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HIGHLIGHTS

e Catalytic effect of Fe on biomass-derived model char conversion in O,- and COs.

e y-Fe,03 transformation to e-Fe;O3 during char oxidation with high catalytic activity.

e Additional transformation to a-Fe,O3 during oxidation without catalytic activity.

e y-Fe,03 transformation to FeO and to y-Fe during char gasification.

o Partially re-oxidation of y-Fe in CO, resulting in Fe304 remaining in the ash.
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The conversion of biomass-derived char is substantially influenced by its metal content. One of the main cata-
Iytically active metallic elements in biomass is Fe, which occurs in various mineral forms. For the imple-
mentation of catalytic effects into char conversion models, investigations on the role of mineral type and loading
are required. In this work, the catalytic effect of an Fe sulfate loading series on the oxidation and gasification of
an inherently mineral-free cellulose-derived char was analysed. Characterisation focused on the Fe phases pre-

sent in the char identifying the transformation from FeSO4 to y-Fe;O3 during doping, and further to e-Fe,O3 and
a-FepO3 upon char oxidation as well as to FeO and y-Fe upon char gasification. Very high loading-dependent
activities of e-FepO3 and FeO were quantified by kinetic modelling. These iron oxides strongly catalyse char
conversion, lowering the activation energy by up to 14% and 18%, respectively, relative to the mineral-free char.

1. Introduction

For the reduction of global greenhouse gas emissions, a special focus
lies on the combustion of biomass-derived fuels [1]. In the combustion
process, char conversion is the rate-determining step [2] and may occur
as solely oxidation in air (O2/N2) or combined oxidation and gasification
in oxyfuel (0/CO,) atmosphere [3,4]. Irrespective of the gaseous
composition, char conversion may be strongly influenced by the mineral
content of the biomass [5]. Current char conversion models do not

account for mineral effects and need to be extended for an accurate
prediction of the process [6]. Hence, the assessment of catalytic effects
specific to different types and amounts of minerals typically contained in
natural biomass is required.

Biomass contains different inorganic elements classified into micro-
nutrients (concentrations <0.1%, dry basis) such as Cl, Cu, Mn, Ni, Mo,
Zn, Fe, and macronutrients (concentrations >0.1%, dry basis) such as
Mg, P, S, K, Mg, and Ca. Alkali metals and alkaline earth metals (AAEM)
are the most abundant inorganic components in biomass [7]. Indeed,
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catalytic effects of AAEM on biomass thermochemical conversion pro-
cesses to produce high-quality end-products (biochar, bio-oil, and
biogas) in large-scale have been extensive revised [8].

Furthermore, the role of mineral matter (including Fe) as a catalyst
for chemical and structural transformations during heat treatments in
inert and CO, atmospheres was previously investigated. Pyrolysis was
performed with a heated strip reactor (HSR) up to 1800 °C using both Ny
and COy atmospheres on a mineral-free cellulose-derived char. The
question was discussed whether Fe loading affects char reactivity
through catalytic action or through changes in the carbonaceous struc-
ture. On the one side, iron minerals enhanced the reactivity exerting a
positive catalytic effect on pyrolysis, gasification, and combustion re-
action. On the other side, these minerals increased the graphitisation
and structural ordering [9].

The same carbon model material doped with Fe, K, Na, Mg, and Ca
sulfates was used to assess the relevance of catalytic activity in flat-flame
burner (FBB) experiments with high heating rates typical of industrial
oxy-fuel combustion systems. In particular, samples doped with Fe
exhibited lower thermal stability and higher particle combustion tem-
peratures in the FFB compared with the undoped model fuel [10].

Consequently, Fe is one of the major catalytically active metallic
elements contained in biomass exhibiting significant effects on biomass
conversion despite being typically present in lower amounts than AAEM.
Different minerals containing Fe were found in biomass, and phase
transformations were reported to occur during the combustion process
[11]. For example, sulfates as primary Fe minerals can undergo dehy-
dration and decomposition, resulting in different other sulfates, car-
bonates, or oxides depending on the atmosphere [12,13]. Typically,
oxidative treatments finally result in differently stable Fe oxides. For
these species of the general composition FeyOy, not only different Fe
oxidation states, but also different polymorphs of the same oxidation
state need to be considered. Most prominently, Fe;O3 was found to
undergo purely structural phase transformations upon particle
agglomeration, from metastable y-Fe;O3 over e-FepO3 to the highly
stable a-FeyOs [14]. Contrarily, char gasification may even lead to
locally reducing conditions so that elemental Fe® and iron carbides are
additional species possibly present during char conversion [15-17].

