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Iron sand as an industrial by-product has a reasonable iron content (35 wt% Fe) and low economical cost. The
reactivity of iron sand as an oxygen carrier was examined in a bubbling fluidized bed reactor using both gaseous
and solid fuels at 850-975 °C. Pre-reductions of iron sand were performed prior to fuel conversion to adapt the
less-oxygen-requiring environment in chemical looping gasification (CLG). Based on the investigations using CO
and CHy, iron sand has an oxygen transfer capacity of around 1 wt%, which is lower than that of ilmenite. The
conversion of pine forest residue char to CO and H, was higher when using iron sand compared to ilmenite.
Depending on the mass conversion degree of iron sand, the activation energy of pine forest residue char con-
version using iron sand was between 187 and 234 kJ/mol, which is slightly lower than that of ilmenite. Neither
agglomeration nor defluidization of an iron sand bed occurred even at high reduction degrees. These suggests
that iron sand can be utilized as an oxygen carrier in CLG. Furthermore, this study presents novel findings in the
crystalline phase transformation of iron sand at various degrees of oxidation, altogether with relevant thermo-

dynamic stable phases.

1. Introduction

The chemical-looping technology is a promising alternative for
biomass-based energy conversion and can also achieve a negative CO2
emission. A chemical-looping process is comprised of two reactors, air
and fuel reactors, where an oxygen carrier is circulated to be oxidized
and reduced using air and fuel in the respective reactor. A fuel is fed into
the fuel reactor and reacts with oxygen that is carried by the oxygen
carrier (OC). When solid fuel is used, either steam or CO, is also fed to
the fuel reactor as a fluidizing gas, which facilitates the conversion of the
char fraction of the fuel. In this way, the formed flue gases, mainly
comprised of carbon dioxide and steam, are expected to exit the fuel
reactor without being mixed with nitrogen. This is a clear advantage
since nitrogen causes a significant decrease in the heating value of the
generated flue gases from the fuel conversion [1]. Moreover, the capture
of the carbon dioxide can hence be easily achieved through a simple
condensation of steam, thus eliminating the need for an additional gas
separation unit.

Among the known chemical looping processes, chemical looping
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gasification (CLG) currently emerges as a way to obtain high-quality
syngas with the possibility to significantly reduce the emission of CO».
If biomasses are used as fuel, this can even lead to a possibility of a
negative CO2 emission, which means removal of CO, content in the
atmosphere [2]. Contrary to the commonly known chemical looping
combustion (CLC), the oxygen transfer from the air reactor (AR) to the
fuel reactor (FR) in a CLG unit needs to be controlled so that fuel con-
version to CO and Hj can be maximized. This can consequently cause a
partial oxidation of the OC, which may lead to a further reduction of OC
in the FR compared to that in a CLC unit. A schematic diagram of CLG is
illustrated in Fig. 1 [3].

An oxygen carrier plays an important role in chemical looping pro-
cesses [4]. A good oxygen carrier is expected to have the following
properties: environmentally sound, good fluidization performance, suf-
ficiently durable, and highly reactive [5]. It is also preferred that the
oxygen carrier is economically cheap and abundantly available [6]. The
viability of different oxygen carriers has been studied extensively in the
past decades, with the most common being nickel, copper, manganese,
and iron-based materials [7]. Among them, previous studies have stated
that iron-based oxygen carriers are abundantly available, relatively
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Nomenclature n gas molar flow (mole/second)
oC Oxygen carrier
AR Air reactor OE Oxygen exchange
AHA Associative hydrogen adsorption PH, Hydrogen partial pressure (atm)
BET Brunauer-Emmett-Teller r conversion rate of pine forest residue char sH
CLC Chemical looping combustion T conversion rate of gaseous fuel i (s71)
CLG Chemical looping gasification R, oxygen transfer capacity (%)
CLOU  Chemical looping oxygen uncoupling SEM Scanning electron microscopy
CLR Chemical looping reforming t time (second)
DHA Dissociative hydrogen adsorption TGA Thermogravimetric analysis
E, activation energy (kJ/mol) Xe fraction of char conversion
EDX Energy dispersive X-ray analysis XRD X-ray diffraction
FR Fuel reactor X; molar fraction of species i
LHHW  Langmuir-Hinshelwood/Hougen-Watson ® mass conversion degree
k rate constant (s 1) Wred mass conversion degree when no more fuel conversion
M; molecular weight of element i (gram/mole) products can be observed in the outlet
Moy mass of a fully oxidized sample (gram)
product of alumina production from bauxite, as an oxygen carrier

