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a b s t r a c t

Deactivation kinetics of bulk and nano-structured microemulsion prepared iron catalysts were studied in
Fischer–Tropsch synthesis (FTS), from fitting of data to a generalized power-law expression (GPLE), rd = kd

(a − a∞)m. Conventional bulk iron catalyst was prepared by general bulk co-precipitation method and
nano-structured iron catalyst was prepared by microemulsion method. A deactivation model involving
vailable online 30 July 2010
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parallel paths is proposed, i.e. simultaneous conversion of (a) atomic to polymeric to graphitic carbon
and (b) active carbon-rich carbides to inactive carbon-poor carbides. Compositions of bulk iron phase
and phase transformations of carbonaceous species during catalyst deactivation in FTS reaction were
characterized by temperature-programmed surface reaction with hydrogen (TPSR-H2), XRD and TEM
techniques.
ano-sized particles
icroemulsion

. Introduction

Iron-based catalysts are preferred for Fischer–Tropsch synthesis
FTS) utilizing synthesis gas derived from coal or biomass because
f the excellent activity for the water–gas shift reaction, which
llows using a synthesis gas with a low H2/CO ratio directly with-
ut an upstream shift-step [1–4]. But it is well known that low
roduct selectivity, catalyst agglomeration and sintering limit the
se of iron catalysts in high temperate operation [5–8]. Activity of

ron-based FTS catalysts changed during their operation because
f sintering of metal particles, coke formation, poison deposition
nd solid state transformation [6–8]. It is important in design of
ron-based FT catalysts to achieve a clear understanding of carbon
pecies deposition and phase transformation of iron catalyst dur-
ng different pretreatments and under industrial FTS conditions.
esults of previous studies have shown that the formation of sur-
ace carbides is required before the catalyst can exhibit high activity
9–11]. However, the correlation between bulk carbide species,
urface carbon species, and catalytic activity has not yet been estab-
ished. It is well known that the distribution of iron phases in
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the catalyst changes during time-on-stream [12,13]. Although the
active phase for the FTS reaction is still in debate, the oxidation
of the metallic iron and/or the iron carbide phases is believed as
one of the factors for catalyst deactivation. H2O (the primary prod-
uct in the FTS reaction) and CO2 (which produced from water–gas
shift reaction) is usually considered as an oxidizing agents for iron
phases [14,15]. Apart from the oxidation of the iron phases, sev-
eral authors have pointed out the importance of a graphite-like
carbonaceous compound on the deactivation of the iron catalysts
[16–18]. Coke formation results from undesired side reactions and
affects the intrinsic activity through the coverage of sites and the
blockage of pores [6–8].

Xu and Bartholomew [19] identified and quantified several
carbon and metal carbide species on the surface of unsupported
and supported used iron catalysts by means of temperature-
programmed surface reaction with hydrogen (TPSR-H2). In both
systems, good correlation between coverage of atomic surface car-
bon species and catalyst performance was found. Herranz et al. [13]
studied the effect of pretreatment condition on active phase for-
mation during the activation of iron catalyst. They reported that
only metallic iron was formed when the pretreatment is performed
with hydrogen. However, iron carbide, mainly cementite and the

Hägg carbide are formed with CO (pure or diluted) and/or syn-
gas pretreatments. In our previous work, the effects of Ca, Mg and
La promoters on the activity and products selectivity of iron cata-
lysts were studied during FTS performance [20–22]. These results
showed that the catalyst deactivation is increased with increas-
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ng the catalyst surface basicity via formation of inactive carbon
graphitic) and lower active iron carbide (cementite).

Poisoning involves species that are present in the feedstock and
rreversibly adsorb or modify the active sites through chemical
eactions. The poison may also be formed in the reactor from feed-
tock components or intermediates. Since in this study, precautions
ere taken to eliminate sulfur impurities in the feed, the observed
eactivation was not as result of sulfur poisoning clearly.

Recent studies showed that nano-sized iron particles played
n essential role to achieve high FTS activity [22–33]. Some
uthors, prepared supported iron-based Fischer–Tropsch catalysts
y microemulsion, reported high activity and marked selectivity
o oxygenate. In our previous works, the effects of nano-sized iron
articles on catalyst structure, surface area, reduction and carbur-

zation, textural properties, and activity behavior of precipitated
e/Cu/La catalyst in a fixed bed reactor has been studied [29–32].

Whereas kinetic equations for the main reactions are now well
ecognized as an essential tool for process design and simula-
ion, kinetic modeling of coke formation and catalyst deactivation
s still considered too complicated to be dealt with along the
ines commonly accepted and used for the main reactions. As a
esult, oversimplified empirical equations with limited validity are
erived from experimental work generally scheduled too late in
he development of the process.

