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Abstract—Carbon material (CM) based on shadbush CAm (Amenanchier) wood pulp and a mixture of CAm +
AMS, where AMS is aluminum magnesium spinel, are used as a substrate for a Fe-containing catalyst pro-
moted by Bi (0.6 wt %) for the hydrogenation of CO. The dynamics of the formation of iron carbides during
the activation of iron oxides supported on the CM and CM–aluminum magnesium spinel mixture is studied,
along with the effect bismuth has on this process. It is found that they already have nonzero magnetization at
the stage of preparing the catalysts. It is shown that with Fe/CAm, only Hägg carbide forms in a medium of
CO/H2 (1 : 1), while a mixture of Hägg carbides and '-Fe2.2C forms when using Fe/(CAm + AMS). The pro-
motion of the Fe/(CAm + AMS) catalyst by bismuth substantially increases the amount of formed Hägg car-
bide and affects the amount of '-Fe2.2C negligibly.

Keywords: carbon material, aluminum magnesium spinel, promotion, carbides, in situ magnetometric
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INTRODUCTION
Over the last decade, great many works have been

devoted to the synthesis and use of carbon materials
(CMs) obtained from such renewable sources of vege-
table origin as the pulp of various wood species, rice
husks, wastes from coffee manufacturers, and biomass
[1–3].

It is known that the production of CMs from natu-
ral renewable sources excludes the use of quite expen-
sive chemicals and solves the environmentally relevant
problem of disposing of wood pulp. The cost of pro-
ducing CMs from natural feedstock is relatively low.
Carbon materials are in demand as the substrates for
Fe- and Co-containing catalysts in the selective pro-
duction of C2–C4 alkenes, C5 hydrocarbons, and liq-
uid paraffins during the hydrogenation of CO or
Fischer–Tropsch synthesis (FTS), in which synthesis
gas H2/CO is obtained from biomass, coal, and natural
and shale gases.

When choosing the substrate for metal-containing
catalysts, it is important to remember there should be
no oxide–oxide interaction between a porous sub-
strate and an active component that could lead to the
formation of hard-to-reduce intermediate com-
pounds, e.g., spinel structures that are virtually irre-
ducible at the relevant temperatures in the stage of pre-

paring the catalysts [4]. Such substrates clearly include
aluminum magnesium spinels of different stoichio-
metric compositions. CMs do not generally interact
with active components.

Iron oxides supported on a carbon matrix or alumi-
num magnesium spinel are normally composites with
large specific surfaces and developed porous struc-
tures that effectively adsorb gases and chemical com-
pounds dissolved in f luids [5]. Such nanomaterials are
characterized by a high fraction of surface atoms and
metastable morphology with a local minimum of free
energy.

It is currently thought that metal (iron, cobalt) car-
bides of different stoichiometric compositions act as
active sites during the hydrogenation of CO [6–8]. In
the case of iron-containing catalysts, these are cemen-
tite Fe2C and Hägg carbide -Fe5C2 [6–9]. Nie-
mantsverdriet et al. confirmed the hypothesis that
Hägg carbide -Fe5C2 actively participates in the FTS
reaction [10]. Experimental data obtained by Khoda-
kov et al. showed that when using a carbon substrate in
an iron-containing catalyst, high activity is achieved
through the considerable reactivity and fast regenerat-
ing capacity of Hägg carbide [9]. The carbon of the
substrate actively participates in the growth of the car-
bon chain. It has been found that fairly stable magne-
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tite forms upon activating an Fe/CNT catalyst in a CO
flow at 350C. Due to the close contact between mag-
netite and the carbon of the substrate, a positive effect
is observed in the catalytic hydrogenation reaction of
CO [9].

In studying the dynamics of carbidizing, it has been
noted that only Hägg carbide forms upon the activa-
tion of Fe/MgAl2O4 catalysts in the synthesis gas [11].
It is noteworthy that when choosing aluminum mag-
nesium spinels that differ from one another in the val-
ues of their specific surfaces by almost an order of
magnitude (23 and 185 m2/g), the amount of formed
Hägg carbide was substantially greater for spinel with a
smaller specific surface [11].