An exact determination of the mineral present during the conversion
process is of high importance as the effect of minerals on char conversion
was revealed to depend not only on the type of metal but also on the
counterion [18]. This counterion dependence also provides an expla-
nation of the different strength of catalytic effect of Fe minerals reported
in literature.

Impregnating 4 wt% of Fe as Fe(NO3)3 on fir powder has been re-
ported to reduce the activation energy of CO, gasification relative to the
raw fir by only 4%, thereby having much less effect than the compara-
tively studied acetates of K, Na, and Ca [19]. However, 3 wt% of Fe
impregnated as Fe(NOs), were found to strongly activate pistachio nut
shell gasification, with a reactivity increase close to NaNOs and Ca
(NO3); as the most active dopants [20]. Similarly, the effect of 20 wt%
FesO3 on CO, gasification of a cellulose-based char was also pro-
nounced, lowering the activation energy by about 17% [21]. With this
activity higher than alkaline earth metal oxides but lower than alkali
carbonates, Fe oxide exhibited an intermediate effect. A similarly strong
catalytic effect can be assumed for FeCls as the addition of 5 wt% to
sugar cane bagasse was reported to lower the activation energy by
around 11%.

Recent studies of Fe sulfate doping of a mineral-free model char even
revealed a distinctly higher activity of this mineral compared with the
analogous sulfates of alkali and alkaline earth metals [22]. As in situ X-
ray diffraction (XRD) investigations of the pure salts have shown the Fe
sulfate to be the only one prone to phase transformation upon heating in
diluted O5 or CO; [10], the presence of different Fe phases was discussed
as the origin of the exceptional high activity. However, the occurrence of
phase transformations may be influenced by interactions of the Fe
mineral with the carbon matrix [23], so that a phase identification is
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required for the doped carbon materials and not just for the pure
dopants.

In continuation of previous studies, this work focuses on the catalytic
effect of Fe on char conversion. The inherently mineral-free model char
was doped with a loading series of Fe sulfate and sample reactivity was
investigated by temperature-programmed (TP) oxidation and gasifica-
tion measurements in analogy to Ref. [22]. Changes in char reactivity
were related not only to the amount but also to the type of Fe mineral
phase present in the material as determined by a comprehensive char-
acterisation based on Mossbauer spectroscopy, XRD, differential scan-
ning calorimetry (DSC), and X-ray absorption spectroscopy (XAS). In
combination with an extended kinetic modelling, mineral effects were
assessed both qualitatively and quantitatively, finally enabling the
establishment of detailed structure-activity correlations.

2. Materials and methods
2.1. Synthesis of the Fe-doped model fuel

In a first step, a mineral-free model char was synthesised by hydro-
thermal carbonisation of microcrystalline cellulose at 200 °C for 24 h
and subsequent low heating rate pyrolysis at 800 °C for 2 h [21]. The
hydrothermal carbonisation treatment was used to obtain a mineral-free
reference sample. Subsequently, the pyrolysis step at 800 °C was per-
formed to separate the contribution of devolatilisation from the oxida-
tion/gasification step. The obtained MH800 char was then selectively
doped with FeSO4e7 HyO (supplied by VWR Chemicals) by wet
impregnation [10], thereby loading 0.15-2.4 wt%. The synthesis was
finished by drying at 105 °C in air, and the samples were labelled using
their loading w as ‘w Fe-MHS800’. For example, the sample loaded with
0.15 wt% Fe was labelled as ‘0.15 Fe-MH800".

2.2. Temperature-programmed measurements

TP measurements were performed by heating about 30 mg of sample
using a magnetic suspension balance [10]. For oxidation, heating was
performed with 5 °C min~! in 100 ml min~! 20% O,/He, while for
gasification a heating rate of 1 °C min~! was adjusted to finalise con-
version in 100 ml min~! 50% CO,/He prior to the maximum tempera-
ture of 1100 °C. Measurement analysis relied on the differential thermo-
gravimetric (DTG) curve, which was calculated as the normalised first
derivative of the thermogravimetric mass loss curve:

—(#)
DTG = —%~ ®
my — nmy
The change of mass m as a function of temperature T was related to
the total converted mass, obtained as the difference of initial (m,)and
final sample mass (my).

