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The  objective  of  this  research  was to  examine  the  mechanisms  of  FeCO3, Na2CO3, and  FeCO3-Na2CO3

based  catalytic  coal  gasification  of  a low-sulfur  sub-bituminous  Wyodak  coal  from  the  Powder  River
Basin  (PRB)  of  Wyoming.  X-ray  diffraction  (XRD),  Mössbauer  spectroscopy,  scanning  electron  microscopy
(SEM),  Fourier  transform  infrared  spectroscopy  (FTIR),  gas  chromatography  (GC–MS)  and  nuclear  mag-
netic resonance  spectroscopy  (NMR)  were  used  to  perform  the analyses.  Use  of  composite  catalysts  for
coal gasification  overcomes  some  of the  limitations  of  the  standalone  use  of  Na or  Fe  catalysts.  The  XRD
results  are  consistent  with  interactive  mechanisms  or the  formation  of Na–Fe  oxides  as  the  catalytic
atalytic gasification
errous carbonate
odium carbonate
owder river basin coal
oal to liquids

pathway.  Mössbauer  spectroscopy  indicated  the  presence  of metallic  iron  and  cementite  in the  char  at
different stages.  The  Fe catalysts  were  better  at tar  decomposition  than  the  Na  catalysts,  as indicated
by  GC–MS  analyses.  NMR  spectra  confirmed  that  tar  compositions  vary  with the catalytic  mechanism.
FTIR  analysis  confirmed  the presence  of  high  yields  of aromatic  components  and  long  aliphatic  chains  in
the  tar.  Composite  Fe–Na  catalysts  provide  a  method  to tailor the  amounts  and  composition  of  product
generated  during  gasification.
. Introduction

Upcoming strict CO2 emissions regulations [1–5] by the Envi-
onmental Protection Agency (EPA) will no longer be achievable
y traditional means of coal combustion. The “Standards of Perfor-
ance for Greenhouse Gas Emissions from New Stationary Sources:

lectrical Generation Units” [6] proposed rule sets limits in the
ange of 950–1200 lbm CO2/MWh  for new stationary combustion
urbines depending on the heat input rating. Therefore, increas-
ng dependence on different energy sources has drawn attention
o clean coal technologies, such as coal-to-liquids processing, due
o its potential for lower environmental impacts and higher effi-

iencies than direct coal combustion [7]. Coal-to-liquids processing
an be achieved through direct coal liquefaction (DCL) or indirect
iquefaction (ICL). The core of the ICL process is gasification. Coal

∗ Corresponding author. Tel.: +1 3077665633.
E-mail address: mfan@uwyo.edu (M.  Fan).

926-860X/$ – see front matter ©  2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2014.01.007
© 2014 Elsevier B.V. All rights reserved.

gasification is an energy intensive process that requires high tem-
peratures; however, the use of catalysts is one of the most effective
methods to improve its efficiency, reduce the operational temper-
ature, and manipulate the selectivity of the product syngas, which
is the feed for ICL. Furthermore, process oriented life-cycle analy-
ses (LCA) of the emissions generated by a 381 MW IGCC unit over
a 30 year life of the plant, indicates total emissions of CO2 on order
of 5.34 × 107 Mt,  whereas at the same conditions, direct coal com-
bustion may  generate ∼24% more CO2 compared to gasification
without any CO2 capture technology, and at least 37% when CO2
capture technologies are in place [8].

Catalysts play a major role in the efficiency enhancement of
many industrial chemical processes in the energy and fossil fuel
processing industries, including coal utilization and petrochemi-
cal processing and refining, in which over 80% of the processes

are catalytic. Examples include fluid catalytic cracking, naphtha
reforming, isomerization, Fischer–Tropsch synthesis, coal gasifica-
tion, coal tar hydrogenation, and many others [9–13]. Catalysts are
also widely used in the pollution remediation industry, where their

dx.doi.org/10.1016/j.apcata.2014.01.007
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2014.01.007&domain=pdf
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onsumption ranges from automotive exhaust treatment to NOx

eduction from coal-fired furnaces [14,15].
Given the complexity of current chemical processes, sin-

le component catalysts cannot satisfy some high performance
equirements, such as high activity, selectivity, and stability against
eactivation [16]. Recent advances in catalytic technology suggest
hat composite catalysts not only overcome the disadvantages of
heir individual components, but also synergize their effects by
mproving reaction rates more than the sum of their individual
omponents rates [16]. Composite catalysts are widely used in sul-
ur recovery units, the fuel cell industry, naphtha reforming in
etrochemical refining, etc. [13,16,17]. There are many kinds of
omposite catalysts, including simple physical mixtures, crystallite
omposites obtained by intergrowth, in situ combinations, matrix
aterials, host-guest composites, hybrid composites that comprise

 matrix material, and hierarchical porous composites [16–18].
ome of the catalytic performance enhancements observed with
he use of composite catalysts include support effects, stabiliza-
ion of active components, formation of new compounds that
ct as stabilizers, dual-function effects in elementary reactions,
djustment of acid and base properties, redox performance control,
urface bonding state control, adsorption/desorption and diffusion
nhancement, and improved migration or transference of active
pecies [16,19–21].

Proper use of composite catalysts has great potential in
erms of improving the efficiency of many industrial applica-
ions. In particular, Na–Fe composite catalysts have demonstrated
igh effectiveness in applications such as coal combustion, NOx

eduction, and enhancement of carbon conversion rates in coal
asification [15,22]. Traditionally, the process of reducing nitrogen
xides from coal-fired boilers has been accomplished through the
se of selective catalytic reduction (SCR), which typically employs
H3 as a reducing agent in a reactor upstream of electrostatic
recipitators and scrubbers. However, recent findings have demon-
trated that the addition of Na–Fe composite catalysts to the char
rior to combustion inhibits NO emissions [15]. Use of such cata-

ysts could reduce many associated costs and simplify this pollution
emediation operation.