CO, HZ' other [14-16]. One review article by Storner et al. [17] listed iron sand pro-

Oz—depleted air hydrocarbon gases duced by Boliden AB in Northern Sweden as a by-product-based bed
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Fig. 1. A schematic diagram of chemical looping gasification (CLG). Limited
oxygen transfer from the AR to the FR may result in a partially oxidized OC and,
hence, a higher reduction of the OC in the FR compared to that in chemical
looping combustion (CLC).

inexpensive and environmentally friendly. Sirkawar et al. [8] stated that
Fey0s3 is a preferred metal oxide to be used as an oxygen carrier since it
fulfills many of the aforementioned oxygen carrier properties. Yu et al.
[9] provided a broad review of iron-based oxygen carriers in chemical
looping technology and emphasized that the reactivity and mechanical
stability are the most important factors to consider in selecting oxygen
carriers. Matzen et al. [10] pointed out that materials based on natural
ores, including iron ores, are attractive due to their inexpensive cost.
Specifically for chemical looping application, ilmenite is generally
recognized as a benchmark oxygen carrier since it fulfills all the afore-
mentioned oxygen carrier criteria [11].

Nevertheless, an interest of using a waste-based, instead of an ore-
based, material is currently emerging to support a circular economy
[12]. With respect to this, the use of by-product-based oxygen carrier
can reduce both waste generation and the required cost to run a power
plant [13]. Qasim et al. [5] suggested that the utilization of waste-based
materials can be useful to tackle the emerging environmental issues.
Several studies have, for example, investigated the use of red mud, a by-

material alternative. Despite being abundantly available globally [18],
iron sand, also known as copper slag, as an oxygen carrier was only
previously studied in a fixed bed setup [19-22]. It is important to note
that no previous studies have examined the performance of iron sand as
an oxygen carrier in a chemical looping gasification (CLG) unit or in a
fluidized bed setup using a biomass char, let alone at high reduction
degrees where the risk for agglomeration or defluidization is present
[23]. Seen from these perspectives, iron sand is an attractive oxygen
carrier material to investigate, especially for CLG application.

The aim of this study is to better understand the performance of iron
sand by investigating the reactivity and oxygen carrier capacity at
different reduction degrees relevant for chemical looping. The perfor-
mance has been investigated in a bubbling fluidized batch reactor where
high reduction degrees were obtained through the pre-reduction of iron
sand. In CLG, the oxygen transfer from AR to FR is controlled by the
circulation rate which sets the reduction degree of the oxygen carrier
[19]. Here, the pre-reduction of iron sand in the batch fluidized bed
reactor setup allows controlling the reduction degree. The study was
performed by investigating: i) the reactivity and oxygen transfer ca-
pacity of iron sand with two gaseous fuels, CO and CH4, and ii) the ki-
netics and hydrogen inhibition effect on the conversation rate of one
biomass-based solid fuel, pine forest residue char. Iron sand was char-
acterized using Scanning Electron Microscopy/Energy-Dispersive X-ray
(SEM/EDX) to examine the physical properties and X-ray diffraction
(XRD) to study the crystalline phases. Lastly, FactSage 8.1 with relevant
databases was used to predict the phase transformations occurring
during biomass conversion and verified by comparison with crystalline
phases obtained by X-ray diffraction (XRD).

2. Materials and methods
2.1. Fluidized bed batch reactor setup

All experiments were conducted in a fluidized bed batch reactor. The
setup was able to feed oxidizing and reducing gases alternatively into
the reactor, representing AR and FR in a chemical-looping system. Inert
gas was introduced to the reactor in between the oxidizing and reducing
periods to prevent gas mixing. The schematic setup of the experimental
equipment is illustrated in Fig. 2.