2.3. Conversion modelling

For a quantification of the catalytic effect, the DTG curves as a
measure of the change in conversion X were fitted using the random
pore model (RPM) in its temperature-dependent form [24,25]:

dX E,
d—T:ﬂokoo(R—TA>o(l—X)\/1—Y’oln(]—X)oyb )

This reaction rate description is composed of different parts: The
heating rate 8, an Arrhenius term comprising the pre-exponential factor
ko, the activation energy E,, and the gas constant R as well as a con-
version- and pore-dependent term with the structural parameter ¥ and
the influence of reactive gas mole fraction y to a certain reaction order b.
For simplification and to reduce uncertainties, the pre-exponential fac-
tor and the gas-related reaction order were assumed to be independent
of the loading and were hence taken as fixed values derived from
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previous isothermal measurements of the undoped char [21]:

koo, = 9 x 10* (min —1)
koco, =9 x 107 (min — 1)
bo, = 1.14

beo, = 0.51

2.4. Mineral characterisations

Mossbauer spectroscopy was performed in transmission geometry
using a >’Co(Rh) radiation source mounted on a driving unit operating
in constant acceleration mode. The isomer shifts of spectra derived from
about 210-230 mg of sample material were referenced against a-Fe at
room temperature.

Powder X-ray diffraction (XRD) patterns were recorded using a
diffractometer (Bruker Discover D8) equipped with 6 - 0 geometry,
Lynxeye-1D detector, and Cu Ko radiation (0.15406 nm, 40 kV, 40 mA).
The recording was performed in a 20 range from 5 to 80° with 0.02° s~ *
and data were evaluated using the software DIFFRAC.SUITE EVA with
access to the International Centre for Diffraction Data database. Particle
diameters were analysed according to the Scherrer equation [26] and
Rietveld refinement was performed using the interface Profex 5.0.0 [27]
with the backend BGMN [28]. The implemented database was extended
using structural information from’The Materials Project’ [29].

DSC measurements were performed in a Tian-Calvet type calorim-
eter implemented into a flow setup with effluent gas analysis as previ-
ously described [30]. 60 mg of sample were heated in 50 ml min~! He
from 30 °C to 800 °C with a heating rate of 5 °C min~". The also rate-
controlled cooling was then followed by an isothermal period of 1 h at
50 °C in 50 ml min~! 20% O,/He, before heating up again.

XAS experiments were performed at the PETRA III Extension
beamline P65 at Deutsches Elektronen-Synchrotron in Hamburg, Ger-
many, with an energy range of 4-44 keV [31]. Measurements were
performed at the Fe K-edge (7112 eV) using a Si(311) C-type double
crystal monochromator and a beam current of 100 mA with a ring en-
ergy of 6.08 GeV. The samples were placed in glass capillaries without
dilution and spectra were recorded as continuous scans in both fluo-
rescence and transmission modes at ambient temperature and pressure

— MH800, T,=569°C
—0.15 Fe-MHBOO,Tm =513°C
—0.3 Fe-MH800, T =498°C
—0.6 Fe-MH800, T =474 °C
= 2.4 Fe-MH800, Trn =440 °C

=
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in the range of —150-1000 eV around the edge in 180 s. Evaluation was
performed using the Demeter software package on the fluorescence data
of the individual samples as well as the selected Fe mineral samples
Fe304, a-Fey0s, y-Feo03, and e-FeyO3 (phase pure according to XRD).

Raman measurements were performed using a spectrometer (Lab-
RAM HR Evolution by Horiba Scientific) equipped with a green laser of
532 nm wavelength (by Oxxius). 0.1% of the total laser power of 100
mW in combination with a grating of 600 (500 nm) were used to mea-
sure the samples placed as powders on a microscopic slide with an
integration over 900 s.

3. Results and discussion
3.1. TP measurement analysis

The DTG curves derived from the TP measurements of the Fe loading
series are shown in Fig. 1 for oxidation as well as for gasification.

The analysis reveals a strong temperature shift of the peak maxima
with increasing loading in both atmospheres and hence a loading-
dependent catalytic effect. Starting with the analysis of char oxidation
(Fig. 1a), the temperature of maximum oxidation rate is lowered by up
to 129 °C compared with the undoped MH800. In addition to this
remarkable shift in peak temperatures, a slightly altered peak shape was
found for Fe-doped oxidation. In the high-temperature region of the
conversion peaks between 550 and 600 °C an additional shoulder was
observed especially for the higher loadings of Fe (red dashed line in
Fig. la). The overall shape points towards catalytic char oxidation
related to the main low-temperature peak and non-catalytic char
oxidation related to the high-temperature shoulder as there is no sig-
nificant temperature shift relative to the undoped char for this part.

