be
prepared from the iron ores in the atmosphere of hydrogen/
methane (H2/CH4) and the previous work by the Authors'
research group has conrmed that 1023 K is the optimum
temperature for the preparation of Fe3C from high phosphorus
oolitic hematite by H2 reduction and subsequent carburization
with CH4, and also veried that the phosphorus in apatite
was not reduced during the preparation of Fe3C using
This journal is © The Royal Society of Chemistry 2017
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Table 2 The specimen numbers and the reaction times with CH4

No. A B C D E F
Time (min) 5 10 15 30 60 120

Table 3 The specimen numbers and the cooling condition

No. condition A B C D E F
Fast cooling A-1 B-1 C-1 D-1 E-1 F-1
Cooling in furnace A-2 B-2 C-2 D-2 — —
1023 K holding and fast cooling A-3 B-3 C-3 D-3 E-3 F-3
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thermodynamic calculations and related verication experi-
ments.22–24 The results compensate well for the problem where
phosphorus reduced from apatite can dissolve into the iron
phase by the carbon-based reduction of high phosphorus
hematite at relatively high temperature. Until now, the forma-
tion of Fe3C mainly consists of three steps: reduction of iron
oxide, CH4 decomposition on the surface of the metallic iron,
and the carburization of the metallic iron.20,21 Wang et al.24 has
noted that the content of free carbon in the product prepared
from high phosphorus oolitic hematite is relatively high
because of the excessive time of CH4 decomposition and
improper cooling treatment of samples aer carburizing, which
greatly decreased the quality and purity of the carburized
specimens. Thus, if the key factor to make full use of the reac-
tion time of CH4 decomposition and the cooling condition is
well controlled, it may be promising in popularizing the use and
the technology of Fe3C preparation in H2/CH4.

In order to study the stability and the properties of Fe3C from
high phosphorus oolitic hematite at 1023 K, the high phos-
phorus oolitic hematite was rst reduced in a H2 atmosphere
for the stepwise reduction of hematite to metallic iron, and
subsequently with CH4 for various reaction times (carburization
of iron to Fe3C), before nally applying three different cooling
conditions: (i) fast cooling with a large ow rate of argon (Ar);
(ii) with furnace cooling under Ar protection; and, (iii) heat
preservation for 2 h with subsequent fast cooling by Ar. X-ray
diffraction (XRD) and Mössbauer spectroscopy were used for
the qualitative and quantitative analysis of iron and Fe3C
content in the products. Transmission electron microscopy
(TEM) and vibrating sample magnetometry (VSM) were used for
the characterization, and the magnetic property of the products
from different cooling conditions were also investigated.
Experimental
Raw materials

A high phosphorus oolitic hematite from western Hubei prov-
ince, China, was used as the raw material. Firstly, the iron ore
was crushed into small pieces and then screened with a 100–120
particle size mesh. The ne ore powders were pelletized with
some distilled water aer an adequate mixing process in an
agate mortar. The raw pellets were subsequently dried for 2 h at
373 K and then sintered for 15 min at 1173 K. The composition
of the high phosphorus oolitic hematite is shown in Table 1.
Experimental methods

Two-step process for the preparation of iron carbide. The
preparation of Fe3C from high phosphorus oolitic hematite at
105 Pa was carried out using a two-step process, which was H2

reduction and subsequent carburization with CH4. Firstly, the
Table 1 The composition of high phosphorus oolitic hematite
(100–120 mesh) (mass%)

Composition Fe SiO2 Al2O3 MgO CaO P
Content 50.23 14.6 5.08 0.62 2.34 0.77

This journal is © The Royal Society of Chemistry 2017
basket with a pellet, which was hung on a thermobalance
(METTLER TOLEDO, MS105), was placed in a quartz reaction
tube. The specic apparatus has been described in previous
papers.22–24 Then, the tube was placed into a vertical resistance
furnace at the predetermined temperature of 1023 K, and the Ar
gas was introduced to ush air in to the reaction tube for 5 min.
Aerwards the gas was switched to H2 for the reduction of the
pellet, with a ow rate of 150 cm3 min�1. When the pellet was
reduced to a certain degree of 0.9 at 1023 K, the H2 gas was
switched to CH4 gas with a ow rate of 300 cm3 min�1. When
the carburization process nished, the sample was cooled down
to room temperature with different cooling conditions. Then
the sample obtained was ground in an agate mortar and
vacuum packaged ready for the subsequent analysis. Addition-
ally, these powder samples obtained from different cooling
conditions and corresponding reaction times with CH4 were
marked with specic numbers, as shown in Tables 2 and 3.