The feeding of gases was regulated by three magnetic valves as
shown in Fig. 2. Solid fuel was fed into the reactor from the top, while
either steam or gaseous fuel was fed through the bottom during the
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Fig. 2. A schematic setup of the fluidized bed batch reactor system.

reduction phase. The height and inner diameter of the quartz glass
reactor were 820 mm and 22 mm, respectively. The bed particles were
placed on top of a porous circle-shaped quartz plate, which was located
370 mm above the reactor’s bottom edge. The reactor was placed in a
high-temperature furnace manufactured by ElectroHeat Sweden AB. The
up-and downparts of the reactor were equipped with tightly sealed
connections to avoid gas leakage. To avoid gas condensation down-
stream of the reactor, which can affect the gas measurement, heating
tape was wrapped around the top of the reactor. In the experiments with
solid fuel, additional heating tape was installed around the bottom of the
reactor to avoid steam condensation. Sweep gas was introduced from the
top of the reactor to assist the feeding of solid fuels. The temperature
inside the bed of particles was measured using a type-K thermocouple
that was placed in a quartz cover. The outlet gases were cooled down by
an M&C ECP1000 condenser, which can work with a gas flow of 150 1/h
or below with a total cooling capacity of 50 kJ/h at room temperature
(25 °Q), so that no steam enters the analyzer. A Rosemount™ NGA 2000
gas analyzer measured the real-time gas volumetric flow rates and
concentration using a non-dispersive infrared (NDIR) analyzer module
with a repeatability of around 1 % and a minimum detection capacity of
around 100 ppm, except for Oy which is around 0.1 %. The calibration
ranges of the gas analyzer were from 0 % to 25 %, 20 %, 15 %, 40 %, and
5 % for CHy, CO, Hy, CO3, and Og, respectively. The gas analyzer can
measure a gas flow between 500 and 1400 ml/min at a temperature
between 0 and 55 °C at a pressure of 690 hPa-gauge or below with a
maximum power of 100 W. The steam was generated at 150 °C by the
controlled evaporator mixer Bronkhorst type W-202A-300-K that can
work with a maximum temperature of 200 °C. To monitor the fluid-
ization of the bed particle, a 20-Hz Honeywell pressure transducer was
employed to measure the pressure difference between the inlet and
outlet of the reactor. The frequency of 20 Hz was deemed sufficient to
judge the fluidization state of the bed based on the pressure fluctuations
caused by the fluidized bed itself [3]. The setup design has been reported
previously [24].

2.2. Oxygen carrier

Iron sand was first calcined in air in a high-temperature furnace at
950 °C for 12 h to improve its reactivity and mechanical strength [25].
The calcined oxygen carrier was then sieved to the size range 125 — 180

um and subsequently activated at 850 °C for a minimum of 4 redox
cycles in the fluidized bed batch reactor prior to any investigations to
ensure the fuel conversion stability [26]. The main composition of the
iron sand was provided by Boliden AB and can be seen in Table 1. It
should be noted that oxygen content was excluded here, thus the total
mass does not add up to 100 wt%. The bulk density of iron sand was
around 1,286 kg/m>. This corresponds to approximately 40-, 30-, and
27-mm-high beds, respectively, in the current reactor at static condi-
tions. The used particles were exposed to at least 60 cycles of oxidation —
reduction, excluding the activation step, in the fluidized batch reactor. A
BET surface analysis using nitrogen at 77 K showed that the pore area of
fresh calcined and used iron sand were 0.049 and 0.997 m?/g,
respectively.

2.3. Investigations of oxygen transfer capacity and reactivity of iron sand
using gaseous fuels

Methane and carbon monoxide were used as gaseous fuels to inves-
tigate both oxygen transfer capacity and reactivity of iron sand in the
fluidized bed batch reactor. The reason for using these gases is because
they make up part of gaseous substances released from the conversion of
solid fuels, e.g., biomasses.