The present study evaluates the variety of the catalyst activity
nd deactivation manner and also developed a kinetic model-
ng for catalyst deactivation of nano-structured iron catalyst with
ime-on-stream. Consequently, a detailed characterization study of
eactivation kinetics and the nature of the bulk and surface species
ormed in nano-sized iron particles during FTS reaction was per-
ormed in the present work. Effects of nano-sized iron particles
n carbonaceous species were studied on the surface of the iron
atalysts by XRD and temperature-programmed surface reaction
ith hydrogen (TPSR-H2) after pretreatment and FTS reaction. The

haracterization results were correlated with the catalytic activity
easurements.

. Experimental

.1. Catalyst preparation

The Fe/Cu/La catalysts were prepared via two processing routes,
ulk precipitation and microemulsion. Bulk catalyst was prepared
y co-precipitation of Fe and Cu nitrates at a constant pH to
orm porous Fe/Cu oxyhydroxide powders that was promoted by
mpregnation with La(NO3)3 precursor after treatment in air, as
escribed previously [20,21].

The nano-structured catalyst precursors were prepared by
o-precipitation in a water-in-oil microemulsion as described pre-
iously [29–33]. In the same way as in the bulk case, precipitation
xperiments of Fe/Cu/La catalyst precursors in microemulsion
ystem were carried out in the same semi-batch reactor. The
recipitation was performed in the single-phase microemulsion
perating region. For this purpose, a water solution of metal
recursors, Fe(NO3)3·9H2O (Fluka puriss, p.a. ACS: 98–100%) and
u(NO3)2·4H2O (Fluka, purum, p.a. >97%) was added to a mixture
f an oil phase (chloroform, Aldrich, >99%) and the commercial
odium dodecyl sulfate (SDS) surfactants. Besides, 1-butanol as a
o-surfactant was added to system in order to obtain a proper
icroemulsion. Lanthanum promoter was added by wet impreg-
ation method with La(NO3)3 precursor on its optimal value after
reatment in air as described previously [20]. The promoted cat-
lysts were dried at 383 K for 16 h and calcined at 773 K for 3 h in
ir. The catalyst compositions were designed in terms of the atomic
atios as: 100Fe/5.64Cu/2La.
talysis A: Chemical 330 (2010) 112–120 113

2.2. Catalyst characterization

The oxide precursors as well as the catalysts after pretreat-
ment and FTS reaction were characterized by XRD and TPSR-H2.
In our previous work, a complete characterization of catalysts was
described [29,30]. X-ray diffraction (XRD) spectra of fresh catalysts
were collected with a Philips PW1840 X-ray diffractometer using
monochromatized Cu (K�) radiation to determine catalyst phases
after calcinations, pretreatment and FTS reaction. For determine
catalyst phases after pretreatment and FTS reaction, the samples
were passivated with an 1 vol.% O2/He mixture at room tempera-
ture for 1 h according to a standard procedure described elsewhere
[13,34]. Then the samples were analyzed by X-ray diffraction (XRD)
and different species detected from the XRD analysis according to
the JCPDS cards. The characteristic peak at 2� = 33.3◦ corresponds
to the hematite 104 plane was used to calculate the average metal
particle size by the Scherrer equation.

The morphology of prepared catalysts was observed with a
transmission electron microscope (TEM, LEO 912 AB, Germany).
An appropriate amount of Fe2O3 suspension directly taken from the
reaction solution was dropped onto the carbon-coated copper grids
for TEM observation. The average particle size (dTEM) and particle
size distribution were determined by TEM images with counting
more than 100 particles.

For the temperature-programmed surface reaction with hydro-
gen (TPSR-H2) ca. 0.5 g of the sample was loaded into a U-shaped
quartz reactor. The samples were pretreated in a 5% (v/v) H2/N2
gas mixture with space velocity of 15.1 nl h−1 g−1

Fe at 0.1 MPa by
increasing temperature from ambient to 673 K with 5 K/min, then
maintained for 1 h and subsequently reduced to 543 K. The activa-
tion was followed by the synthesis gas stream with H2/CO = 1 and
space velocity of 3.07 nl h−1 g−1

Fe for 24 h in 0.1 MPa and 543 K and
then flushed with Ar at 543 K until the baseline leveled off (ensuring
complete removal of adsorbed species on the reduced catalyst sur-
face). Then the samples were cooled to room temperature under Ar
flow for TPSR-H2 test. The reactivity of the species remained on the
surface of the solids was tested by H2/Ar (10%) flow. The gas flow
rate was 50–100 ml/min, and the temperature was increased from
300 to 1100 K at a linear heating rate of 5 K/min. The outlet of the
microreactor was pass from a condenser and zeolite trap to remove
liquefied phases (especially water), then connected to a Shimadzu
4C gas chromatograph equipped with two subsequent connected
packed columns: Porapak Q and Molecular Sieve 5A, and a thermal
conductivity detector (TCD) with argon which was used as a carrier
gas for hydrogen and CH4 analysis.