Suzuki et al. [22,23] studied the effects of Na–Fe composite cata-
ysts on coal gasification of Yallourn char using NaHFe(CO)4, while
ong and Kim [22,23] investigated the same catalysts by mixing
a2CO3 and FeSO4 and impregnating them onto an Alaskan subbi-

uminous coal. In both cases, a synergistic effect was observed in
onversion rates.

Additional applications of sodium–iron (Na–Fe) composite
atalysts include the hydrogenation of carbon dioxide and
ischer–Tropsch synthesis. However, in the latter application, the
ffect of these catalysts has been varied, proving to be negative
hen residual Na from the material preparation participates in the

eaction [10,24,25].
An additional benefit of Na–Fe composite catalysts for coal gasi-

cation observed by our research group is the remediation of coal
ar. Coal tar has been classified as all volatile organics from coal
hat condense at room temperature, generally with a molecular
eight greater than benzene [26] and is highly undesirable due

o the negative process effects associated with its condensation
nd deposition. Reported tar tolerance limits in gaseous fuels vary
idely for different machines: 50–500 mg/m3 for compressors,

0–100 mg/m3 for internal combustion systems, and 5 mg/m3 for
irect-fired industrial gas turbines [27]. Without the use of cata-

ysts, significant steam reforming of tars occurs only above 900 ◦C
24]. Catalytic steam and dry reforming reactions are a promising

ay to remove the tar components from the syngas at lower tem-
eratures [24]. Other studies have revealed that Fe-based catalytic
oal gasification can substantially reduce overall tar yield [28,29]
nd reduce the proportion of tar acids, though in hematite (Fe2O3)
A: General 475 (2014) 116– 126 117

catalyzed coal gasification, a complete tar breakdown still required
temperatures above 900 ◦C [28,30].

Changes in selectivity (H2 and CO yield augmentation), conver-
sion rate enhancement, activation energy decrease, tar reduction,
and general improvements of the overall efficiency of the process
are some of the advantages of composite Na–Fe catalysts. These
are directly correlated to additional process advantages, such as
decreased gasification temperatures with associated increase of the
gasifier service life. Further research on these catalysts is crucial
to the advancement of carbon gasification technologies [22,23,31].
The mechanism of the Na–Fe couple acting as catalytic agents
has not been studied in depth at this point. Our previous study
found that the combined catalysts had advantages over the indi-
vidual sodium or iron catalysts; this synergistic mechanism could
include the presence of sodium iron oxides acting as intermediates
or final products, increased Fe mobilization, or a combination of
these effects [31]. The previous work raised questions about the
mechanism that governs Na–Fe interactions with coal and how are
they different from the standalone catalytic activity. This current
study focused on the answers to these questions and the descrip-
tion of the catalytic products formed in the coal char. Therefore,
the main objective of this work was to determine the mechanisms
through which Na interacts with Fe to improve the performance of
their individual catalytic capabilities.

2. Experiments

2.1. Materials

2.1.1. Catalyst preparation
Iron carbonate was prepared from 10% (w/v) aqueous solutions

with equimolar amounts of FeSO4·7H2O (99.81% Matheson, Cole-
man  & Bell) and Na2CO3 (99.81% FMC  Inc.). The resulting precipitate
(siderite, or FeCO3) was  filtered, washed with Na carbonate and dis-
tilled water, dried at 92 ◦C, and calcined in air at 250 ◦C to produce
a brown powder. The FeCO3 was sieved to retain 125 �m particles
and stored in air tight, dark colored containers to prevent struc-
tural and moisture content changes. Aqueous Na2CO3 10% (w/w)
solutions were prepared with Na2CO3 (99.81% FMC  Inc.).

2.1.2. Catalyst loading
FeCO3, Na2CO3, and FeCO3-Na2CO3 were used as catalysts for

coal gasification. The mixtures of pulverized PRB (200 mesh) coal
and catalysts were prepared by adding FeCO3, Na2CO3, or FeCO3-
Na2CO3 to obtain the following weight ratios of catalyst to dry ash
free (DAF) basis coal: 0%-Fe + 4%-Na, 1%-Fe + 3%-Na, 2%-Fe + 2%-Na,
3%-Fe + 1%-Na, and 4%-Fe + 0%-Na. Proper quantities of the Na2CO3
solution and/or FeCO3 were mixed with the coal, slurried with
water, and finally dried at 90 ◦C for 72 h prior to gasification.

2.2. Char and tar collection

The tests were conducted at local atmospheric pressure, about
75 kPa in our laboratory. FeCO3-Na2CO3 catalysts and coal mix-
tures were pyrolyzed and gasified in N2 and H2O-N2 mixtures.
5.0 g DAF coal were used for each gasification test. Pyrolysis was
performed by flowing 4.1 ml/min of N2 while heating the sam-
ple at a constant rate of 20 ◦C/min to the gasification temperature
of 800 ◦C. The apparatus used for the catalytic coal gasification
includes a set of calibrating gases, mass flow controllers, heaters,
water pump, packed bed reactor, furnace, tar collection section and

gas chromatograph. The tests were conducted at local atmospheric
pressure, about 75 kPa in our laboratory. FeCO3-Na2CO3 catalysts
and coal mixtures were pyrolyzed and gasified in N2 and H2O-
N2 mixtures. 5.0 g DAF coal was used for each gasification test.
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Table 1
Tar production and carbon distribution during pyrolysis.