Analytical apparatus. The powder samples obtained were
analyzed using XRD (PANalytical X'Pert PRO MPD) with Cu Ka
X-ray radiation. The Mössbauer spectra were recorded at room
temperature with a constant acceleration and conventional
standard transmission spectrometer (WissEl GmbH) with
a 57Co(Pd) source. The drive velocity scale was calibrated with
a 25 mm thick pure a-Fe foil. All isomer shis were quoted
relative to the center of the a-Fe calibration spectrum. The
experimental 57Fe Mössbauer spectra were tted using a least-
squares regression tting procedure. The TEM images were
obtained using a 200 kV TEM (Tecnai G2 F20). Isothermal
magnetization measurements at room temperature were per-
formed in a commercial superconducting quantum interfer-
ence device magnetometer (SQUID-VSM: Quantum Design).
Results and discussion
Methane reaction time and cooling conditions on Fe3C
preparation – the weight change during the Fe3C preparation

Fig. 1 illustrates the weight change of the pellet sample at 1023
K in the Fe3C preparation process. It shows that the weight of
the pellet sample decreased with increase of time during the
rst 50 min of the H2 reduction. Aer that, the reduced metallic
iron was reacted with CH4. In the rst two minutes of reaction
with CH4, the weight decreased at a relatively slow rate. Then
the weight increased gradually with the CH4 reaction time from
52 to 80 min. It is interesting to nd the phenomenon of the
RSC Adv., 2017, 7, 44456–44462 | 44457
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Fig. 1 The curve of the weight change versus reaction time at 1023 K.

Fig. 2 The equilibrium relationship between the volume percentage
of CH4 and the temperature of reactions (1) to (3).
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continuous decrease of the weight of pellet sample during the
rst 2min of the reaction with CH4 gas. The result indicates that
the reduction of iron(II) oxide (FeO) by the CH4 gas had
occurred. In the previous work of our research group, a similar
result was also achieved, and it is proposed that there is
a mechanism of Fe3C formation which, with the additional
process of the reduction of FeO to Fe by reaction with the CH4

gas, means that the Fe3C will not be generated.24 In order to
evaluate the priority of process of FeO reacting with CH4, and
the carburization of metallic Fe to Fe3C, the thermodynamics of
reactions (1) to (3) has been calculated, and the results are
shown in Table 4.25

The three possible reactions that may occur are shown in
Table 4. The temperatures at a Gibbs Free energy change (DG0) at
0 K show that the beginning temperature for reaction (3) is the
lowest of 865.8 K and as the temperature is xed at 1023 K, the
Gibbs Free energy is �10 212.4, �6296.2 and �21 806.1 J mol�1,
respectively, for reactions (1)–(3), which reveals that reaction (3)
occurs most easily. To further evaluate the thermodynamics of
each reaction, the volume percentage of CH4 for reactions (1) to
(3) in equilibrium with FeO and Fe or Fe3C were plotted against
temperature in Fig. 2. Fig. 2 shows that reaction (3) requires the
minimum CH4 volume percentage at temperatures less than 975
K, which further illustrates that the formation of Fe3C by the
carburization of metallic Fe with CH4 gas (reaction (3)) will occur
aer the reduction of the remaining FeO. Compared with reac-
tion (3), reactions (1) and (2) require less volume percentage of
CH4 in the temperature range from 975 to 1300 K. The results
indicate that reactions (1) and (2) are more susceptible to
occurring, which means that the carburization of metallic Fe to
Fe3C is begun aer the completion of the formation of metallic
Fe from FeO. In addition, the required CH4 partial pressure for
reaction (1) is lower than that of reaction (2), so the carbon
monoxide (CO) gas is easier to generate than the CO2 gas during
the deep reduction of FeO with CH4.
Table 4 The possible reactions between FeO and CH4

No. Reaction DG0
T at
DG0 ¼ 0 (K)