Depending on the variety of the wood pulp and
type of soils, the elemental compositions of charcoals
can differ both qualitatively and quantitatively. The
composition of charcoals often includes negligible
amounts of impurity metals (1–3 wt %) that are used
as the promoters for the catalytic hydrogenation reac-
tion of CO. The most common and widely used pro-
moters of iron-containing catalysts for FTS are potas-
sium and copper. It has therefore been shown that in
CMs based on the wood pulp of sea buckthorn, the
concentration of potassium was initially around 2 wt %
[12]. It is known that potassium affects the adsorption
of CO and H2 molecules in iron-containing catalysts,
thereby slowing growth of the strength of Fe–C bonds
and weakening the Fe–H bonds [13]. Potassium
accelerates the formation of iron carbide, increases its
concentration, and substantially affects its activity and
selectivity in FTS [14, 15].

Khodakov et al. [16] have shown that a high degree
of reduction of the catalyst is achieved and carbidizing
of iron nanoparticles increases after the activation of
iron-containing carbon nanotubes promoted by Bi
and Pb. Strong migration of bismuth and lead was
observed during the activation of the catalyst, and it
was noted that iron carbide nanoparticles are deco-
rated by promoting elements after activation. Close
contact between Fe and promoters was ensured during
activation of the catalyst due to the low melting points
and high mobility of the metallic promoters [16].

In this work, we studied the dynamics of the car-
bidizing of Fe-containing bismuth-promoted catalysts
based on CAm carbon material obtained from plant
biomass, shadbush wood pulp, and a CAm + AMS
mechanical mixture (where AMS is aluminum mag-
nesium spinel) in the hydrogenation of CO (CO/H2).

EXPERIMENTAL
Preparing the Catalysts

Carbon material (CM) (CAm) based on plant bio-
mass, (shadbush wood pulp) and a mixture of the CM
with aluminum magnesium spinel (AMS) were chosen
as our substrates for Fe-containing catalysts. The

shadbush wood pulp was ground to a powder with par-
ticle sizes of 0.1–0.25 mm, dried to a constant weight
at 110C, and pyrolysized at 400C in an air f low. The
resulting charcoal was chemically activated in a solu-
tion of K2CO3 to form anisotropic carbon compounds
with different physical properties in the longitudal and
transverse layers of the structure and multiply rinsed
of potassium ions with hot distilled water with subse-
quent drying for 5 h in air at 90C. Calcination was
performed in a programmed mode for 3 h in a nitrogen
atmosphere at 450C (the f low rate of gaseous nitro-
gen was 10 mL/s). Prior to use, the substrates were
thoroughly ground in an agate mortar, and fractions
with d < 0.08 mm were collected. Puralox MG 30 Spi-
nel aluminum magnesium stoichiometric spinel with
the formula AlxMgyOz (SASOL GmbH, Germany)
with Ssp = 23 m2/g of the same fraction of <0.08 mm was
used. The technical characteristics of spinel AlxMgyOz
were described in [17].

A CAm + AMS mixture was prepared by thoroughly
mixing the components at a weight ratio of 1 : 1 on a
laboratory vibrating mill and grinding them in an agate
mortar with subsequent calcination in a programmed
mode for 3 h in a nitrogen atmosphere at 450C. The
catalysts were prepared by applying iron (Fe(NO3)3 ·
9H2O) and bismuth (Bi(NO3)3 · 5H2O) nitrates onto
preliminarily prepared substrates via impregnation
calculated as 15 wt % iron and 0.6 wt % bismuth in
each sample. They were then calcinated in a pro-
grammed mode for 3 h in a nitrogen atmosphere at
450C to decompose the metal nitrates. The catalysts
were denoted as Fe/CAm, FeBi/CAm, Fe/(CAm +
AMS), and FeBi/(CAm + AMS).

Data from our physicochemical studies of all sam-
ples of the catalysts via scanning electron microscopy
(SEM), energy dispersive analysis (EDA), the low-
temperature adsorption of nitrogen, infrared (IR)
spectroscopy, and differential thermal analysis
(DTA/TGA) were presented in detail in [17].