Catalyst Liquid tar produced
after pyrolysis (g
tar/g coal)

Carbon fraction
in liquid tar

Carbon fraction in
vapor product
during pyrolysis

Raw coal 0.18 0.49 0.51
18 R. Monterroso et al. / Applied Cat

yrolysis was performed by flowing 4.1 ml/min of N2 while heat-
ng the sample at a constant rate of 20 ◦C/min to the gasification
emperature of 800 ◦C. Steam gasification was initiated when this
emperature was reached. The flow rate of nitrogen was  controlled
sing mass flow controllers (Porter Instruments series 201 with

 4 channel PCIM4 controller). Steam was added by introducing
.04 g/min H2O through a high pressure pump (Scientific Systems-
ab Alliance Series 1) and a coil type vaporizer wrapped with
eating tape. The installation used heat-traced 1/4′′ stainless steel
ubing, with the temperature monitored using thermocouples. The
oal was pyrolized and gasified in a 1/2′′ stainless steel tube reactor
n a tubular furnace (Thermolyne 21100), with ceramic wool hold-
ng the coal in place. Char collection was performed by extracting
amples at four different conditions: (a) after pyrolysis at 400 ◦C,
b) after pyrolysis at 800 ◦C, (c) after 10 min  of steam gasification
t 800 ◦C, and (d) after 20 min  of steam gasification at 800 ◦C. Addi-
ionally, ash samples were collected by completely gasifying the
oal and catalyst mixtures.

.3. Char and tar characterization

The surface area of the coal/catalyst mixtures prior to pyrol-
sis and gasification were measured using nitrogen physisorption
y standard Brunauer–Emmet–Teller (BET) analysis (Micromeritics
riStar 3000 V 6.04 A).

X-ray diffraction (XRD) analyses were performed on the catalyst
nd coal mixtures on a Rigaku Smartlab X-ray diffraction system.
he analyses were conducted using Cu K� radiation (1.54 A). The
oltage and current used were 40 kV and 40 mA  respectively. The
ange of 2� measurements was between 10◦ to 100◦ with 0.010◦

teps. A nickel K� filter was used to eliminate any K� radiation.
Mössbauer spectra were obtained at 295 K, 80 K, and 4 K using

 source of ∼30 m Ci of 57Fe on a WEB  Research Co. model WT302
pectrometer. Coal samples were mixed with sucrose under ace-
one and placed in a holder backed by Kapton polymide film tape.
he velocity range of the data was ±10 mm/s  in 2048 channels, with
cquisition times ranging from 12 h to 6 days depending on the Fe
ontent of the sample. Corrections were made to the data to remove
he baseline fraction created by the Compton scattering of 122 keV
amma  rays by electrons inside the detector.

Fourier transform infrared spectroscopy (FTIR)/ attenuated total
eflectance (ATR) analyses were performed on a Nicolet Magna
60 FTIR spectrometer (Thermo Scientific). The instrument has a
064 nm Nd:YVO4 excitation laser, an XT-KBr beam splitter, a He-
e laser for sample alignment, a InGaAs detector, and a computer

or automated spectra collection and analysis.
Gas chromatography/mass spectroscopy (GC–MS) for coal tars

as performed with an Agilent Technology 7890A GC system with
 split-splitless injector (model 7863 Autosampler Injector) fitted
ith a 5957C VLMSD MS  system using a capillary column (HP-5MS,

0m × 0.250 mm × 0.25 �m).  Gas chromatography was also used to
etermine the gaseous effluent composition during pyrolysis; the
xperimental method details are described elsewhere [31].

All NMR  samples were prepared in deuterated chloroform
CDCl3 or chloroform-d). The light tar fractions were collected by
ubbling the reactor effluent through 5.0 ml  of chloroform-d at
0 ◦C. Heavy tar produced in each reaction was dissolved in 2.0 ml
f chloroform-d. NMR  spectra were acquired at 26 ◦C on a 600 MHz
vance III Bruker NMR  spectrometer equipped with a 5 mm broad
and (BBO) probe. 1D 1H spectra were acquired at 600.162 MHz
ith 64 scans, 3.5 s acquisition time, and 5 s recycle delay. 1D 13C

pectra were acquired at 150.925 MHz  using one-pulse (30◦ flip

ngle) with inverse gated 1H decoupling, 5 s recycle delay and
.5 s acquisition time. 5120 scans were signal averaged. In order
o distinguish primary, secondary, and tertiary carbons, distortion-
ess enhancement by polarization transfer using a 135◦ tip angle
0%-Fe + 4%-Na 0.21 0.55 0.45
2%-Fe + 2%-Na 0.18 0.52 0.48
4%-Fe + 0%-Na 0.18 0.44 0.56

(DEPT-135) was used, by averaging 2048 per spectra with 0.3 s
acquisition times and 3 s recycle delay. 13C spectra were refer-
enced to the solvent chloroform peak triplet (at 77.21, 77.00, and
77.79 ppm) that was  externally referenced to trimethylsilane (TMS)
at 26 ◦C. 1H spectra were referenced to the residual chloroform 1H
peak at 7.25 ppm. 13C spectra were processed with zero filling and
0.30 exponential line broadening (1H spectra) or cosine square win-
dow function (13C spectra) before Fourier transform. Spectra were
processed and analyzed using TopSpin 3.2 and MestReNova 6.0.3
software.