There are two possible explanations for the observed non-catalytic
char oxidation between 550 and 600 °C. On the one hand, it may be
possible that the loading of Fe is too low to affect the entire carbon
material, so that there are carbon sites without contact to Fe, which are
therefore converted according to the non-catalytic pathway. On the
other hand, there may be two different Fe mineral phases present during
conversion, either simultaneously as a mixture or by transformation due
to the temperature increase. Consequently, the (initially) active phase
would cause the catalytic oxidation of char, whereas final conversion
proceeds non-catalytically as there is only a comparatively inactive Fe

— MH800, Tr|1 =1032°C
—0.15Fe-MH800,T =889°C
—0.3 Fe-MH800, T =873°C
—0.6 Fe-MH800, T =860 °C
—24Fe-MH800, T =831°C

DTG/ a.u.

111 1
500 600 700 800 900
Temperature / °C

1000 1100

(b) Gasification

Fig. 1. DTG curves of the Fe loading series with marked peak maxima.
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phase present on the char, which may have been present from the
beginning or resulted from phase transformation. In case of the first
alternative of a too low Fe loading, a decreasing contribution of non-
catalytic conversion would be expected for higher Fe loadings, as an
increased occurrence of Fe would minimise the possibility of carbon
sites being unaffected by Fe. As no such correlation is shown in the
curves, the presence of two distinguishable contributions to conversion
is assumed to originate from two different mineral phases of different
catalytic activity.

The same behaviour is observed in the gasification curves (Fig. 1b).
In addition to the peak maximum which is lowered by up to 201 °C
relative to the undoped MH800, there is an intermediate shoulder
lowered by around 70 °C (red dashed line in Fig. 1b). These positions
indicate the presence of a highly active Fe phase below 900 °C and a less
but still significantly active phase towards higher temperatures. A third
contribution below 650 °C may be possible, as an additional shoulder is
observed. However, the subsequent analysis focuses on the two more
strongly contributing parts of the main peak and high temperature
shoulder for both atmospheres. Therefore, the kinetic modelling of the
DTG curves was performed using the sum of two RPM equations ac-
counting for two individual contributions to overall conversion. In this
way, the catalytic effects of the corresponding individual phases were
quantified by the derived activation energy, i.e. by the activation energy
decrease AE, relative to the undoped MHS800 (Es o, = 146 kJ mol ™1,
Eaco, = 239 kJ mol™1). For the mainly present Fe phase, a loading-
dependent decrease of up to 20 kJ mol ™! (14%) for oxidation and up
to 42 kJ mol~! (18%) for gasification as shown in Fig. 2 was found.

In contrast, for the additional Fe phases leading to the shoulders in
the conversion curves almost no activity (AE, =2kJ mol™1) resulted in
case of oxidation, but a slight activity (AE, = 17 kJ mol™) in case of
gasification.

3.2. Fe phase analysis

For an assignment of specific Fe phases to the contributions identi-
fied in the DTG curves, the Fe-loaded chars were characterised at
different points in sample history. The influence of conversion temper-
ature and atmosphere was taken into account in the selection of repre-
sentative samples for analysis by different characterisation methods
with the potential to overcome limitations due to low mineral amounts
in a dominating carbon matrix.
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Fig. 2. Loading-dependent activation energy decrease relative to the undo-
ped MHS800.
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3.2.1. As-synthesised char

The phase analysis of the as-synthesised char was performed using
2.4 Fe-MHB800, as this highest loading was the most promising to achieve
phase identification despite the dominating char material. The
Mossbauer spectrum recorded for this sample at room temperature is
presented in Fig. 3, showing a doublet with an isomer shift of 0.40 mm/s
and a quadrupole splitting of ca. 0.72 mm/s, being characteristic for
Fe¥™ [32].

Consequently, the synthesis procedure led to an oxidised Fe mineral
despite the doping with FeSO4. Thereby, the carbon material would have
significantly lowered the decomposition temperature of FeSOy, as
heating of the doped sample during drying was only performed up to a
maximum temperature of 105 °C, which is well below the decomposi-
tion temperature of pure FeSO4 (> 500 °C) [13]. A similar decrease of
the FeSO4 decomposition temperature due to a surrounding organic
matrix has already been observed for lignite and bamboo, but to a lower
extent than for the char material in this work [33,34].