X-Ray Diffraction (XRD) Spectra

Our samples of the catalysts were additionally ana-
lyzed on a Shimadzu XRD-7000 S X-ray diffractome-
ter in the form of layers of powder 1 mm thick and
around 20 mm in diameter. A nonreflecting holder
with the speed of 30 rpm was used. The optical scheme
of the goniometer was –, and the detector was a
scintillator equipped with a monochromator. The
operating parameters of the X-ray tube were an accel-
erating potential of 40 kV, a current of 30 mA, and Cu
as the target material. The range of scanning according
to angle 2 was 10 to 95, the speed of scanning was
1 deg/min, and the step was 0.02. Correspondence of
the X-ray diffraction patterns was sought in the PDF-
2 database (Powder Diffraction File PDF-2 Release
2010, International Centre for Diffraction Data).
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In Situ Magnetometry

Magnetometry includes a number of items: tem-
perature-programmed reduction (TPR) with simulta-
neous recording of magnetization (in situ), a thermo-
magnetic curve (TMC), and magnetic granulometry
(field dependences).

Temperature-programmed reduction with simul-
taneous recording of the magnetization of samples was
performed on an original vibrating magnetometer
(a laboratory unit) in the in situ mode to measure the
magnetization of the ferromagnetic components
formed during the chemical reaction [18]. Iron, mag-
netite, and carbides have considerable magnetic
moments that determine the magnetization of sam-
ples. During a process, magnetization J changes with
temperature, allowing us to monitor the dynamics of
reduction over time J(t), and it is proportionate to the
weight of the magnetic [19]. In situ magnetometric
measurements allow us to determine quite accurately
the composition of the extremely unstable iron car-
bides that form during chemical transformations.

Catalysts with weights of 10–15 mg were reduced in
a flow of synthesis gas with the composition CO : H2 =
1 : 1 upon heating to 600C in the measuring cell of a
vibrating magnetometer at a rate of 10 K/min. The cell
of the vibrating magnetometer was a f low-type quartz
microreactor with a volume of 0.3 cm3 that allowed us
to study topochemical transformations under in situ
conditions [19]. The gases were preliminarily passed
through a column with -Al2O3 heated to 300C to
purify them of iron carbonyls. Each sample was
immobilized between two membranes made of porous
quartz. Upon heating, the change in the magnetiza-
tion was recorded continuously with a frequency of 1
Hz. Upon reaching the predetermined temperature of
600C, the catalyst was exposed in the isothermal
mode to a constant value of magnetization that
marked the end of the reduction process.

The thermomagnetic curve was obtained by reduc-
ing the samples in the synthesis gas. They were cooled
at a rate of 10/min in a f low of reducing gas CO/H2

that was later replaced with argon, and the specific
magnetization was measured depending on tempera-
ture. The resulting thermomagnetic dependences
allowed us to determine the Curie point of the phase
being formed with quite high accuracy. The Curie
point lay at the intersection between a straight line
tangent to the point of maximum velocity of the drop
in magnetization and the abscissa axis. The kinks in
the thermomagnetic curve showed there were several
magnetic phases. The type of each magnetic phase
could in this case be determined by the position of the
kink in the curve according to the Curie point. Analy-
sis of the thermomagnetic curves when there were two
magnetic phases allowed us to determine the quantita-
tive composition of the magnetic phases in the sample
[19].

Granulometry was used to determine the magnetic
characteristics of the systems from the dependence of
magnetization J on the value of magnetic field H
(dependence J–H, where J is the specific magnetiza-
tion in relative units normalized to one gram of the
sample and H is the value of the magnetic field in kE–
field dependences or hysteresis loops). Table 1 pres-
ents the magnetic characteristics of the initial samples
at Tr before and after activation at 600C in a synthesis
gas atmosphere.