For evaluation of catalysts after FTS reaction, the samples were
flushed with Ar at 543 K until the baseline leveled off (ensuring
complete removal of adsorbed species on the reduced catalyst sur-
face). Then the samples were cooled to room temperature under Ar
flow for (TPSR-H2) tests. The reactivity of the species remaining on
the surface of the solids was tested by passing H2/Ar (10%). The gas
flow rate was 50–100 ml/min, and the temperature was increased
from 300 to 1100 K at a linear heating rate of 5 K/min. The outlet
of the microreactor were passed from a condenser and zeolite trap
to remove liquid phases, and then connected to a Shimadzu 4C gas
chromatograph.

2.3. Catalytic performance

Steady-state FTS reaction rates were measured in a continuous
spinning basket reactor (stainless steel, H = 0.122 m, D0 = 0.052 m,

Di = 0.046 m) with temperature controllers (WEST series 3800). A
J-type movable thermocouple made it possible to monitor the bed
temperature axially, which was within ±0.5 K of the average bed
temperature. The reactor system also included a 50 cm3 stainless
steel cold trap at ambient temperature located before the gas chro-
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where rFTS refers to the FTS rate at time t and rFTS(0) refers to the
FTS rate for un-deactivated condition (before 45 h in Fig. 1 and 55 h
in Fig. 2).

Normalized activity–time plots are provided in Figs. 3 and 4 for
bulk and microemulsion (nano-structured) catalysts. It is evident
ig. 1. FTS reaction rates versus time for microemulsion nano-structured iron cat-
lyst. Reaction conditions: PH2 /PCO = 1, 1.7 MPa, SV = 4.9 nl h−1 g−1

Fe .

atograph sampling valve. Non-condensable gases were passed
hrough sampling valve into an online gas chromatograph con-
inuously then vent through a soap-film bubble meter. Separate
rooks 5850 mass flow controllers were used to add H2 and CO at
he desired rate to admixing vessel that was preceded by a palla-
ium trap and a molecular sieve trap to remove metal carbonyls
nd water before entering to the reactor. A compact pressure con-
roller was used to control the pressure. The flow rate of tail gas is

easured by a wet test gas meter.
Blank experiments show that the spinning basket reactor

harged with inert silica sand without the catalyst has no con-
ersion of syngas. The fresh catalyst is crushed and sieved to
articles with the diameter of 0.25–0.36 mm (40–60 ASTM mesh).
he weight of the catalyst loaded is 2.5 g and diluted by 30 cm3 inert
ilica sand with the same mesh size range. The catalyst samples
ere activated by a 5% (v/v) H2/N2 gas mixture with space velocity

5.1 nl h−1 g−1
Fe at 0.1 Mpa and 1800 rpm. The reactor temperature

ncreased to 673 K with a heating rate of 5 K/min, maintained for
h at this temperature, and then reduced to 543 K. The activa-

ion is followed by the synthesis gas stream with H2/CO = 1 and
pace velocity 3.07 nl h−1 g−1

Fe for 24 h in 0.1 MPa and 543 K before
etting the actual reaction condition. After catalyst reduction, syn-
hesis gas was fed to the reactor at conditions operated at 543, 563
nd 583 K, 1.7 MPa, (H2/CO) feed = 1 and a space velocity equal to
.9 nl h−1 g−1

Fe .
The products were analyzed by means of three gas chro-

atographs, a Shimadzu 4C gas chromatograph equipped with two
ubsequent connected packed columns: Porapak Q and Molecu-
ar Sieve 5A, and a thermal conductivity detector (TCD) with Ar as
arrier gas for hydrogen analyzing. A Varian CP 3800 with a chro-
osorb column and a thermal conductivity detector (TCD) were

sed for CO, CO2, CH4, and other non-condensable gases. A Var-
an CP 3800 with a PetrocolTM DH100 fused silica capillary column
nd a flame ionization detector (FID) were used for organic liquid
roducts so that a complete product distribution could be provided.