1 3FeO + CH4 ¼ 3Fe+2H2O + CO 274 181.6–278.42T 984.8
2 4FeO + CH4 ¼ 4Fe+2H2O + CO2 257 494.6–257.86T 998.6
3 3Fe + CH4 ¼ Fe3C+2H2 120 084–138.7T 865.78

44458 | RSC Adv., 2017, 7, 44456–44462
XRD qualitative analysis

Fig. S1 (ESI†) shows the XRD patterns of sample groups A-1 to F-
3 (referring to ASTM cards as shown in Table S1†). The relative
intensity of each characteristic peak qualitatively reects the
Fe3C content andmetallic Fe content aer reacting with CH4 for
different times and using different cooling conditions. Fig. S1(a)
(ESI†) shows the XRD patterns of the specimens aer reacting
with CH4 for 5 min and using different cooling conditions. Two
main phases: iron and quartz were in the three specimens. The
analysis of the A- groups did not detect the phase of Fe3C, which
means that Fe3C was not formed or not detected accurately in
themeasurements. In addition, the results also conrm that the
deep reduction of reaction (2) exists, which is consistent with
the results of previous research.24 Aer the unreacted FeO was
totally converted into metallic Fe, reaction (3): 3Fe (s) + CH4

(g) ¼ Fe3C (s) + 2H2 (g), occurred.
The XRD patterns for samples B-1 to D-3 are shown in

Fig. S1(b) to S1(d).† Research by Narkiewicz et al.26 has shown
that the 2q¼ 37.63� belongs to the (1 2 1) reection of Fe3C (PDF
No. 00-035-0772), and the relative intensity of the characteristic
peak reects well the relative content of the Fe3C. The 2q ¼
82.34� is assigned to the (2 1 1) reection for the metallic Fe
phase, and the intensity can qualitatively distinguish the rela-
tive content of Fe. From Fig. S1(b)–S1(d),† the XRD patterns
show that with the increase of reaction time with CH4, the
intensity of the characteristic peak for the Fe3C phase increases,
whereas a relative lower intensity of Fe3C exists aer the sample
is furnace cooled or if the cooling condition is heat preservation
for 2 h and subsequent fast cooling. In addition, based on the
intensity of characteristic peak at 2q ¼ 82.34�, the relative
content of metallic Fe of the samples from furnace cooling or
heat preservation at 1023 K for 2 h plus fast cooling, is higher
than that from the fast cooling. According to the intensity of the
characteristic peaks for Fe3C in different samples, it was
preliminarily deduced that the optimal cooling conditions for
the Fe3C preparation from high phosphorus oolitic hematite
should be the fast cooling. Meanwhile, the holding the
temperature for 2 h plus the fast cooling could not improve the
utilization of deposited carbon from the CH4 decomposition,
but will lead to the self-decomposition of Fe3C instead.
This journal is © The Royal Society of Chemistry 2017
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XRD analysis of samples from E-1 to F-3 is shown in Fig. S1(e)
(ESI†). The difference of relative intensity of the characteristic
peak for Fe3C caused by the different cooling conditions in E-1
and E-3 or F-1 and F-3 was lower than that of B-1 to D-3, but the
relative intensity of the Fe3C peak was still decreased if the
holding time at 1023 K was extended for 2 h. Additionally,
compared with the relative intensity of the characteristic peak
for graphite in B-1 to D-3, the graphite peak was relatively wide
and the intensity was high. It can be deduced that with the
extension of the reaction time with CH4, the deposited carbon
on the surface of the newly reduced metallic was increased, the
self-decomposition of Fe3C was accelerated, and a relatively ne
grained graphite with a low degree of crystallization was also
easily generated.
Quantitative Mössbauer analysis