RESULTS AND DISCUSSION
Figure 1 presents the diffraction patterns of the

samples of Fe/CAm, FeBi/CAm, Fe/(CAm + AMS), and
FeBi/(CAm + AMS). The obtained diffraction patterns
were compared to one another, and analysis of the
spectra showed that the main crystalline components
of the samples of Fe/CAm and FeBi/CAm were magne-
tite Fe3O4 and maghemite as the most suitable modifi-
cation of iron oxide Fe2O3. For Fe/(CAm + AMS) and
FeBi/(CAm + AMS), the main crystalline components
were modifications of magnetite Fe3O4, one that was
common with crystal lattice parameter a = 8.396 Å
and one that existed at high pressure with crystal lat-
tice parameter a = 8.0903 Å. We found it impossible to

Table 1. Magnetic characteristics of the catalysts

Js and Jr, G cm2 g−1; Hc, kE. Calculated wt % of the product: m Fe3O4 = Js/J Fe3O4, where J Fe3O4 = 90 G cm2 g−1; m Fe5C2 = Js/J
Fe5C2, where J Fe5C2 = 144 G cm2 g−1 and J '-Fe2.2C = 160 G cm2 g−1. Js is the saturation magnetization, Jr is the residual magne-
tization, and Hc is the value of the magnetic field.

Sample
Js Jr Hc

Fe3O4, 
wt %

Js Jr Hc
-Fe5C2/'-
Fe2.2C, wt %

before the activation in CO/H2 after the activation in CO/H2

Fe/CAm 130.0 6.4 48.0 14.0 286.0 56.0 404.0 20.0
FeBi/CAm 172.0 12.0 54.0 19.0 260.0 85.0 617.0 18.0
Fe/(CAm + AMS) 92.0 15.0 76.0 20.0 58.0 29.0 626.0 6.6/1.4
FeBi/(CAm + AMS) 134.0 14.0 82.0 27.0 213.0 64.0 423.0 25.4/1.6
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identify any Bi-containing phases from the database,
due apparently to the low concentration of bismuth
(0.6 wt %). The presence of magnetite ensured there
would be magnetization in the initial samples.

In Situ Magnetometric Measurements

Samples of the catalysts were reduced via in situ
magnetometry in a mixture of CO/H2 at temperatures
of up to 600C. They were heated to a constant value
of magnetization, cooled to room T, and the thermo-
magnetic curve was recorded to determine the compo-
sition of the resulting products.

Temperature Programmed In Situ Reduction

Figures 2a and 2b show the dependences of the
magnetization on temperature during the reduction of
Fe/CAm, FeBi/CAm, Fe/(CAm + AMS), and
FeBi/(CAm + AMS) in the medium of synthesis gas
CO/H2 (1 : 1). It was noted that dried and calcinated
iron-containing catalysts based on activated charcoal
already have magnetite in their composition at 350C
[9]. As follows from the XRD data (Fig. 1), the initial
catalysts did have nonzero (initial) magnetization at
Tr, due to the presence of a magnetic (magnetite). We
can see from Figs. 2a,b that the content of magnetite
in the bismuth-promoted samples was 25% higher

than without bismuth. Upon heating, a drop in mag-
netization was initially observed that could have been
associated with the formation of nonmagnetic ther-
modynamically unstable wustite with a subsequent
rise in magnetization from T = 130C that stopped at
T = 200–230C. The magnetization then fell to zero at
T = 430–500C. In [19], we showed that the rise in
magnetization was due to the formation of magnetite
via the reaction Fe2O3  Fe3O4. The subsequent drop
in magnetization was induced by the formation of
Hägg carbide -Fe5C2 with Curie point T = 257C, as
is shown below. The additional peak in Fig. 2a in the
reduction of Fe/CAm could be associated with postre-
duction of the fairly small particles of hematite to mag-
netite.

Two processes can occur simultaneously when T 
257C: one is responsible for the growth in magnetiza-
tion; the other, for its drop. It follows from Fig. 2 that
for both Fe/CAm and Fe/(CAm + AMS), promotion
with bismuth lowers the temperature of the onset of
the reduction of hematite to magnetite, along with that
of the formation of carbide. In the latter case, the
reduction is more pronounced.