. Results

.1. Deactivation kinetic
FTS reaction rates versus time-on-stream (TOS) at 1.7 Mpa,
2/CO partial pressure ratio equal to1, space velocity
.9 nl h−1 g−1

Fe , and 543, 563 and 583 K are shown in Figs. 1 and 2
or microemulsion and bulk catalysts, respectively. FTS reaction
Fig. 2. FTS reaction rates versus time for bulk iron catalyst. Reaction conditions:
PH2 /PCO = 1, 1.7 MPa, SV = 4.9 nl h−1 g−1

Fe .

rate can be calculated as:

rFTS = rCO − rCO2 (1)

where rCO2 is the rate of CO2 formation and rCO is the rate of CO con-
sumption. As shown in these figures nano-structured iron catalyst
shows higher initial activity in comparison with bulk catalyst. The
rate of catalyst deactivation (rd) is defined as the rate of decrease
of the activity a (i.e., rate at time t divided by the rate at which the
catalyst activity is considered to be one), over with time and can be
determined separately:

rd = da

dt
(2)

where the normalized activity (a) can be considered as:

a = rFTS

rFTS0

(3)
Fig. 3. Normalized activity, versus time for microemulsion nano-structured iron
catalyst. Reaction conditions: PH2 /PCO = 1, 1.7 MPa, SV = 4.9 nl h−1 g−1

Fe .
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Table 1
FTS deactivation kinetics data. Reaction conditions: H2/CO = 1, 1.7 MPa, SV =
4.9 nl h−1 g−1

Fe ..

Catalyst kd (h−1) Ea (kJ/mol)

card) after the pretreatments is listed in Table 2. Before the XRD
analysis, the catalysts were passivated in 1% O2/He stream at room
temperature. As shown in Fig. 6, a broad diffraction peak is observed
at ca. 44◦ in their XRD profiles irrespective of the iron carbides.
In reduction and carbidation procedure, iron oxide was trans-
ig. 4. Normalized activity, versus time for bulk iron catalyst. Reaction conditions:
H2 /PCO = 1, 1.7 MPa, SV = 4.9 nl h−1 g−1

Fe .

rom these plots that the extent of deactivation increases as the
emperature increases. As shown in these figures, the FTS activity
nd deactivation manner of bulk catalyst more sensitive to temper-
te than microemulsion catalyst. The rate of deactivation depends
n the temperature and the activation energy of the processed
eaction as deactivation rate constant (kd). Also, deactivation rates
epend on the rate of decrease of the activity (a − a∞) where a is the
ctivity, and a∞ is the activity at infinite reaction time, the partial
ressures of the deactivating component Pd as f (a, Pd):

rd = kdf (a, pd) (4)

generalized power-law expression (GPLE) is the appropriate rate
orm for deactivation phenomena in which normalized activity
pproaches an asymptotic value at long times [7]:

rd = −da

dt
= kdpm

d (a − a∞)n (5)

ince the dependence of deactivation rate on H2 and CO partial
ressures was observed to be relatively secondary compared to the
ependencies on activity and temperature, the data were fitted to
simplified, concentration-independent GPLE:

rd = −da

dt
= k′

d(a − a∞)n (6)

here kdpm
d is replaced by k′

d. A deactivation order n of unity was
ound to fit the data well for both catalysts. The dependency of
he reaction rate parameters on temperature is described by the
rrhenius equation. The activation energy is determined using the
rrhenius equation that directly introduced into the kinetic param-
ters:

d = kd∞ exp
(−EA

RT

)
(7)

ence, a plot of ln(k) versus 1/T should give a straight line with
lope of −EA/R.

Values of the deactivation rate constant kd at various tempera-
ure and activation energies for deactivation rates were determined
nd listed in Table 1 for bulk and microemulsion catalysts. Values

f 49 and 35 kJ/mol are obtained for bulk and nano-structured cat-
lysts, respectively. It is evident that deactivation rates constant
Table 1) are significantly larger for nano-structured relative to the
ulk catalyst means that the nano-structured catalyst shows higher
eactivation rates.
543 K 563 K 583 K

Bulk catalyst 0.011 0.017 0.022 49
Microemulsion catalyst 0.018 0.026 0.031 35

3.2. Crystalline structure in fresh catalyst, after pretreatment and
FTS reaction

Nano-structure and conventional iron catalysts characterized by
X-ray diffraction (XRD) measurement after calcination. Fig. 5 shows
the XRD patterns of iron catalysts prepared by the microemulsion
and bulk technology. From this Fig., the characteristic peaks cor-
responding to (0 1 2), (1 0 4), (1 1 0), (1 1 3), (0 2 4), (1 1 6), (0 1 8),
(2 1 4), (3 0 0) planes are located at 2� = 24.3◦, 33.3◦, 35.8◦, 40.8◦,
49.6◦, 54.1◦, 57.6◦, 64.1◦ and 65.6◦, respectively. They show very
close to the ones with cubic hematite structured Fe2O3 crystal in
JCPDS database. Diffraction data indicate that the presence of lan-
thanum and copper and then subsequent treatment in dried air
did not influence the hematite crystalline phases detected by X-
ray diffractions in different catalyst preparation methods. It shows
that the hematite structure once formed remains stable during
subsequent aqueous impregnation and thermal treatment. Conse-
quently, the crystalline phases of all samples demonstrate the cubic
hematite structured Fe2O3 crystal, no matter what kind of prepa-
ration method (bulk or microemulsion) is involved. This strongly
infers that microemulsion system cans only modules physical prop-
erties of reaction medium but without changing the reaction paths
and arrangements of crystal structure. It is worthily to notice
that the corresponding peaks in microemulsion systems are much
broader than those in bulk system. This is obviously attributed to
the smallest particles are obtained in microemulsion system. The
characteristic peak at 2� = 33.3◦ corresponds to the hematite 104
plane was used to calculate the average metal particle size by the
Scherrer equation. The calculated dXRD for the samples were deter-
mined 38.3 and 23.8 nm for bulk conventional and nano-structured
catalysts, respectively.