15 g of oxygen carrier bed was put in the quartz reactor, which was
then heated up in a furnace to a desired reaction temperature, which was
either 850, 875, 900, 950 or 975 °C. At the same time, the oxygen carrier
became fully oxidized during the heating, see the oxidation step in
Table 2. The oxygen carrier bed for the methane experiment consists of
100 % iron sand, while that for the CO experiment comprised 5 g iron
sand and 10 g quartz sand. Mixing iron sand with quartz sand in the
latter case was done to slow down the conversion of CO, which is ex-
pected to be quick due to the high reactivity of iron sand toward CO. In
order to obtain iron sand at different mass conversion degrees, i.e.,
oxidation states, prior to the conversion of either methane or carbon
monoxide, iron sand was primarily reduced using syngas (50/50, CO/
Hy) for certain durations. Different mass conversion degree of the oxy-
gen carrier implies different reactivity of oxygen carrier. The gaseous
fuel, either methane or carbon monoxide, was then injected into the
oxygen carrier bed in 10 pulses of 4-second injection. The inert gas was
injected for a short duration of 60 s between each pulse. Pulsing was
performed to minimize the effect of gas back mixing [3], which may
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Table 1

The main composition of iron sand used in this work, in weight percentage (wt %).
Fe Si Al Ca Mg Zn Cu Na K Mn S Ba Cr Sn Mo Ti
35 16 2.4 2.3 1.3 1.2 0.83 0.46 0.40 0.35 0.24 0.20 0.19 0.18 0.17 0.13

Table 2
The procedure of a cycle in the investigations using gaseous fuels.
Step Duration (s) Gases Flow
rate
Oxidation Until OC is fully oxidized 5% O, in Ny 1000 ml/
min
Inert 180 Pure Ny 1000 ml/
min
Pre-reduction 0-60 50 % CO and 450 ml/
using syngas 50 % Hy min*
Inert 180 Pure Ny 1000 ml/
min
Gaseous fuel 10 pulses of 4-s injection, with ~ Pure CH4 or 450 ml/
conversion a 60-s inert in between pure CO min
Inert 180 Pure N, 1000 ml/
min

*For the experiment using methane as the fuel at 900 °C, the syngas flow was set
to 600 ml/min due to the use of a different gas flow regulator.

occur within the system, particularly in the setup between the reactor
and the gas analyzer. This phenomenon may interfere with the deter-
mination of the intrinsic reactivity of iron sand, which is the main
purpose of this investigation. The complete procedure in a cycle is
shown in Table 2. Temperatures above 850 °C are typically used in
chemical looping gasification, especially in the fuel reactor [27]. The
fluidization was monitored throughout the whole experiment using
pressured drop measurements as described above. Depending on the
temperature and the fluidizing gas, the superficial velocity of the bed
was between 7 and 18 cm/s, while the minimum fluidization velocity
was about 0.4 cm/s based on Wen and Yu’s correlation. Despite being
relatively high compared to the minimum fluidization velocity, the su-
perficial velocity was still well below the terminal velocity, which is in a
range between 26 and 34 cm/s. Hence, the fluidization regime is
bubbling.

2.4. Conversion of solid fuel

The conversion of forest residue char was investigated using iron
sand as an oxygen carrier. The raw pine forest residue was converted to
char through devolatilization at 950 °C for 2 min in an inert atmosphere
and then sieved and crushed to the size range 125 — 500 pm. This was
performed to remove most of the volatile contents in the biomass as it
would likely interfere with the char conversion evaluation, which was
the main ambition with this investigation. The volatile contents of the
raw pine forest residue make up around 80 wt% of the fuel content. The
fuel content after the devolatilization is presented in Table 3. The

Table 3
The content of pine forest residue char, in weight percentage (wt%).

Proximate analysis

Total moisture 5.3
Ash 14
Ultimate analysis of ash, dry basis

C 79
H 0.50
N 0.47
S 0.06
Cl 0.01
O, by subtraction 5.0
Ash 15

HHV (MJ/kg) 27

moisture content in the devolatilized char was caused by moisture ab-
sorption during the storing of char for months prior to the analysis.