3. Results and discussion

3.1. Gaseous products

The initial mass loss during the pyrolysis period was evaluated
during our previous research through thermogravimetric analyses
(TGA), indicating that it accounted for ∼58% of the initial coal mass
at 800 ◦C for all catalysts [31]. The volatiles are primarily gas phase
species at room temperature; however, an important fraction of
these volatiles is liquids or coal tars comprised of complex mix-
tures of aliphatic and aromatic compounds. In addition, water from
coal usually remains with the tar as a separate phase. An analysis
of the distribution of the carbon released during pyrolysis as well
as the relative mass of tar is presented in Table 1. Fe-loaded cata-
lysts yielded smaller quantities of tar, with corresponding higher
quantities of vapor product that was mostly comprised of carbon
monoxide. Thus, more of the carbon from pyrolysis ended up in the
gas phase product with the Fe catalyst. The observed values of liquid
tar presented in Table 1 include water. A more extensive compo-
sition of the syngas, particularly during the gasification stages, is
presented elsewhere [31].

3.2. Solid phase

The physical characteristics of the Wyodak Powder River Basin
(PRB) coal used for this research, including composition, heat-
ing value, proximate, ultimate and elemental analyses, and TGA,
are described elsewhere [31,32]. The surface areas of the cata-
lyst and coal mixtures show an interesting trend with increasing
iron content: 1.9 m2/g for 0%-Fe + 4%-Na, 3.2 m2/g for 1%-Fe + 3%-
Na, 4.1 m2/g for 2%-Fe + 2%-Na, 7.5 m2/g for 3%-Fe + 1%-Na, and
11.6 m2/g for 4%-Fe + 0%-Na. Increasing surface area with increas-
ing Fe loading suggests possible pore blocking by the Na, thereby
reducing accessible carbon sites for gasification. As both our earlier
research and other previous studies have shown that Na catalysts
considerably improve the rate of gasification [22,31,33], the part
of the synergy of adding iron simply appears to be the increased
surface area for enhancement of the effect of the sodium.

3.2.1. X-ray diffraction (XRD)
The pure Na catalyst followed the expected trend reported pre-
viously for Na2CO3 [27,31]. The mechanistic pathway has been
shown to involve initial conversion of Na2CO3 into metallic Na, then
formation of Na2O and possibly Na2O2 as proposed for other alkali
carbonates, followed by regeneration of the Na2CO3 [34–36]. Fig. 1
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ig. 1. XRD spectra of 0%-Fe + 4%-Na composite catalyst and coal mixture: (a) at
00 ◦C pyrolysis, (b) after 20 min  of gasification at 800 ◦C, and (c) ash.

resents the XRD spectra for the 0%-Fe + 4%-Na catalyst and coal
ixture at different conditions. Table 2 presents the main peaks in

he scanned 2� range for all the species found in the char and ash
amples. In the 400 ◦C pyrolysis spectrum (Fig. 1a), the main peaks
re associated with carbon. The carbon structures appear to change
s the reaction proceeds because graphite peaks are visible in the
00 ◦C gasification spectrum (Fig. 1b). Na2CO3 can be observed in
he 800 ◦C gasification and ash spectra (Fig. 1c), indicating its pos-
ible catalyst regeneration. Other ash components, such as silicon
xide, are present in the ash spectrum.

The catalytic path for Fe-based coal gasification, particularly
nvolving Fe carbonate, has been proposed to include the following
teps [29].

eCO3 → FexOy (1)

exOy → Fe3C (2)
The process includes the conversion of siderite (FeCO3) into
agnetite (Fe3O4) and wüstite (FeO), as has been studied in the past

29]. The presence of FeO is also expected at advanced gasification
tages and high temperatures, as observed by Popa et al. [29]. The

able 2
RD main peaks for the present species in char.

Species Main peaks (2�)

Carbon 26.34, 43.4, 102.2
Graphite 26.61, 43.45, 87.32
Na2CO3 27.6, 29.6, 34, 37.5, 34.5, 48.6
Fe2O3 24.16,35.74,49.5
Fe3O4 20.8,35.5
Fe3C 26.18,31.36,43.92,50.07,82.0
SiO2 20.61,49.63,67.44,72.84,74.7
NaFeO2 21,30,44.5
Fig. 2. XRD spectra of 4%-Fe + 0%-Na composite catalyst and coal mixture: (a) at
400 ◦C pyrolysis, (b) after 20 min of gasification at 800 ◦C, and (c) ash.

XRD spectra for iron catalyzed reactions (4%-Fe + 0%-Na catalyst) in
Fig. 2 at different conditions, indicates the presence of magnetite
after pyrolysis at 400 ◦C (Fig. 2a) and possibly hematite. Following
the expected pathway, Fe3C and metallic iron are observed after
20 min  of gasification at 800 ◦C (Fig. 2b), while only cementite was
observed in the ash (Fig. 2c).

Composite catalysts, however, present different behaviors than
those of the corresponding individual catalysts. Plausible mech-
anisms for this process include separate activity of the catalysts,
formation of sodium iron oxides, or another synergistic mecha-
nism. In our previous study, the 3%-Fe + 1%-Na composite catalyst
presented a much higher conversion potential than that of the 1%-
Fe + 3%-Na catalyst, suggesting that high Na with small Fe contents
can actually be unfavorable for catalytic gasification; however,
Fe-based catalytic gasification decreases the conversion rate at
advanced conversion stages, starting between 75% and 89% of the
total conversion [29,31]. This limitation is decreased by the pres-
ence of smaller amounts of Na in the mixture as the 3:1 Fe to Na
catalyst did not show this decrease in the rate at high conversions
[31]. A possible explanation for this synergy could be related to the
presence of active iron catalytic species once sodium has reached
an activity threshold.