X-ray powder diffraction patterns (XRD) of the passivated pre-
treated samples is illustrated in Fig. 6. A summary of the different
species detected from the XRD analysis (according to the JCPDS
Fig. 5. X-ray powder diffraction patterns of the fresh catalysts.
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ig. 6. X-ray powder diffraction patterns of the passivated catalysts after pretreat-
ent. Before the measurements, the catalysts were passivated in 1% O2/He stream

t room temperature.

ormed from Fe2O3 → Fe3O4 → �-Fe → iron carbide. �-Fe could not
e observed in our reduced catalyst because the metallic iron was
airly reactive to dissociated carbon from carbon monoxide. Among
he iron carbides, O carbides (carbides with carbon atoms in octa-
edral interstices, �-Fe2C and έ-Fe2.2C) and TP carbides (carbides
ith carbon atoms in trigonal prismatic interstices, �-Fe2.5C and �-

e3C) have been identified [12,13]. The assignment of the different
e carbide phases (έ-Fe2.2C, cementite carbide (�-Fe3C) and Hägg
arbide (�-Fe2.5C)) from the X-ray diffractograms performed care-
ully because they showed similar diffraction patterns. According
o the JCPDS card, only έ-Fe2.2C shows a main diffraction peak near
3◦ among these carbides [14]. Furthermore, peaks at ca. 39◦ and
1◦ use to identify Hägg carbide (�-Fe2.5C) (JCPDS 36-1248). Peak
ssignments are based on the characteristic angles of cementite
arbide (�-Fe3C) (JCPDS 76-1877) at 78.0◦ and 70.1◦, which are not
resent in the �-Fe2.5C pattern [13]. On the contrary, sharp peaks
re clearly observed at 35◦, 57◦ and 63◦ as well in the diffraction pro-
les are assigned to Fe3O4. The relative intensity of the diffraction
eaks was taken into account for the identification of the carbide
pecies.

As shown in Fig. 3 and Table 2, the nano-catalyst has higher
mounts of carbon-rich έ-carbides than the conventional catalyst
hat has more iron-rich � and � phases. These results attribute to
ower size of iron crystals that increases the chance of contacts
etween carbon monoxide and the bulk iron in pretreatments of
atalysts and converts bulk iron to more carbon-rich έ-Fe2.2C car-
ides. Pervious results suggest that the most catalytic active phase
n FTS is έ-carbide (Fe2.2C) which converts into the Hägg carbide
�-Fe2.5C) and subsequently changes into the cementite (�-Fe3C)
ith lower carbon content, under FTS conditions [8,9,35].

Fig. 7 shows XRD pattern of samples after 105 h time-on-stream
TOS) in FTS reaction. Before the XRD measurements, the catalyst

able 2
hase detected by XRD in catalysts after pretreatment.

Catalyst Phases detected

Bulk catalyst Fe3O4, �-Fe3C, �-Fe2.5C, έ-Fe2.2C
Microemulsion catalyst Fe3O4, �-Fe3C, �-Fe2.5C, έ-Fe2.2C

-Fe2.5C: Hägg carbide, �-Fe3C: cementite carbide and Fe3O4: magnetite.

able 3
hase detected by XRD in catalysts after 105 h FTS reaction.