For further analysis of the oxidised phase, XRD measurements were
performed. While for the as-synthesised 2.4 Fe-MHS800 the particles
were too small to obtain mineral-related reflections and the broad car-
bon signals were dominating, the XRD pattern of the same sample ob-
tained after isothermal treatment at 480 °C for 3 h in He (Fig. 4) was
indicative of either y-Fe;O3 or Fe3O4 particles. These phases are essen-
tially undistinguishable by XRD as both oxide species crystallise in the
same space group and feature similar lattice parameters [35].

However, in combination with the Mossbauer results revealing Fe?*
y-Feo03 is indicated to be the phase present after the synthesis proced-
ure, presumably displaying a doublet structure due to super-
paramagnetic relaxation. Possible intermediates of the reaction from
FeSO4e7 H0 to iron oxide like Fe(OH)SO4 or Fea0(SO4)2 can be clearly
differentiated based on the observed spectrum. Although they also
contain Fe>*, showing an isomer shift comparable to our sample, they
exhibit widely different values of quadrupole splitting [36-38].

Further, an evaluation of the XRD pattern of the heat-treated char
revealed an iron oxide particle diameter of 12 nm. A comparison to the
pattern of the as-synthesised char shows that a significant increase in
particle size was induced by the thermal treatment at 480 °C, resulting in
an increased mineral crystallinity and hence pronounced reflections.
Considering this substantial thermally induced sintering [39], the par-
ticle diameter of y-Fe,Og after synthesis is known to be far below 12 nm.

3.2.2. Thermal degradation

To distinguish the effects of atmosphere and temperature, an analysis
of the phase transformations upon inert heating was performed by DSC.
In this way, it is possible to obtain the exact temperature range, while
concurrently recording the enthalpy difference of involved phases and

Relative absorption / %
w
T

1 L 1 L 1 L 1 i 1

4 -2 0 2 4
Velocity / mm s™

F

=

g. 3. Mossbauer spectrum of 2.4 Fe-MH800 recorded at room temperature.
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Fig. 4. XRD patterns of 2.4 Fe-MH800 as-synthesised and after 3 h of
isothermal treatment in He.

possibly evolving gases. Fig. 5 shows the heat flow and the evolving
gases during the inert heating of 2.4 Fe-MH800 as-synthesised and in Oy
at 50 °C for 1 h. During the first heating of 2.4 Fe-MH800, a heat effect
by phase transformation was only observed at a temperature of about
700 °C, associated with a pronounced release of CO.

After isothermal treatment in Oy at 50 °C, the sequential second
heating in the DSC led to equal amounts of consumed heat and evolved
CO as during the first heating, however at slightly higher temperatures
of 730 °C. Consequently, full phase reversibility was demonstrated,
along with the potential sintering of particles leading to the observed
temperature shift and peak narrowing. For phase identification, a
correlative quantification of heat flow and CO evolution was performed.
The following amounts related to the molar amount of Fe were derived
by peak integration:

O, = 75 kJ mol ' (Fe).

nco = 0.47 mol mol ' (Fe).

210 1
A —
Endo | _x(co,) —x(co)
190 4 -0.8
»
: 5
Z 1701 F0.65
z s
= [}
5150 04 E
T <
17 é
130 1 0.2 5
Foy
110 =t "7 77
600 650 700 750 800

Temperature / °C

Fig. 5. Heat flow and effluent gas curves during the inert heating of 2.4 Fe-
MHB800 as-synthesised (solid line) in 50 ml min~! He, and during a second
inert heating after an intermediate isothermal treatment in O, at 50 °C
(dashed line).
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The absence of any reactive gas limits the possible origins of the
endothermic effect and CO release to an interaction of the char and the
y-FeoO3 particles. With Fe being already in its highest oxidation state,
the oxidation of y-FeoO3 by CO3 abstracted from the char does not serve
as a possible explanation. Conversely, a reduction of the Fe phase is
possible and may explain the observed effects in combination with a
concurrent gasification of char according to one or even several of the
following coupled reactions, referred to the molar amount of Fe
[40-42]:

1 1 1 1

z Fe, 04 +6 CO:§ Fe;0,4 +6 CO, (3)
1 1 1

¢ c+g Cor5 CcO @
1 1 1

— Fe;04 4= CO=FeO +- CO, (5)
3 3 3

1 1 2

3 c +§ COZ‘—g co 6)
FeO 4 CO=Fe + CO, @
C+C0,=22CO (€)]

In these reactions, the initial CO is randomly abstracted from the
char material (e.g. due to the decomposition of oxygen-containing
functional groups) and initiates a self-promoting heterogeneous reac-
tion sequence [43].