Similar to the experiments using gaseous fuels, oxygen carrier was
first fully oxidized during heating up to a desired reaction temperature,
i.e., either 850, 900, 950, or 975 °C. A trace amount of less than 0.1 mg
SO, per gram iron sand was released during the oxidation, which is
likely due to the sulfur content within the iron sand itself. Prior to the
solid fuel conversion, iron sand was pre-reduced using diluted CO for
certain durations, see Table 4, to obtain different mass conversion de-
grees of iron sand. Here, CO was used instead of syngas due to a tech-
nical reason. In principle, any reducing gas can be used for a pre-
reduction as long as the gas can be converted easily. Afterward, steam
was fed to the oxygen carrier bed for 2 min and char particles were fed in
batches into the oxygen carrier bed with assistance of a sweep gas, see
Table 4. The steam was generated at 150 °C. Depending on the tem-
perature, the superficial velocity of the bed during the experiments was
between 10 and 11 cm/s, with a minimum fluidization velocity of about
0.4 cm/s based on Wen and Yu’s correlation. As explained in section 2.3,
the superficial velocity is still below the terminal velocity (26 — 34 cm/s)
and thus indicates a bubbling regime of the fluidized bed.

The complete procedure in a cycle is summarized in Table 4. Every
oxidation — reduction cycle has been repeated three times. The total
number of cycles iron sand has been exposed to during the solid fuel
experiment was 60 cycles.

2.5. Data evaluation

The mass conversion of the oxygen carrier, o, during reduction with
carbon monoxide [28], syngas [29], and methane [29] was calculated
based on Equation (1) - (3), respectively, based on the composition in
the outlet gas. The accuracy of mass conversion degree may vary
depending on the fluidizing gas and the conversion level. A lower mass
conversion degree usually implies a higher deviation. Nevertheless, the
statistical variation is still deemed acceptable since it is not substantial
enough to cause a wrong interpretation in important analysis, e.g.,
crystalline phases transformation and reactivity determination.

1

weco=1~— /ﬂMO (xco, )dt 1)

ox

fo

Table 4
The procedure of a cycle in the solid fuel experiments.

Step Duration (s) Materials and gases ~ Flow
rate
Oxidation Until OC is fully oxidized 5 % O5 in Ny 600 ml/
min
Inert 180 Pure N, 600 ml/
min
Pre-reduction 0, 50, 100, 150, 200 50 % CO in Ny 600 ml/
using CO min
Inert 180 Pure N, 600 ml/
min
Solid fuel Until no more carbon Solid fuel: pine forest 0.1 g/
gasification conversion was observed residue char cycle
Sweep gas: pure Ny 300 ml/
min
Fluidizing gas: 50 % 600 ml/
steam in No min
Inert 180 Pure N, 600 ml/
min
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The oxygen transfer capacity of iron sand, R,, can be calculated in
the same way as ilmenite [11]. Here, R, can be assumed as the difference
between the mass conversion degree when iron sand was fully oxidized,
i.e., ® = 100 %, with that when only unconverted fuel was found in the
outlet, which is assigned as wred. The latter implies that the available
oxygen in iron sand was already exhausted completely. Note that there
might still be oxygen left in the material, for example the oxygen asso-
ciated to phases like SiO», but this oxygen is not available for reaction
due to possible thermodynamic or, to a greater extent, kinetic limita-
tions. In this study, R, can be obtained with respect to fuel i, either CO or
CHy.

Ro; = 100% — @yeq @)

The reactivity of gaseous fuel i, either methane or carbon monoxide,
that was pulsed into the reactor was defined as the change of mass
conversion degree over time and calculated for every pulse according to
Equation (5). For graphing purposes, an average of mass conversion
degrees in a pulse was taken as the representing mass conversion degree.

—dw

7S (5)

=

For the solid fuel experiment, the fraction of char conversion, X, was
defined as the ratio of the total carbon released at a specific time to the
total carbon emitted from the converted char, mc o [28], during a
cycle in the char conversion. This can be seen in Equation (6).