Catalyst Phases detected

Bulk catalyst Fe3O4, �-Fe3C, �-Fe2.5C
Microemulsion catalyst Fe3O4, �-Fe3C, �-Fe2.5C

-Fe2.5C: Hägg carbide, �-Fe3C: cementite carbide and Fe3O4: magnetite. Reaction condit
Fig. 7. X-ray powder diffraction profiles of the catalysts after the FTS reaction. Reac-
tion conditions: 563 K, H2/CO = 1, 1.7 MPa, SV = 4.9 nl h−1 g−1

Fe , TOS = 105 h.

was passivated in 1% O2/He stream at room temperature. Also, a
summary of different species detected from the XRD analysis after
FTS reaction is listed in Table 3. As shown in Fig. 7 and Table 3, the
nano-catalyst has high amounts of the cementite carbides (�-Fe3C)
and magnetite (Fe3O4) after reaction than bulk one. As shown in this
figure and Table 3, conversely with pretreatment results, the nano-
catalyst has higher amounts of the cementite carbides (�-Fe3C) and
magnetite (Fe3O4). These results attribute to higher initial activ-
ity of nano-catalyst (Figs. 1–4) that increases the concentration of
oxidized products (H2O and CO2) in reaction atmosphere, converts
έ-Fe2.2C carbides into the Hägg carbide (�-Fe2.5C) and subsequently
transforms into the cementite (�-Fe3C) with lower carbon content
and magnetite (Fe3O4) [6–8]. Therefore, the oxidation of the Fe car-
bides by H2O (the primary product in the FTS reaction) and CO2
(produced via water–gas shift reaction) is more significant on this
catalyst.

3.3. Temperature-programmed surface with hydrogen (TPSR-H2)
reaction of catalysts after pretreatment and FTS reaction

Carbonaceous surface species in catalysts was studied by
temperature-programmed surface reaction with hydrogen (TPSR-
H2) after pretreatment and/or FTS reaction. A method for qualities
and quantitative analysis of overlapping TPSR-H2 peaks for iron-
based FT catalyst was reported by Bartholomew et al. [6,19].

Bartholomew et al. [6,19] have identified up to six different car-
bonaceous species onto the surface of iron-based catalysts under
the FTS reaction. The reactivity of these species was assigned from
the temperature value of the methane formation peak in the TPSR-

H2; that is, the more reactive the species, the lower formation
temperature. The identified species (in order of reactivity) were
C� > C� > C� > C�. Two different C� and C� species were reported. C�

is the atomic carbonaceous species resulting from the dissociative
adsorption of CO; C� is a polymeric (2–3 atoms) surface carbona-

Fe-carbides/Fe3O4 ratio έ-Fe2.2C/(�-Fe3C, �-Fe2.5C) ratio

2.4 1.3
3.5 2.1

Fe-carbides/Fe3O4 ratio �-Fe3C/�-Fe2.5C ratio

5.5 2.3
3.6 3.4

ions: 563 K, H2/CO = 1, 1.7 MPa, SV = 4.9 nl h−1 g−1
Fe .
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ig. 8. Temperature-programmed surface reaction with hydrogen (TPSR-H2) of the
atalysts after pretreatment. Before the measurements, the catalysts were passi-
ated in 1% O2/He stream at room temperature.

eous species. C� is the iron carbide, and C� is the graphite-type
arbonaceous species that are both ordered and less ordered.

TPSR-H2 spectra, which shows methane evolution rate (due to
eaction of carbon with H2), are plotted in Fig. 8 for pretreatment
atalysts. The spectra were deconvoluted and fitted with Gaussian
urves to yield up to four peaks. Designed as �, �, �1, and �2 species
re assigned to atomic carbon (carbidic), amorphous surface methyl
hains or films, and bulk iron carbides.

Peak temperatures increase in order of decreasing reactivity
ith H2, and assignments for the species are based on previous

iterature [13,19].
Table 4 listed the peak temperatures and the corresponding

ercentage compositions of carbon species for samples after pre-
reatment. It should be emphasized that during pretreatment no
raphitic carbon is observed. Based on Bartholomew et al. [6,7,19]
esults, we concluded that carbides �1 attributed to έ-Fe2.2C and
arbides �2 related to Hägg (�-Fe2.5C) and cementite (�-Fe3C) car-
ides. The calculated amounts of these carbides in Table 4 are
imilar to XRD results. These results show that formation of �-
arbon and transformation of �-carbons to carbide form, enhanced
hen the catalyst particle size decreased from bulk to microemul-

ion catalyst, because of increasing CO content on surface of

atalyst.

Xu, and Bartholomew [19] showed that the C�/C� ratio are
epended to H2 content on surface of catalyst and this ratio
nhances while H2 content increases. Previous results [28] shows

able 4
emperature-programmed surface reaction with hydrogen (TPSR-H2) results of carbonac

Catalyst Carbidic � Amorphous �

P.T C.C P.T

Bulk catalyst 568 1.1 696
Microemulsion catalyst 547 3.1 693

.T: peak temperature (K) and C.C: compositions of carbon species (mol%).

able 5
emperature-programmed surface reaction with hydrogen (TPSR-H2) results of carbonac

Catalyst Carbidic � Amorphous �

P.T C.C P.T C.C

Bulk catalyst 613 2.7 716 8.6
Microemulsion catalyst 610 3.1 717 8.5

.T: peak temperature (K). C.C: compositions of carbon species (mol%). Reaction condition
Fig. 9. Temperature-programmed surface reaction with hydrogen (TPSR-H2) of the
catalysts after FTS reaction. Reaction conditions: 563 K, H2/CO = 1, 1.7 MPa, SV =
4.9 nl h−1 g−1

Fe , TOS = 105 h.

that when the catalyst crystal size decreases from conventional to
nano-structure catalyst, the concentration of the adsorbed hydro-
gen on the catalyst surface increases, and change of C�/C� ratio in
this trend assigned to this fact.