The heat effects associated to these equations are summarised in
Table 1, assuming the y-polymorph of Fe;Os3.

As both conditions of heat effect and evolved CO need to be fulfilled,
the most likely combination of the above reactions is the reduction of
y-FeoO3 to FeO [46,47], which may occur via an intermediate Fe3O4
phase, and the consecutive gasification of char with an Fe/C stoichi-
ometry of 2:1 and an endothermic heat effect of 76 kJ mol~*. Thus, it can
be concluded that the y-Fe;O3 phase present at temperatures of up to
675 °C in the char matrix is then transformed into FeO, which is stable in
inert atmosphere up to at least 800 °C, but being retransformed by
exposure to O, after cooling [48]. The identified phase transformation
also fits well to the observed sintering effect, as iron oxide particles were
reported to be prone to sintering upon formation of FeO as an inter-
mediate due to reduction [49].

3.2.3. Transformation by oxidation

In contrast to thermal degradation, a study of phase transformations
during heating in an oxidative atmosphere was not possible by DSC due
to the dominating exothermicity of carbon oxidation. Hence, the
transformation by oxidation was investigated by analysis of samples
collected after selective treatments. As no significant oxidation was
observed up to 300 °C in the TP experiments, samples isothermally
treated at this temperature were taken to represent the Fe phase prior to
char conversion, whereas the ash of samples converted at 480 °C was
analysed representative for the Fe phase after char conversion. Due to
the unaffected amount of char after the treatment at 300 °C, XAS was
used for phase characterisation. The linear combination fit of the ob-
tained curves resulted in the phase distribution as shown in Fig. 6 [50].
In contrast to the inert treatment and despite the lower temperature of

Table 1
Heat effects calculated from standard formation enthalpies for the possible re-
actions of combined Fe reduction and char (C) gasification [44,45].

Eq. AH (Fe) AH (C) AH (Fe + C)
B+ -17 29 12

(5) + (6) 7 57 64

7)+(8) 11 172 183




C. Pflieger et al.

100

80 -

€'F9203

60 -

40

Mineral fraction / wt%

20 1

0-
0.15 Fe-MHB800 0.3 Fe-MH800 0.6 Fe-MH800 2.4 Fe-MH800

Fig. 6. Mineral phase distributions of the differently loaded chars after an
oxidative treatment for 3 h at 300 °C determined by a linear combination fit of
XAS results [51].

treatment, the oxidising atmosphere seems to have affected the Fe phase
more strongly resulting in a complete transformation of y-Fe,Os3 to other
polymorphs, mainly e-Feo,O3 with a slight contribution of a-Fe;Os for the
lower loadings and an about equimolar combination of these for the
highest loading.

In addition to the mild oxidation, a more severe oxidising treatment
at 480 °C was applied, resulting in a complete conversion of the carbon
material. For the corresponding ash samples, XRD (Fig. 7) revealed that
e-Fe;03 and a-FeyO3 remained after oxidation.

Therefore, these two phases are assumed to be decisive for char
oxidation with a clear loading dependence of their relative abundance
and relevance. For further analysis, a quantification of the individual
phase contributions by a Rietveld refinement of the XRD patterns of the
ash samples was performed. The results are summarised in Table 2 along
with the particle diameters.

The loading dependence of both phase composition and particle size
is clearly demonstrated. While for the lowest loading e-Fe;03 remained
predominant during the more severe oxidation and the concurrent loss
of the carbon matrix, oxidation of the intermediate loadings was asso-
ciated with further significant transformation to a-Fe;Os. For the highest

2.4 Fe-MH800-480°C

1 PO N e

0.6 Fe-MH800-480°C

o U LAM o
0.3 Fe-MH800-480°C

Aan

Intensity / a.u.

0.15 Fe-MH800-480°C

a-Fe203

I N -..|,..- I..-.l. ,..I l I

10 20 30 40 50 60 70 80
201°

Fig. 7. XRD patterns of differently loaded Fe-MH800 samples after isothermal
conversion for 3 h in 20% O,/He.
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Table 2
Phase contributions ¢ and particle diameters dp of the ash samples remaining
after oxidation of differently loaded Fe-MH800 for 3 h at 480 °C.