M, [i(8) Xeo (t) + xco, (£) + e, (1) )dt
X, =—2 (6)

Me to1al

The conversion rate of solid fuel r was calculated according to

Equation (7).
dx,
e 7

! (1 —X,)dt )

In this work, the mean of the conversion rate was calculated over the
char conversion interval of 0.3 to 0.7, as this range was deemed as giving
a good view of the char reactivity, something which has also been seen
in previous works in the same setup [30]. This also applies to the other

. co .

related parameters, such as hydrogen partial pressure and (55-25,) ratio.

The partial pressure of hydrogen was defined as the arithmetic
average between that of the inlet and outlet over the three repeated
cycles [31].

_ sz,inler + pHZ,nytler
2

The ratio of CH, to the sum of CH,, CO, and CO5 (ﬁ) and the

ratio of CO to the sum of CO and CO, (ﬁgoz) was calculated as the

average of the three repeated cycles.

PH, (8)

2.6. Char reactivity models

The Arrhenius formula, as shown in Equation (9), was used to obtain
the kinetic parameters of char conversion toward iron sand. Here, the
char conversion rate is given as a function of temperature. The equation
can be derived to Equation (10), which can be the basis for plotting the
reaction rate r as a function of temperature T to obtain the kinetic rate
constant, k, and activation energy, E,.

Fuel 339 (2023) 127310

r=ke it ©)

E{Z
In(r) = In(k) “RT (10)

Char conversion can be limited by the presence of Hy and CO
[32,33], where the former is the one that greatly suppresses the steam
conversion of solid fuels [34]. Therefore, only the Hy inhibition effect
was considered in this work since steam was used as the gasifying agent
during the char conversion, i.e., the CO inhibition effect is negligible
[30]. Since the size of the fuel particles was limited to between 125 and
500 pm, which is relatively small, the effect of the diffusion of oxygen
was not taken into account in this study [35]. Langmuir-Hinshelwood/
Hougen-Watson (LHHW) models were used to interpret the conversion
mechanism in this work since the models are applicable to describe char
conversion in a mixture of steam, CO5, Hy, and CO, which is the case in
this study [34]. The main reaction [36] is

C+ H,05CO + HyAHyo3 = 131.3kJ /mol (11D

Based on the LHHW mechanism, the conversion rate can be
expressed according to either oxygen exchange (OE), associative
hydrogen adsorption (AHA) or dissociative hydrogen adsorption (DHA)
models, all based on the surface reactions between the char and the
surrounding gas environments. Table 5 summarizes the models with
their respective surface reactions [30]. In the table, C(X), is a surface
complex formed by a carbon molecule and n molecules of species X,
while Cg is a free-active site of carbon.

The OE and AHA models have the same reaction order and therefore
share the same rate expression, which can be seen in Equation (12),
while the DHA model is expressed as Equation (13). Both models have
conversion rates expressed as functions of hydrogen partial pressure. It
should be noted that steam partial pressure in the bed was assumed
constant during the experiment, i.e., pg,0 = 0.5, and therefore is not
considered as a variable in the rate expressions.

OE/AHA: 1 = ;g (12).
- 1
DHA: 7 = _o o (13).

Here, a and b represent several temperature-dependent kinetic pa-
rameters that are based on the presented surface reactions that may take
place during the char conversion. Since it is rather difficult to determine
the kinetic parameters due to the constant steam partial pressure, only a
and b are used in this study. Hence, a and b are also influenced by the gas
phase concentrations. A detailed elaboration of what a and b stand for
has previously been presented [30].