TPSR-H2 results for carbonaceous surface species in catalyst
after 105 h FTS reaction are shown in Fig. 9 and listed in Table 5.
Because of some dramatic effects of the Soxhlet wax extraction on
carbonaceous species, which is reported by Xu and Bartholomew
[19], dewaxation of catalysts after reaction is not considered. The
carbon equivalents for �-carbon (the most reactive carbon form)
and carbides trends for the catalyst are similar to pretreatments
results but the carbide composition and amounts of graphitic car-
bon changed. Based on XRD results, �1 and �2 carbons attribute to
Hägg (�-Fe2.5C) and cementite (�-Fe3C) carbides, respectively. This
is due to absence of έ-Fe2.2C carbides after FTS reaction.

As shown in Fig. 6 and Table 5, the �2/�1 carbons ratio (which
relate to cementite �-Fe3C carbides/Hägg, �-Fe2.5C carbides ratio)
in nano-structure catalyst is higher than conventional catalyst after

FTS reaction. Similar results were shown in XRD pattern treatment
of used catalysts. This fact attributes to higher initial activity of
this catalyst that enhanced the concentration of oxidizing prod-
ucts (H2O and CO2) in reaction atmosphere, and increased the

eous species after pretreatments.

Carbide �1 Carbide �2

C.C P.T C.C P.T C.C

12.2 793 49.9 833 36.8
15.1 800 55.4 838 26.4

eous species after 105 h FTS reaction.

Carbide �1 Carbide �2 Graphitic �

P.T C.C P.T C.C P.T C.C

851 23.1 896 53.0 1000 12.6
865 15.9 930 54.0 1005 18.5

s: 563 K, H2/CO = 1, 1.7 MPa, SV = 4.9 nl h−1 g−1
Fe .
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Fig. 10. TEM image and relative particle size distribution of bulk catalyst samples before reaction.

ution

r
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s
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Fig. 11. TEM image and relative particle size distrib

ate of έ-Fe2.2C → �-Fe2.5C → �-Fe3C conversion. It is apparent from
able 5 that amounts of graphitic carbon in used catalysts for nano-
tructure catalyst are higher than conventional catalyst.
.4. Particle size growth of catalysts particles

During activation and FTS, the gas composition in contact with
he catalyst has the potential to exhibit either reducing or oxidiz-

ig. 12. TEM image and relative particle size distribution of bulk catalyst samples after 10
V = 4.9 nl h−1 g−1

Fe , TOS = 105 h.
of microemulsion catalyst samples before reaction.

ing properties. Also, a variety of iron carbide/oxide phase may be
evolved during the activation/synthesis process. Thus there exists
a strong possibility that the catalyst particles may undergo growth

in size depending on the process condition.

The TEM images and particle size distribution of the catalysts are
shown in Figs. 10 and 11 for conventional bulk and nano-structured
catalysts, respectively. The initial size of the microemulsion nano-
catalyst was in the narrow range of 10–20 nm but this results

5 h time-on-stream (TOS) reaction. Reaction conditions: 563 K, H2/CO = 1, 1.7 MPa,
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ig. 13. TEM image and relative particle size distribution of microemulsion catalyst
.7 MPa, SV = 4.9 nl h−1 g−1

Fe , TOS = 105 h.

or conventional bulk catalyst is much spread and almost in the
ange between 15 and 60 nm. The TEM image of the used cat-
lyst sample collected after FTS reaction for 105 h is shown in
igs. 12 and 13. Figure 11 reveals an increase in the particle size
uring Fischer–Tropsch synthesis.

Recently, Murzin reported that FTS reaction is assize-depended
eterogeneous catalytic reaction and FTS activity was changed by
atalyst particle size [36]. He proposed a kinetics model for evalua-
ion of catalyst particle size on FTS activity. Thus we concluded that
part of the lost of catalyst activity in FTS reaction may be related

o increased in the particle size during reaction.