Loading a-Fe,O3 e-Fey03

/ wWt% c/- dp / nm c/- dp / nm
0.15 0.03 n.d. 0.97 12

0.3 0.20 19 0.80 12

0.6 0.30 25 0.70 15

2.4 0.62 31 0.38 17

n.d. not detectable due to the low amount of a-Fe;Os3.

loading, a-FeoO3 even became the main fraction present after oxidation.
Simultaneously, the particles of both phases were found to increase in
size with increasing loading. The particle diameter of the minerals
during the phase transformation from e-Fe;O3 to a-Fe;Oj3 is found to be
in the range of 17-19 nm. However, for the previous transformation of
v-Feo03 to e-Fey0O3 no size range can be stated as for both phases par-
ticles of 12 nm diameter were found. Therefore, this structural trans-
formation is indicated to be induced by exposing the material to an
oxidative atmosphere.

Combining the phase analysis with the TP measurement results, the
mainly present Fe mineral during oxidation is the highly active e-Feo03
forming small particles, while increased loadings and progressing char
conversion enhance particle agglomeration and hence the trans-
formation to the larger a-Fe;Og particles, contributing to a much lower
extent to catalytic char oxidation.

3.2.4. Transformation by gasification

The TP gasification measurements indicated the presence of three
different phases with transformations possibly occurring around 650 °C
and 950 °C. Remarkably, the first temperature range shortly after the
onset of gasification is also the temperature range of phase trans-
formation determined for the solely thermal treatment. Hence, a phase
similarity in inert and gasifying atmosphere can be assumed. As the
phase transformation during inert heating was found to be initiated by
CO, the larger concentrations due to already ongoing gasification may
have shifted the phase transformation to slightly lower temperatures in
CO,. Additionally, the initiation of carbon conversion prior to the range
of phase transformation is likely to hamper the autocatalytic process
observed in inert atmosphere, and hence a broadening of the trans-
formation range may occur. Consequently, the main catalytically active
phase for gasification at 650-900 °C is derived to be FeO [16,52]. In the
previous DSC experiment (Fig. 5), the reversibility of the phase trans-
formation after heating to maximum 800 °C was observed, so that an
analysis of partially gasified samples is not meaningful.

During the TP experiments, heating in the gasification atmosphere
was performed up to 1100 °C, during which another phase was indicated
to dominate the catalytic conversion about 900 °C. Due to still pro-
gressing gasification, a rather large CO concentration on the char surface
is expected for this temperature range, so that further reduction of the
mineral phase is likely. This is in good agreement with literature
observing the transformation of FeO to y-Fe at temperatures of about
900 °C [16,42,53]. Hence, a characterisation of the mineral phase
resulting from gasification was performed by retrieving the ash after a
TP experiment. Without remaining carbon, a phase identification by
Raman spectroscopy was possible (Fig. 8).

Although Fe304 was clearly detected, there is no contradiction to the
assumed presence of y-Fe at high gasification temperatures. The
elemental form is only stable in a reducing environment, but during the
TP experiment the sample was still heated in CO5 when the char was
already consumed, and therefore no further CO release by gasification
occurred. Similar to the reverse transformation of the mid-temperature
FeO phase, the exposure of y-Fe to CO; at high temperatures seems to
have resulted in a re-oxidation forming Fe3O4 [18,55], which is known
to be stable in CO9 atmosphere [17,49,56].
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Fig. 8. Raman spectra of the ash remaining after TP gasification of Fe-doped
samples up to 1100 °C and of an Fe304 reference with the symmetry assign-
ment [54] marked by dashed lines.

3.2.5. Oxidation vs. gasification phase transformations

Combining the phase analysis with the TP measurement results,
differently active contributions to char conversion were observed due to
the presence of different Fe mineral phases.

Drying the sample at 105 °C in air after the doping procedure
described in Section 2.1, was sufficient to oxidise the FeSO4 as
impregnated on the char to the metastable y-FepOs. y-FeaO3 (mineral-
ogically known as maghemite) is the second most common Fe;O3
polymorph in nature. It exists in both bulk and nanosized forms. y-Fe;O3
has a cubic crystal structure of an inverse spinel type and crystallises in
the P4;32 space group. y-Fe;Os3 as a typical ferrimagnetic material is
thermodynamically unstable. It is converted either directly or indirectly
(with e-Fe;O3 as an intermediate product) to a-Fe,O3 when the tem-
perature exceeds a threshold value.