The Mössbauer analysis is an accurate detection method for the
distinction of different Fe phases, especially with the relatively
low content iron-bearing phases. Fig. 3 shows the results of the
quantitative analysis of the content of Fe-containing phases
under different cooling conditions using Mössbauer spectros-
copy. The Fe-containing phases include metallic Fe, Fe3C and
chlorite. The results in Fig. 3 reect that the Fe3C cannot be
formed in the initial 5 min of the reaction with CH4, which is
consistent with the results from the XRD analysis shown in
Fig. S1(a) (ESI†). Based on the results in Fig. 3, the Mössbauer
analysis of the samples from A-1 to D-3, shows that when the
cooling condition is fast cooling, the content of Fe3C increases
with the increase of the reaction time with CH4. But the content
of Fe3C in the E-1 and F-1 samples shows a small decline, which
suggests that the extension of the CH4 reaction time from
30 min to 1 h and 2 h is not of benet for the increase of the
content of Fe3C. This phenomenon is because the formation
rate of Fe3C is relatively slow when the CH4 reaction time is too
long, and the Fe3C is a type of metastable interstitial compound.
Chlorite also contains a small amount of iron, but the chlorite is
chemically stable, so that the iron does not participate in the
Fe3C formation. The effect of the cooling conditions and the
reaction time with CH4 on the degree of carburization and
the degree of decomposition of Fe3C can be deduced from Fig. 3
Fig. 3 The relationship between cooling conditions and the content
of iron-bearing phases.

This journal is © The Royal Society of Chemistry 2017
and 4. Fig. 4 shows that the degree of carburization during the
rst 10 min of the reaction with CH4 is up to 85.61%, which
indicates that the carburization reaction is rapid aer the
reduction of FeO to metallic Fe completed. When the reaction
time with CH4 was increased to 15 min with subsequent fast
cooling, the degree of carburization was 95.12%. The degree of
carburization was 98.32% aer 30 min reaction with CH4 and
then fast cooling. Compared with the fast cooling, the degree of
self-decomposition of the samples obtained from the 10 min
and 30 min reaction with CH4 and the subsequent heat pres-
ervation at 1023 K for 2 h plus the fast cooling was 39.20% and
44.47%, respectively. The degree of self-decomposition of the
other samples from the other reaction times with CH4 and the
subsequent heat preservation was approximately 28%.

The results of the Mössbauer analysis conrmed that fast
cooling is the optimal cooling condition for the preparation of
Fe3C, and that the heat preservation at 1023 K for 2 h plus the
fast cooling will promote the decomposition of Fe3C. At 1023 K,
the product is a mixture of ferrite iron and cementite (Fe3C),
and the heat preservation promotes the conversion of cementite
to ferrite, resulting in the self-decomposition of Fe3C: Fe3C (s)¼
3Fe (s) + C (s). Thus, the content of Fe3C decreases. Thus, the
optimum conditions for the preparation of Fe3C from high
phosphorus oolitic hematite are a temperature of 1023 K,
reaction time of 15 min with CH4 and then fast cooling to room
temperature. Under these conditions, the corresponding degree
of carburization is 95.12%, and the atom ratio of carbon to iron
is 0.51.
The characterization and magnetic properties of the iron
carbide

TEM analysis. Fig. 5(a) and (c) show the TEM images of
specimens C-1 and C-3. Based on the dark area, which mainly
consists of Fe3C, the relative content of Fe3C in C-1 is higher
than that in C-3. The light area is mainly graphite. The number
of multi-walled carbon nanotubes (MWCNTs) from CH4

decomposition in C-3 is obviously more than that in C-1, which
is consistent with the results of the XRD analysis. However, the
ring, and chain shaped MWCNTs in C-3 are different to that
found by Helminiak et al.,27 because they used nanocrystal iron
as the catalyst [aluminium oxide (Al2O3), silicon dioxide (SiO2)
calcium oxide (CaO) and other oxides as the precursors] for the
Fig. 4 The relationship between cooling conditions and the content
of iron-bearing phases.

RSC Adv., 2017, 7, 44456–44462 | 44459
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Fig. 5 Results of TEM and EDS analysis of the samples fromC-1 to F-3;
(a) and (c) are the TEM images of C-1 and C-3; (b) and (d) are the
corresponding EDS analysis of (a) and (c); (e) to (h) are the samples of
E-1, E-3, F-1 and F-3, respectively.