Thermomagnetic Curves

A rise in magnetization was observed after cooling
the given samples reduced at 600C in the synthesis

Fig. 1. Results from our X-ray diffraction analysis of sam-
ples of (1) Fe/CAm, (2) FeBi/CAm, (3) Fe/(CAm + AMS),
and (4) FeBi/(CAm + AMS): (1) magnetite formed under
high pressure (High Pressure Magnetite, 00-026-1136) and
(2) magnetite (Common Magnetite, 00-019-0629).
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gas (Figs. 3a,b). The resulting dependences of magne-
tization on temperature in an inert atmosphere were
thermomagnetic curves that are characteristic of the
composition of the magnetic phases.

Figures 3a,b show the thermomagnetic curves of
Fe/CAm, FeBi/CAm, Fe/(CAm + AMS), and
FeBi/(CAm + AMS). The samples reduced in the syn-
thesis gas and cooled to room temperature (Fig. 3) had
initial magnetization due to the presence of a magnetic
phase.

As follows from Fig. 3a, Hägg carbide -Fe5C2 with
Curie point T = 257C formed after activation of the
Fe/CAm and FeBi/CAm catalysts in the synthesis gas. The
Curie point was determined graphically from the inter-
section of the tangent line to the point of the kink in the
thermomagnetic curve with the X axis. Note that a kink
is clearly seen in the TMC for the Fe/(CAm + AMS)
(Fig. 3b) and FeBi/(CAm + AMS) systems (Fig. 3c),
which divides the curve into two unequal parts corre-
sponding to different Curie points. The total value of
magnetization is thus Jtotal =  + , where
the Curie point of Hägg carbide is T = 257C and that
of '-Fe2.2C is T = 450C [20]. The amounts of car-
bides formed after the activation of the catalysts were
calculated in light of the values of the specific magne-
tizations:  = 144 G cm2 g−1 and  =
160 G cm2 g−1 [21]. The concentration of magnetite in
the initial samples was calculated in a similar manner
by allowing for  = 90 G cm2 g−1 [20].

Table 1 presents the magnetic characteristics of
samples of Fe/CAm, Fe/(CAm + AMS), FeBi/CAm, and
FeBi/(CAm + AMS), where Hc is the coercive force,
Js is the saturation magnetization, and Jr is the residual
magnetization.

Magnetic Granulometry

The use of magnetic granulometry allowed us to
determine the amounts of the products that formed:
m = Is/I, where I is the specific value of the magne-
tization of both magnetite and Hägg carbide.

Figures 4a,b show the field dependences or hyster-
esis loops for the systems (a) Fe/CAm, FeBi/CAm and
(b) Fe/(CAm + AMS) and FeBi/(CAm + AMS), based
on which the values of Hc, Js, and Jr were calculated. It
follows from Fig. 4b that the saturation magnetization
of the sample of FeBi/(CAm + AMS) was 350% higher
than that of the catalyst not promoted by bismuth,
which testifies to the high degree of reduction and car-
bidizing of FeBi/(CAm + AMS) caused by the promot-
ing effect of bismuth (Table 1).

The data presented in Table 1 confirm that prior to
activation in the synthesis gas, the promotion of both
Fe/CAm and Fe/(CAm + AMS) by bismuth increases
the amount of magnetite in the sample.

 5 2-Fe CJ  2.2'-Fe CJ

 5 20 -Fe CJ  2.20 '-Fe CJ

3 40 Fe ОJ

As follows from Figs. 3a, 3b and data of Table 1,
only Hägg carbide forms upon activation of the
Fe/CAm catalyst in the synthesis gas, while the promotion
of the Fe/CAm catalyst by bismuth had no effect on the
amount of formed Hägg carbide. With the activation of
the Fe/(CAm + AMS) catalyst in the synthesis gas,
'-Fe2.2C formed along with -Fe5C2. However, the pro-
motion of the Fe/(CAm + AMS) catalyst by bismuth
increased the amount of Hägg carbide -Fe5C2 by almost
400% (6.6 and 25.4 wt %) while negligibly affecting the
amount of '-Fe2.2C (1.4 and 1.6 wt %) in the samples.