During oxidation up to 300 °C, prior to significant char conversion,
transformation of y-Fe;O3 to e-FeoO3 took place. e-Fe;O3 was the main
phase present during char oxidation lowering the activation energy by
upto AE4, =20kJ mol ™! (14%). With increasing Fe loading and carbon
conversion, an additional transformation to a-Fe;O3 occurred. However,
a-FepO3 exhibited no significant catalytic activity and a negligible
contribution to catalytic char oxidation. a-FeyOs (mineralogically
known as hematite) has a rhombohedrally centered hexagonal structure
of the corundum type with a close-packed oxygen lattice in which two-
thirds of the octahedral sites are occupied by Fe(IIl) ions. It crystallises
in the R3c space group. Above 685 °C, a-Fe,O3 loses its magnetic
ordering and becomes paramagnetic. a-FeoOs is one of the final products
of thermal decomposition of a variety of Fe(I)- and Fe(Il)-containing
compounds and, therefore, it is more easy to be synthesised. e-Fe;O3 is
a rare polymorph that exists only in the form of nanostructures. It has an
orthorhombic crystal structure with the Pna21 space group. Around
220 °C, e-Fey03 changes from a paramagnetic to a magnetic state [57].
During the oxidation tests, it is possible that the porous carbon matrix of
the char sample acted as an anti-sintering agent, prolonging the lifetime
of the metastable e-Fe;O3 and preventing its transformation to a-FepO3
even at 480 °C.

During gasification around 700 °C, CO released by carbon conversion
induced phase transformations from y-Fe;O3 to FeO. The latter was the
main active phase lowering the activation energy up to AE4 = 42 kJ
mol~! (18%). Further heating to about 900 °C induced another trans-
formation to the less active y-Fe (lowering of activation energy up to
AE4 = 17 kJ mol ™). During char gasification, iron reduction occurred
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combined with char gasification as a self-promoting reaction. Upon
complete char consumption, the Fe mineral was partly re-oxidised by
COo, resulting in Fe3O4 remaining in the ash. The Fe ions of Fe304 have a
mixed valence state (2+/3+), which allows this material to catalyse
both oxidation/reduction and acid/base reactions [58].

Besides the catalytical influence of iron oxides during biomass con-
version, tar cracking, water-gas shift reaction, and forward Boudouard
reactions are also promoted by iron-based catalysts. Therefore, the need
for an abundant, cost-effective, and preferably non-toxic catalyst is still a
significant area of interest for gasification technology. The presence of
various compounds (reducing and oxidising agents) generated in a
gasification reactor influences the nature and the performance of the
catalyst, underlining the general importance of redox behaviour studies
in the presence of carbon materials [59].

4. Conclusions

A mineral-free model char obtained by hydrothermal treatment of
cellulose was first completely pyrolysed at 800 °C and then doped with a
loading series of Fe sulfate. The sample reactivity was investigated by TP
oxidation and gasification measurements. Changes in char reactivity
were related to the amount and to the type of Fe mineral phase present in
the material determined by Mossbauer spectroscopy, XRD, DSC, and
XAS.

Combining the phase analysis with the TP measurement results,
differently active contributions to char conversion were observed due to
the presence of different Fe mineral phases.

Both TP oxidation and gasification measurements revealed a strong
temperature shift of the peak maxima with increasing loading and hence
a loading-dependent catalytic effect on char conversion. However, in the
high-temperature region of conversion, between 550 and 600 °C in
oxidation and above 900 °C in gasification, additional shoulders were
observed. Therefore, the kinetic modelling of the DTG curves was per-
formed using the sum of two RPM equations accounting for two indi-
vidual contributions to overall conversion. The catalytic effects of the
corresponding individual phases were quantified by the derived acti-
vation energy.

During oxidation, the strong catalytic effect was ascribed to e-FeoO3
forming small particles, while the progressing char conversion enhanced
the formation of larger a-FeoO3 particles, resulting in a lower contri-
bution to char oxidation generating the shoulder in the DTG plots.

In gasification, the reduction of y-Fe;O3 to FeO occurred combined
with char gasification as a self-promoting reaction. FeO was the main
active phase with a loading-dependent activation energy, while around
900 °C further reduction to the less active y-Fe took place generating the
shoulder in the DTG plots. Moreover, upon complete char consumption,
the Fe mineral was partly re-oxidised by CO,, resulting in Fe3O4
remaining in the ash.

Overall, Fe minerals were found to be very prone to phase trans-
formations, resulting in a variety of possibly occurring phases during
conversion of biomass-derived chars which strongly alter the catalytic
effect.
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