. Discussion

The initial activity of the ultrafine iron catalyst was found to
e higher in comparison with conventional bulk catalyst, in con-
rast, deactivation rates of this nano-structured catalyst was higher.
hese different catalytic activities may be related to catalyst par-
icle size and chemical composition of the sample which plays a
ey role on the catalytic performance. XRD and TPSR-H2 results
ndicate that the main iron carbide produced in nano-catalyst is έ-
arbide (Fe2.2C). Pervious results suggest that the έ-carbide (Fe2.2C),
hich produced more than Hägg carbide (�-Fe2.5C) and cemen-

ite (�-Fe3C) in iron nano-particles after pretreatment, is the most
atalytic active phase in FTS reaction [8,9,37].

Xu and Bartholomew [19] concluded that the C� is the most reac-
ive carbon deposited on the surface of the catalyst. High amounts
f this species caused higher initial activity of the catalysts after
retreatment. We concluded that the high initial activity of nano-
tructured catalyst attributes to more carbon-rich έ-Fe2.2C carbides
nd higher concentration of C� carbonaceous species. Deactivation
ate of the catalysts is an opposite scenario with initial catalyst
ctivity. Nano-structured iron catalyst has more deactivation rate
nd it has been tried to contribute these changes in catalyst activity
o variation of catalyst composition.

Eliason and Bartholomew [6] proposed two deactivation paths
hile occurring in parallel and/or coupled. In this model, adsorbed
-carbon atoms condensed and polymerized to amorphous �-

arbon followed to graphitic �-carbons, and/or in parallel route
-carbon atoms would be precipitated in the transformation of
arbon-rich έ to more iron-rich � and � phases progressively. These
ron carbides transformation increase thermal stability for carbides
s έ < � < �; presumably Fe–C bond strength increases in the same
es after 105 h time-on-stream (TOS) reaction. Reaction conditions: 563 K, H2/CO = 1,

order. Thus, the activity of iron carbides in hydrogenation of the sur-
face atomic carbon and then FTS activity order is έ > � > � [8,9,37].
Therefore, observed losses of iron catalyst activity are attributed to
the transformation of the active carbons into inactive carbons and
active carbides into lower active carbides. XRD and TPSR-H2 results
for used catalyst shows high amounts of more iron rich cementite
(�-Fe3C) and inactive graphite-type species, which are thermody-
namically stable under oxidizing atmosphere in FTS reaction.

Sarkar et al. [11] reported that particle size distribution (PSD)
measurements indicate growth of individual catalyst particles. The
breadth, mode and median of PSD were found to increase con-
tinuously with time-on-stream of FTS reaction. Recently, Murzin
reported that an FTS reaction rate was changed by catalyst particle
size and decreased with increasing of catalyst particle size [36].

Based on Bartholomew et al. and Murzin results, we concluded
that the deactivation of used catalysts contributes into three paths:
growth of individual catalyst particles, condensation of adsorbed
�-carbon atoms to amorphous �-carbon followed to graphitic
�-carbons, and/or in parallel route �-carbon atoms would be pre-
cipitated in the transformation of carbon-rich έ to more iron-rich
� and � phases progressively. But the amount of the graphite-type
species observed in TPSR-H2 is higher than our expectation. It has
been concluded that another route exists in production of graphite-
type species. Jung and Thomson [38] speculated that carbon atoms
precipitated by the έ to � transformation might serve nucleation
sites for Boudouard reaction:

2CO → CO2 + Cs (8)

The Reitmeier et al. [39] calculation shows that the main con-
tributor to carbon deposition is CO disproportionation. Then it has
been considered another deactivation path in activity loss of iron
catalyst in FTS reaction while occurring in parallel coupled with
other two paths.

It has been concluded that the deactivation of the catalyst occur
into four paths: first, condensation of adsorbed �-carbon atoms
to amorphous �-carbon followed to graphitic �-carbons; second,

in parallel route, �-carbon atoms would be precipitated in the
transformation of carbon-rich έ to more iron-rich � and � phases
progressively; third, route graphite-type species is produced from
CO disproportionation, and final, the growth of catalyst particle size
due to agglomeration of produced iron carbides during FTS reaction.
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. Conclusion

Bulk iron phase compositions and phase transformations of
arbonaceous species during pretreatment and following reaction
ere characterized using temperature-programmed surface reac-

ion with hydrogen (TPSR-H2) and XRD techniques. These results
ndicate that content of carbon-rich έ-carbides and C� carbons
atomic carbonaceous species) after pretreatment enhanced in
ano-structured size iron catalyst. It has been concluded that the
eactivation of the catalysts occur into four paths: condensation
f adsorbed �-carbon atoms to amorphous �-carbon followed to
raphitic �-carbons; in parallel route, �-carbon atoms would be
recipitated in the transformation of carbon-rich έ to more iron-
ich � and � phases progressively; route graphite-type species is
roduced from CO disproportionation and the growth of catalyst
article size.
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