The XRD patterns for the 2%-Fe + 2%-Na catalyst at different con-
ditions are presented in Fig. 3. After pyrolysis at 400 ◦C, the main
peaks are associated with magnetite and hematite (Fig. 3a), point-
ing to the catalytic activity of the iron catalyst. After 20 min  of

gasification at 800 ◦C (Fig. 3b), Na2CO3 is present, similar to the
corresponding 4%-Fe + 0%-Na spectrum (Fig. 2b). Graphite peaks
are again present, indicating the structural change of carbon as the
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Fig. 4. Mössbauer spectra of a 4%-Fe + 0%-Na catalyst and coal mixture: (a) after
ig. 3. XRD spectra of 2%-Fe + 2%-Na composite catalyst and mixture: (a) at 400 ◦C
yrolysis, (b) after 20 min  of gasification at 800 ◦C, and (c) ash.

eaction advances. However, in this spectrum, as well as in the ash
pectrum related to the 2%-Fe + 2%-Na catalyst, some of the peaks
ay  be associated with NaFeO2, which could suggest a possible

ynergy between these two catalysts. As previously discussed, at an
dvanced stage of the reaction, i.e. 20 min  of gasification (Fig. 3b),
he most prominent lines in the diffraction patterns are those for

agnetite and natrite (Na2CO3), suggesting conversion into the less
ctive Na2CO3, although Fe species could still be active. However,
he interaction of these species or other iron and sodium oxides,
uch as hematite, sodium oxide, and sodium peroxide, could still
eact to form NaFeO2. The Na–Fe oxide conversion likely occurs
hen the Fe species are still active on the C surface. The exact mech-

nism of this reaction is unknown, but Takeda et al. [37] have noted
hat Na carbonate and hematite, or Na oxide(II) and hematite, have
he capability of forming �-NaFeO2 and �-NaFeO2, with intermedi-
te phases of Na doped �-Fe2O3. A possible set of reactions to form
otential catalysts is provided below [37]

a2CO3 +  ̨ − Fe2O3 → 2NaFeO2 + CO2 (3)

a2O2 +  ̨ − Fe2O3 → 2  ̨ − NaFeO2 + 1
2 O2

(4)

The synergistic effect of this composite catalyst is documented
n this analysis and in the results of our previous research, which
howed that the rate of steam gasification with this composite
atalyst exceeded at most conditions the rate of either pure Fe

r Na catalysts. Thus, the composite catalysts have greater effects
n the rate of steam gasification than the sum of their individual
ontributions. Suzuki et al. demonstrated this enhancement using
aHFe(CO)4 for coal gasification [22].
pyrolysis at 800 ◦C, run at 295 K; (b) after 20 min  of steam gasification at 800 ◦C; and
(c) ash.

3.2.2. Mössbauer spectroscopy
The fitting parameters of Mössbauer spectra obtained in this

study are presented in Table 3. Coal samples without the Fe catalyst
were also evaluated with Mössbauer spectroscopy, but there was
not enough Fe in them to obtain a spectrum. The spectra related to
the catalytic coal mixture 4%-Fe + 0%-Na under different conditions
are presented in Fig. 4. Fig. 4a is the spectrum after pyrolysis. A peak
comprising 33% of the spectral area was  observed with isomer shift
(ı) of 0.0 mm/s  and quadrupole splitting (�) also 0.00 mm/s, indi-
cating metallic Fe, which appears to be the main catalytic species
at this point of the process. However, Fe5+ (ı = −0.10 mm/s and
� = 0.02 mm/s) is also present as 33% of the total Fe, while 20% of
the area is Fe3+ in cementite, and the remaining 12% of the total Fe
is in an unknown phase with non-specific parameters. The spec-
trum after 20 min  of gasification is presented in Fig. 4b. Here, the
proportions of metallic Fe and Fe5+ increase slightly at the expense
of the other doublets.

The Mössbauer spectra of the 2%-Fe + 2%-Na catalyst and coal
mixture at different conditions are presented in Fig. 5. Fig. 5a,
which presents the catalyst after pyrolysis, shows notable differ-
ences compared to the 4%-Fe + 0%-Na at the same condition (Fig. 4a),
indicating significantly less presence of Fe as either Fe5+ or Fe
metal. This spectrum is dominated by doublets from cementite
and an unassigned doublet, possibly representing Fe species in dif-
ferent oxidation states, i.e., FeO4 groups and Fe3C characterized

by the smaller peaks. After 20 min of gasification (Fig. 5b), fea-
tures due to metallic Fe and cementite doublets further decrease in
intensity.
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Table 3
Mössbauer parameters of reaction products.

Sample 4% Fe pyrolysis 4% Fe 20 min  water 3%-Fe + 1%-Na
pyrolysis

3%-Fe + 1%-Na
20 min water

2%-Fe + 2%-Na
pyrolysis

2%-Fe + 2%-Na
20 min water

Velocity scale (mm/s) ±10 ±10 ±10 ±10 ±10 ±10
Spectrum temp (K) 295 295 295 295 295 295
Fe5+ IS −0.10 −0.10 −0.11 −0.10 −0.11 −0.10

QS  0.02 0.00 0.02 0.17 0.00 −0.16
Width  0.45 0.48 0.46 0.36 0.47 0.32
Area  33 37 27 16 22 11

Metallic Fe IS 0.00 0.00 −0.01 0.01 −0.01 −0.01
QS  0.00 0.01 0.00 −0.01 0.01 0.02
Width  0.24 0.25* 0.24 0.30* 0.27 0.23*

Area 33.97 39.70 35.16 21.86 25.25 14.82
Field  332 331 331 331 330 331

Cementite IS  0.18 0.15 0.18 0.19 0.19 0.19
QS  0.01 0.09 0.02 0.02 0.02 0.02
Width 0.23* 0.55* 0.28 0.26 0.29 0.23*

Area 20.30 14.65 25.25 30.05 39.59 38.26
Field  209 209 208 208 208 208
�2 1842.64 4900.73 2975.22 3525.73 1352.57 4076.75
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� norm 3.53 9.31 

S = isomer shift in mm/s; QS = quadrupole splitting in mm/s; field magnetic field in
* Parameter fixed.