To determine how much iron was transformed into
magnetite during preparation and to carbides during
activation, we used the formula
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Fig. 3. Thermomagnetic curves: (a) Fe/CAm, (b) Fe/(CAm +
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where C is the calculated concentration of Fe in mag-
netite, -Fe5C2, or '-Fe2.2C according to the data
from granulometry, wt %; c is the concentration of
magnetite, -Fe5C2, or '-Fe2.2C in the sample, wt %,
according to the data of Table 1; AFe is the concentra-
tion of Fe in magnetite, -Fe5C2, or '-Fe2.2C in 1 mol
(168, 280, 112, respectively); and M is the molecular
weight of magnetite, -Fe5C2, or '-Fe2.2C.

The results for the calculated value of Fe in magne-
tite, -Fe5C2, and '-Fe2.2C in the samples, wt %, are
presented in Fig. 5. The analysis in Fig. 5 and compar-
ison of the calculated value of C and concentration of
iron in the initial sample at the stage of preparation
showed that 60–70% magnetite was present in the
Fe/CAm and FeBi/CAm catalysts, and the rest was
hematite. It is revealing that the Fe/(CAm + AMS) and

FeBi/(CAm + AMS) catalysts consisted entirely of
magnetite.

While the conversion to carbides is 100% for the
FeBi/(CAm + AMS) catalyst, however, calculations
show it is just 50% for Fe/(CAm + AMS). This is
because the concentrations of iron in the initial samples
(Fig. 5) can differ from the calculated values, since
energy dispersive analysis is a surface-oriented tech-
nique. In addition, the structure of the samples of
Fe/(CAm + AMS) and FeBi/(CAm + AMS) is spongy,
and iron can partially penetrate into the surfaces of the
catalysts as we showed in [17]. However, the presence of
bismuth stimulates the formation of carbides and appar-
ently promotes their localization on the samples’ sur-
faces, thus making them accessible for quantification.
Figure 5 (a histogram) presents the results from calculat-
ing the concentrations of Fe in our samples of Fe/CAm,
FeBi/CAm, Fe/(CAm + AMS) and FeBi/(CAm + AMS).

CONCLUSIONS

In preparing Fe/CAm, promotion by bismuth
increases the concentration of magnetite by 32%. The
figure for Fe/(CAm + AMS) is 28%, which further
facilitates the reduction of the catalysts to carbides. As
follows from the data presented in Table 1, only Hägg
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carbide -Fe5C2 (20 wt %) formed after activating the
sample of Fe/CAm in the synthesis gas mixture, and
promotion by bismuth had almost no effect on the
amount of Hägg carbide that formed (18 wt %). With
Fe/(CAm + AMS), adding bismuth substantially
increased the amount of Hägg carbide that formed (by
400%) and affected the amount of '-Fe2.2C carbide
negligibly. We can see from Figs. 2a,b that the reduc-
tion of FeBi/CAm and FeBi/(CAm + AMS) to carbides
stopped at 420–440C, while it continued up to 500C
and above in the absence of the promoter, bismuth.

It should be noted that it is unlikely bismuth ferrite
BiFeO3 would form under the selected conditions of
the experiments, since ferrite nanoparticles only start
to emerge at 600C [22]. The presence of bismuth
localized on the surface of the substrate probably
strengthens the Fe–C bonds. At the same time, the
Fe–H bond is weakened, which positively affects the
formation of carbides. IR spectroscopy shows that
subcarbonyl and bridge forms of adsorption were
active on the surface of the sample of FeBi/CAm after
activation in a CO atmosphere, which substantially
facilitated the reduction of iron oxides [17]. It is also
important that a much larger amount of Hägg carbide
formed during activation in the synthesis gas when
using spinel AlxMgyOz, which has a specific surface an
order of magnitude smaller (23 m2/g) than that of alu-
minum magnesium spinel with a specific surface of
185 m2/g (Sasol), as a support for the Fe-containing
catalyst [11].
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