Fig. 6 The TEM images and the corresponding selected-area poly-
crystalline electron diffraction of C-1 (a, b) and C-3 (c, d) specimens.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/2
1/

20
25

 6
:4

4:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
CH4 decomposition. In this study, the microstructure of the ne
dissemination of gangue minerals and hematite in high phos-
phorus oolitic hematite was not damaged during the H2

reduction, and the Fe was mostly embedded in the ooide.
Although the reduced metallic Fe was similar to the nano-iron
grains, the iron was not evenly distributed. The non-uniform
growth of nano iron grains contributed to the collisions of
each CNT, and restricted the growth of CNTs deposited on the
surface of metallic Fe, which caused the bending, and the
rolling of the MWCNTs, and formed a chain or a ring shape
during the aggregation of the nanotubes. From Fig. 5(b) and (d),
the element in C-1 and C-3 samples is basically the same – they
are both composed of Fe, C, silicon (Si), aluminium (Al) and
44460 | RSC Adv., 2017, 7, 44456–44462
oxygen (O), whereas the copper (Cu) element found comes from
the standard Cu grid used in the TEM determination. Results
from energy dispersive X-ray spectroscopy (EDS) analysis indi-
cated that the Fe3C and graphite are the main phases in the C-1
and C-3 samples, and the Si, Al and O were the element sources
of the gangueminerals in the high phosphorus oolitic hematite.
The coexistence of the elements of Fe and C with Si, Al also
revealed that the phase of Fe3C is still embedded closely with
the gangue minerals, which explains why it is difficult to
dephosphorize the Fe3C products using magnetic separation,
which has been reported before by Wang et al.28 The
morphology of the graphite of C-3 grows much better than that
of C-1, and the nano carbon bers are much clearer in C-3 than
C-1. These results are in agreement with those from Helminiak
et al.,27 Kameya et al.,29 Narkiewicz et al.,30 and Luo et al.,31 and
they revealed that the carbon from the decomposition of Fe3C
always presented as nano carbon bers. Fig. 5(e) to 6(h) show
themorphology of the samples that reacted with CH4 for 60 min
and 120 min, respectively, under different cooling conditions
(E-1 to F-3 samples). Comparing the TEM images of E-1, F-1 with
C-1, the groups of E and F show a higher degree of graphitiza-
tion, and the crystallinity of the samples is better. Based on the
TEM images of E-3 and F-3, the product samples which were
treated with heat preservation for 2 h plus the fast cooling,
could form the MWCNTs and also some nanotubes coated
around the Fe3C particles and the MWCNTs are onion-like.
Because of self-decomposition of Fe3C, the newly generated
carbon bers were ne with a relatively low degree of crystalli-
zation and have many defects.

Fig. 6(a) and (c) represent the TEM images of the product
samples that were cooled using fast cooling and heat preser-
vation for 2 h plus the fast cooling, respectively. The image for
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 The magnetization versus temperature of the specimens C-1
and C-3.
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C-3 shows that the boundary in the samples which underwent
fast cooling is more ambiguous, and the number of the carbon
bers is more than that in C-1. Fig. 6(b) and (d) are the corre-
sponding selected-area polycrystalline electron diffraction
(SAPED) images corresponding to Fig. 6(a) and (c). The Fe3C
[(200) reection, orthorhombic Fe3C, JCPDS No. 00-035-0772],
SiO2 [(144) plane, hexagonal SiO2, JCPDS No. 00-086-1628] and
graphite [(100) reection, hexagonal C, JCPDS No. 00-001-0640]
are the main phases in the C-1 sample. While the Fe3C [(200)
and (212), orthorhombic], SiO2 [(115) plane, hexagonal],
graphite [(100) reection, hexagonal] and metallic iron [(200)
plane, cubic, JCPDS No. 01-089-7194] exist in the C-3 sample.
The index results of the presence of metallic Fe in C-3 further
reveal that the self-decomposition of Fe 3C is caused by the heat
preservation, which is in good agreement with the previously
mentioned XRD and Mössbauer analysis of the corresponding
samples. Meanwhile, the dark area in Fig. 6(a) is larger than that
in Fig. 6(c), which can also reect the self-decomposition of
Fe3C by heat preservation.