.2.3. Scanning electron microscopy
Scanning electron microscopy (SEM) images provided further

nformation about the surface. Fig. 6 shows the 4%-Fe + 0%-Na fresh
atalyst and coal mixture, in which FeCO3 could represent the
ighter gray particles. The catalytic particles are still present after
0 min  of gasification (Fig. 6b), though to a lesser extent. The struc-
ures of these composite catalysts are considerably more uniform
han those present in the Na catalysts. Conversely, the SEM of the
ure Na catalysts presented in Fig. 7a indicates that the structures
re noticeably rougher and contain smaller particles. Carbon and
raphite decomposition are evident in Fig. 7b, which is an image of
he sample after 20 min  of gasification.

.3. Tar characteristics

The effect of Fe catalysts on coal tar breakdown has been widely
iscussed and conflicting results have been presented. Popa et al.
bserved that the use of 3 wt% siderite as a catalyst decreases
he amount of aromatics in coal tar [29]. Other researchers have
ndicated that while the Fe catalyzed reaction might increase tar
roduction and enhance syngas production, the composition of the
ar does not change significantly and thus no effect was reported
38]. Our current study confirmed that tar composition indeed
aries when different catalysts are used. Catalytic tar breakdown
ould permit lower temperatures for syngas production.

.3.1. Fourier transform infrared spectroscopy (FTIR)
Fig. 8 shows the FTIR spectrum of the heavy tar fraction for the

%-Fe + 2%-Na catalyst/coal mixture after pyrolysis at 800 ◦C. This
pectrum is representative of the heavy coal tar produced from the
ther catalyst and coal mixtures, as no substantial differences were
bserved among the products from the different catalysts through
his technique. Thus, these analyses provide general characteris-
ics of all of the heavy tars. The peaks in Fig. 8 are characteristics of
oal tars. For example, two strong peaks at 751 cm−1 and 810 cm−1

ndicate the presence of phenyl monosubstituted rings. Light gas
volution and tar formation during pyrolysis start in the range
f 387–687 ◦C according to Suuberg [39], depending on the coal
ank and other process conditions, such as heating rate. Hambly

bserved that during this initial pyrolysis stage, low-rank, subbi-
uminous coals produce lower amounts of aromatics in their tars
ompared to their higher rank counterparts [25]. In our research
n subbituminous coal, the aromatics to aliphatics ratios varied
5.76 6.82 2.64 7.97

idth = FWHM of peaks in mm/s; area is percentage of total spectral area.

with different catalysts, as described in the next section. One of the
previous studies performed by our group suggested that the influ-
ence of Fe catalysts created a redox mechanism that favored the
dehydroxylation of C OH groups in the tar, thus forming aldehydes
and ketones represented by the peak at 1670 cm−1 [26,36]. The
broad peak at 1300 cm−1 indicates the presence of aliphatic methyl-
ated chains. Between 1500 cm−1 and 3050 cm1, the majority of the
peaks are due to aromatics in the heavy tars. Higher order aromatic
and hydroaromatic clusters containing multiple substitutions are
formed as their weakest links break to produce aromatic molecu-
lar fragments and depolymerization products during pyrolysis [37].
The light tar fractions were not analyzed through FTIR due to the
sensitivity of this method to the solvent used to collect the light tar.

3.3.2. Gas chromatography/ mass spectroscopy (GC/MS)
A comparison based on GC/MS analysis of the four light tars

obtained from different samples at 800 ◦C, namely 0%-Fe + 4%-Na
(a), 2%-Fe + 2%-Na (b), 4%-Fe + 0%-Na (c), and raw coal (d), is shown
in Fig. 9. A key observation among the spectra is that the ratio of
heavy to light components increases with Fe loading, as shown by
the increase in the size of the peaks at higher retention times for
Fig. 9c compared to Fig. 10a,b. Light fractions of the tars were con-
siderably more aliphatic in nature than their heavier counterparts
and are produced during earlier stages of devolatilization. The main
mass losses that accompany pyrolysis occur in the region of 200 ◦C
to 300 ◦C, based on TGA analyses of the same catalytic coal mixtures
[31,32]. The intensive mass loss produced with Na based catalysts
accounts for a rapid tar accumulation.

The GC/MS results for the heavy tars from the same samples are
shown in Fig. 10. The results show that larger quantities of heavier
components are produced by the Na-based catalysts (Fig. 10a)
compared to the Fe catalysts (Fig. 10b and Fig. 11c), which have
previously been shown to substantially decrease the production of
heavy tars [29]. Fe tar breakdown produced higher ratios of aliphat-
ics to aromatics than the ones obtained with pure Na based catalysts
or non-catalytic gasification. The distribution of components in
Fig. 10 indicates key differences between the tars; however, impor-
tant fractions were common among all tars. For example, long
aliphatic chains (both alkanes and alkenes, such as retene, octade-

cane, hexadecane, eicosane, and eneicosane) were observed in all
the samples. Their production is caused by the breakdown of aro-
matic clusters, mainly during the primary pyrolysis dehydration
(200 ◦C–400 ◦C) [40].
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Fig. 5. Mössbauer spectra of a 2%-Fe + 2%-Na catalyst and coal mixture: (a) after
pyrolysis at 800 ◦C, run at 295 K; (b) after 20 min  of steam gasification at 800 ◦C; and
(c)  ash.
Fig. 6. SEM scan of a 4%-Fe + 0%-Na catalyst and coal mixture: (a) raw and (b) after
pyrolysis at 800 ◦C.

Our prior TGA analyses performed during pyrolysis to maximum
temperatures of 400 ◦C indicate less intense tar formation for the
4%-Fe + 0%-Na and 2%-Fe + 2%-Na catalysts [29,31]. Additionally, the
coal tar yield is directly correlated to the presence of donor hydro-
gen [41], which could be related to the lower tar production with Fe
catalysts, since previous results indicated a much higher efficiency
of H2 production with these catalysts [31], resulting in a lower
hydrogen content in the tar. The higher yield of H2 in the syngas
with Fe catalysts has been related to the water gas shift reaction on
FeO, which produces Fe3O4 and H2. Subsequently, magnetite reacts
with CO produced from steam gasification to form FeO and CO2.
Finally, CO2 is consumed by the Boudouard reaction [29,31]. Lower
amounts of hydrogen in the tar, which can be caused by a dehy-
drogenation mechanism, can lead to the formation of aldehydes,
ketones, and alkenes.

Catalytic tar breakdown occurs mainly during secondary pyrol-
ysis at higher temperatures [26], in this case, from 400 ◦C to 800 ◦C.
As indicated above, in this temperature range, Fe catalysts have the
capacity of reducing alcohols, including phenols, thereby produc-
ing more molecules containing C O groups. The data presented in
Fig. 10 illustrate this fact. For example, the peak at 16.1 min is asso-
ciated with benzoic acid, the next three peaks between 16.4 and
16.6 min  are associated with ketones, and the peak at 16.7 min  is
due to acetic acid. These peaks were also observed in all catalysts
and raw coal spectra. Our previous FTIR analysis indicated that the

tar products of siderite (Fe) catalyzed gasification do not contain
as many of C C aromatics compared to uncatalyzed coal tars [29].
Such decreases appear to occur with Fe–Na composite catalysts.
Other examples of carbonyl groups obtained with Fe-based tars
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some long chain aliphatic compounds such as heneicosane and
eicosane. Phenols appeared at 7.75, 8.51, and 8.71 min of reten-
tion time (Fig. 10a), which likely correspond to phenol, 2-methyl
ig. 7. SEM scan of a 0%-Fe + 4%-Na catalyst and coal mixture: (a) raw and (b) after

yrolysis at 800 ◦C.

nclude monosubstituted benzoic acid, 2,1,3-benzoselenadiazole-

-carboxylic acid at 16.9 min  (Fig. 10c), and acetic acid, among other
pecies including ketones, which is consistent with this mechanism
f conversion of siderite into FeO and Fe3O4 in the solid phase. For
he 2%-Fe + 2%-Na coal tar, alcohols were not as prevalent compared
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ig. 8. FTIR spectrum of a 2%-Fe + 2%-Na catalyst heavy tar produced during N2

yrolysis conditions at 800 ◦C.
Fig. 9. Gas chromatograms of light tars produced during N2 pyrolysis at 800 ◦C: (a)
0%-Fe + 4%-Na, (b) 2%-Fe + 2%-Na, (c) 4%-Fe + 0%-Na, and (d) raw coal.

to Na-based tars. However, few carboxylic acids, aldehydes or
ketones were observed in the 2%-Fe + 2%-Na tar, whereas aromatic
rings and naphtalenes were still predominant. On the other hand,
sodium based tars were dominated by aromatic alcohols (phenol,
mono, di and trisubstituted phenols, cresol) and naphthalenes, with
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Fig. 10. Gas chromatograms of heavy tars produced during N2 pyrolysis at 800 ◦C:
(a)  0%-Fe + 4%-Na, (b) 2%-Fe + 2%-Na, (c) 4%-Fe + 0%-Na, and (d) raw coal.
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Fig. 11. Overlay of 1H spectra of light tars produced during N2 pyrolysis at 800 ◦C:
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Fig. 12. Overlay of 13C spectra of heavy tars produced during N2 pyrolysis at 800: (a)
raw coal, (b) 0%-Fe + 4%-Na, (c) 2%-Fe + 2%-Na, and (d) 4%-Fe + 0%-Na. The aromatic

DEPT-135 spectra. This peak was identified as a CH group and
a)  0%-Fe + 4%-Na and (b) 4%-Fe + 0%-Na.

henol, and/or 3-methyl phenol. The distinctive peak of o-cresol
nd p-cresol appears at 9.51 min.

Given the complexity of the tar mixture, many derivatives can
e obtained through further processing, such as hydrocracking or
ther refining [42]. Thus, many of the specific components in coal
ar and the effect of different catalysts on its composition deserve
urther study. In summary, catalytic dehydrogenation of the tar
y iron catalysts results in more carbonyl containing species and
lkenes compared to the tars produced by their sodium counter-
arts. Iron catalysts also increase the production of H2 in the syngas
hile reducing the hydrogen content of the tar, and produce lower
olecular weight tars compared to tar from the sodium catalysts.

inally, sodium based tars, which are dominated by aromatic rings,
re produced during earlier stages of the process, as confirmed by
GA devolatilization results [32]. Faster accumulation and higher
ields of tar are related to the initial rate of devolatilization. Com-
osite catalysts provide a method for tailoring the quantity and
omposition of the coal tar product. When combined with the
nhancement of gasification rates that these composite catalysts
rovide [31], the modification of the tar properties could be very
eneficial for the overall process efficiency. Furthermore, based on
he tar composition results, the selectivity of the process is altered
epending on the catalyst Fe/Na ratios; therefore, the final com-
osition of the tar can be manipulated by varying the catalyst
omposition to attain the desired products.