VSM magnetic analysis. The curves of the magnetization
versusmagnetic eld and the magnetization versus temperature
of the product samples under different cooling conditions are
shown in Fig. 7 and 8, and the specic magnetic property is
shown in Table 5. The results in Table 5 indicate that the
saturation magnetization (Ms) decreases from 82.59 to 61.97
emu g�1 with the extension of the reaction time with CH4 from
10 min to 30 min (from B-1 to D-1). Compared with F-1, the Ms

of F-3 increases from 68.08 to 78.64 emu g�1. The Ms of E-1 and
F-1 is obviously less than that of B-1 and D-1, which may be
attributed to the fact that much carbon was deposited from the
CH4 decomposition wrapping the iron or the Fe3C particles
(Fig. 5) when reacted with CH4 for too long. The coercive force
(Hc) is approximately 20 Oe except for the result of 9.98 Oe ob-
tained for B-1. The magnetic remanence (Mr) increases a little
when the CH4 reaction lasts for more than 15 min, and theMr is
maintained at 0.2–0.3 emu g�1 if the reaction time with CH4 is
longer than 30 min. If the reaction time with CH4 is too long, it
contributes to the decrease of the magnetic property of the
samples. The possible reason for this is that with the increase of
Fig. 7 The magnetic hysteresis loops recorded for the B1 to F1.

This journal is © The Royal Society of Chemistry 2017
reaction time with CH4, the carbon content of the sample will be
increased, however, theMs of metallic iron is higher than that of
Fe3C. Fig. 8 represents the magnetization versus temperature of
the different specimens (C-1 and C-3) and shows that the two
branches: zero eld cooling (ZFC) and eld cooling (FC) of each
curve, do not merge at any point below room temperature. The
result proves that the specimens are ferromagnetic and
not superparamagnetic, because superparamagnetism is
a phenomenon in which hysteresis does not occur at tempera-
tures in the range of room temperature and above.32 Magneti-
zation curves (C-1) and (C-3) represent the Fe3C and the Fe3C
with some metallic Fe, respectively. As the amount of the
metallic Fe phase increases (summarized in Fig. 4), theMs value
of C-3 is larger than that of C-1, which is because of the self-
decomposition of Fe3C by the different cooling conditions.

The magnetic property of the Fe3C prepared from high
phosphorus oolitic hematite was also assessed in a previous
study.24 The heat preservation for 2 h plus fast cooling caused
the decline of the Fe3C content while the content of metallic
iron increased, thus the Ms will increase, but the carbon from
the self-decomposition of Fe3C will increase the degree of
carbon coated on the surface of Fe3C, which will hinder the
magnetic property of the sample. Table 5 shows that the
increase of the content of metallic Fe is more benecial than
that of MWCNT coating on the surface of Fe3C. The magnetic
property of Fe3C powder from the high phosphorus oolitic
hematite is generally excellent.
Table 5 The specific parameters of saturation magnetization (Ms),
coercivity (Hc) and remanent magnetization (Mr)

Ms (emu g�1) Hc (Oe) Mr (emu g�1)

B-1 82.59 9.98 0.39
C-1 68.08 19.80 0.56
C-3 78.64 20.08 0.72
D-1 61.97 19.91 0.25
E-1 42.43 19.89 0.29
F-1 32.26 19.91 0.21
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Conclusions

(1) The optimal reaction conditions for the preparation of Fe3C
from a high phosphorus oolitic hematite are a temperature of
1023 K, a CH4 reaction time of 15 min, and the cooling condi-
tion of fast cooling using Ar gas, and a degree of carburization of
95.12% can be obtained under these conditions.

(2) The heat preservation promotes the self-decomposition
of Fe3C and the occurrence of nano carbon bers. With the
increase of the reaction time of CH4, the degree of graphitiza-
tion increases, and the MWCNTs are in a ring, chain or net
formation. The morphology is attributed to the ne dissemi-
nation of gangue minerals and the structure of hematite in the
high phosphorus oolitic hematite was not damaged during the
H2 reduction, which means that the Fe was mostly embedded in
the ooide. The nonuniform growth of nano iron grains
contributes to the collisions of each carbon nanotube, and
restricts the growth of CNTs deposited on the surface of metallic
Fe, resulting in the bending, and generates the chain or the net
shape.

(3) With the increase of the reaction time with CH4, the
saturation magnetization (Ms) of the Fe3C powder containing
gangue minerals decreases. Under fast cooling, the saturation
magnetization declines from 82.59 to 61.97 emu g�1 as the CH4

reaction time increases from 10 to 30 min. Whereas the addi-
tion of the heat preservation can promote the increase of theMs.
The results are because of the free carbon content increase with
the increase of reaction time with CH4, and also the Ms of the
metallic Fe is higher than that of Fe3C. The Fe3C prepared from
high phosphorus oolitic hematite is a type of so magnetic
material with a relatively high magnetic property.
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