.3.3. Nuclear magnetic resonance (NMR)
NMR  spectroscopy is a powerful technique in the character-

zation of coal and tar samples [43,44]. We  used 1H and 13C
olution NMR  spectroscopy to compare the composition of light
nd heavy tars from coal pyrolysis. Samples from four pyrolysis run-
ing under different catalytic conditions were compared without
atalyst: 0%-Fe + 4%-Na, 2%-Fe + 2%-Na, and 4%-Fe + 0%-Na catalyst.
ach experiment yielded a light and heavy tar sample. Our results
llustrate that the specific catalyst had a marked qualitative and
uantitative effect on the tar hydrocarbon mixtures. The NMR  spec-
ra suggest that the composition of the light tars was similar in the
our pyrolysis reactions under different catalytic conditions. How-
ver, the catalysts strongly influenced the relative ratio and the
ield of hydrocarbons. The heavy tars were more diverse and com-

lex than the light tars. The nature of the catalyst had a strong

nfluence on the yield and composition of the hydrocarbon mix-
ure.
regions of the spectra are enlarged in panel (e).

Given the complexity of the mixtures, both 1H and 13C NMR
spectroscopy were used to confirm the presence of the major
classes of organic compounds determined by other methods (vide
supra) and to provide insight into the ratio of aromatic and aliphatic
components. 1H and 13C spectra confirmed the presence of phenols.
Although detected by FTIR and GC/MS analyses, carboxylic acids
and their derivatives were not detected by NMR. The four light tar
samples contained a small amount of ketones, (13C ı = 209.9 ppm
and 207.2 ppm). No ketones were observed in the heavy tars. The
DEPT-135 13C experiment was used to distinguish carbons with
different number of hydrogens attached. CH3 and CH groups yield
positive peaks, while CH2 groups have negative intensity, and car-
bons with no attached protons are absent. All samples contained a
complex mixture of aromatic compounds. Almost all peaks of the
13C spectra between 110 and 160 ppm were aromatic. One excep-
tion was  a peak at ∼114 ppm that had a negative intensity in the
2
was tentatively assigned to a terminal aliphatic alkene. None of
the peaks between 146–160 ppm were present in the DEPT-135
spectrum; thus, they belong to aromatic carbons that do not have
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ny hydrogens (e.g. aromatic carbons joined with aliphatic side
hains or catacondensed aromatic carbons). In the aliphatic region
2–40 ppm) of the 13C spectra, a number of CH3, CH2, and CH groups
ere observed.

For the light tars, increasing amount of iron catalyst correlated
ith higher 1H and 13C peak intensities in both the aromatic and

liphatic regions, as illustrated by the 1H spectra of 0%-Fe + 4%-Na
nd 4%-Fe + 0%-Na samples in Fig. 11. Integration of 1H spectra was
sed to quantify the relative amounts of aromatic (6.05–9.15 ppm),
lefinic (4.23–6.05 ppm), and aliphatic (0.2–4.1 ppm) hydrocar-
ons. Among the light tars, the highest aromatic:aliphatic ratio was
bserved in the 4%-Fe + 0%-Na tar sample (36.7:100), while the low-
st ratio was observed in the 0%-Fe + 4%-Na sample (21.2:100). The
esidual 1H chloroform solvent peak overlapped with the aromatic
egion and slightly contributed to the integral in all the samples.
nterestingly, the olefinic region had approximately the same inten-
ity and spectral shape in all the four light tars. In summary, as the
ron concentration increased, the yield of both the aliphatic and
romatic compounds increased in the light tars, but the aromatic
ompounds increased to a larger extent.

On the other hand, for the heavy tars, an increase of sodium
decrease of iron) in the catalyst correlated with higher 1H and 13C
eak intensities and complexity, as shown by the overlay of 13C
pectra in Fig. 12. Integration of 1H peaks suggests that the aro-
atic:aliphatic ratio was similar for all the four tars, in the range

f 20–23:100. However, the tar spectrum of the pure sodium cat-
lyst (0%-Fe + 4%-Na) displayed numerous new peaks in both the
3C aromatic and aliphatic regions that were not present in the
pectra of heavy tars produced by either 4%-Fe + 0%-Na catalyst or
ithout catalyst. The aromatic 13C region became markedly com-
lex (Fig. 12e); thus, the data suggest that high sodium content in
he catalyst yields a rich mixture of aromatic compounds in the
eavy tar. On the other hand, the pure iron catalyst (4%-Fe + 0%-
a) may  promote the breakdown of aromatic compounds in the
eavy tar, as this spectrum (Fig. 12e top) contained less intensity
nd lower peak count than the spectrum of the tar that was pro-
uced without a catalyst (Fig. 12e bottom). In summary, the NMR
ata confirmed that tar compositions can be changed by varying
he pyrolytic mechanism through catalysts.

. Conclusions

Composite catalysts can overcome and enhance the catalytic
ffects of separate Na and Fe catalysts for coal gasification. Most
f the catalytic species appear to be produced at the same stages of
yrolysis and gasification with composite catalysts and pure cat-
lysts. However, some important differences are observed during
he last stages of the process, such as active Fe species that appear
o enhance the effect of Na based catalysis. Furthermore, Na–Fe
xides appear to form during final gasification phases, which could
ccount for the synergy of the Fe/Na catalysts. Iron oxides were
bserved on the char surface at later gasification stages, which sug-
est again that iron catalysts are more active during this phase
han sodium catalysts. The catalytic activity of siderite for pure
nd composite catalysts was confirmed through the presence of
etallic iron initially, and cementite at advanced stages of gasifica-

ion. Monosubstituted phenyl rings among many other aromatics,
arbonyl functional groups, and aliphatic chains were primary com-
onents of all heavy tars. Fe catalysts showed higher capability for
ar decomposition than the other catalysts, producing carboxylic

cids, aldehydes and ketones that were not observed in Na-based
ars. Understanding the aforementioned the characteristics and

echanism of the catalytic PRB coal gasification will be beneficial
o optimization of reaction conditions and thus design of coal to
iquids process.
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