2.7. Characterization and thermodynamic calculations

The phases of fully oxidized and several reduced iron sand samples
from a separate experiment were analyzed using XRD Bruker D8. Spe-
cifically for this purpose of characterization, iron sand was exposed to
450 ml/min pure CO at 850 °C and reduced to different mass conversion
degrees. The surface morphology and elemental distribution in the iron
sand samples were analyzed using SEM/EDX JEOL 7800F Prime using
backscattered electron detector. The iron sand particles were embedded

Table 5
Three LHHW-based models to predict the char conversion mechanism.
Models Surface Explanation
reactions
Oxygen exchange C(0) + The reverse reaction of C(O) complex
(OE) Hy—Cy + HO formation, which is a result from the

reaction between C¢ and steam

The hydrogen inhibition mechanism
which forms C(H), complex

The hydrogen inhibition mechanism
which forms C(H) complex

Associative hydrogen
adsorption (AHA)

Dissociative hydrogen Gy +
adsorption (DHA) 0.5H,=C(H)

C; + Ha=C(H),
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in epoxy to provide cross-sectional view under this analysis. The BET
surface area analysis was performed using Micromeritics TriStar 3000.

The thermodynamic equilibrium calculation was conducted using
FactSage 8.1 [37]. The module Phase Diagram was utilized along with
the major components of iron sand, Fe and Si, according to the
composition reported in Table 1. Temperatures between 800 and 1,000
°C were investigated with different reduction potentials to simulate the
experiments in this study. Stoichiometric solids from the databases
FactPS and FToxid were selected along with the solution phases spinel,
clinopyroxene, monoxide and slag.

3. Results and discussion

3.1. Investigations of oxygen capacity and reactivity of iron sand using
gaseous fuels

The oxygen capacity and reactivity of iron sand toward methane and
carbon monoxide was examined at four temperatures and four mass
conversion degrees. Iron sand was first reduced with syngas to set the
mass conversion degree, then 10 pulses of the respective gaseous fuel
were subsequently injected into the reactor. The pulsing of gaseous fuels
is the basis for the kinetic study conducted in this work. Fig. 3 illustrates
the concentration profiles of a 30-second syngas injection followed by
the pulsing of a gaseous fuel, which is methane in this case. The alter-
nating height of the methane peaks was caused by artefacts in the gas
analyzer, which often happened at high reduction degrees. However,
this was deemed as a small noise which did not disturb the reactivity
determination substantially.

3.1.1. Investigations using methane

Iron sand was first reduced with syngas to set its mass conversion
degree before reacting with methane. Pulsing was performed so that a
change in reactivity could be demonstrated in a more discreet way, thus
ruling out the back mixing effect that is present in a continuous exper-
iment [3]. Fully oxidized iron sand was also examined with methane
pulses. Mass conversion degree of iron sand after pre-reduction using
syngas can be seen in Table S.1. The volumetric flow of syngas was 450
ml/min, except for the investigations at 900 °C, in which syngas was
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600 ml/min, see Table 2.

Ten pulses of methane were subsequently fed into the particle bed
after syngas injection. The reactivity of iron sand toward methane in
every pulse was calculated according to Equation (5). Fig. 4 shows the
molar ratio between CH,4 and the sum of all detectable carbon-based

gases, i.e., CHy, CO and CO, (ﬁ) and the reactivity of iron
sand over 10 methane pulses for a fully oxidized iron sand and 10 pulses
for a partially reduced iron sand in logarithmic form. Every point rep-
resents one pulse.

The molar ratio of CHy to the total carbon (CH4 + CO + CO») rep-
resents the fraction of unconverted methane over the investigated mass
conversion degrees. The graph shows a high fraction of unconverted
methane even from the beginning, ranging from 0.8 to 0.93 depending
on the temperature. This might indicate that iron sand is not that
reactive toward methane, which is also the case with the well-known
iron-ore-based oxygen carrier ilmenite [38]. The percentage of uncon-
verted methane rapidly increased toward almost 100 % as iron sand was
reduced further, yet this number is still higher at 850 °C compared with
that at 950 °C. This clearly demonstrated that methane conversion is
more enhanced at higher temperatures. At the same time, iron sand’s
reactivity went down. This is reasonable as more unconverted CH4 in-
dicates a decrease in the available oxygen, which in turn gives a lower
reactivity. Here it can also be seen that the reactivity of iron sand was
higher at higher temperatures. The reactivity decreased rapidly during
the first stage of reduction and eventually stabilized at higher reduction
degrees of the material. The reactivity at the highest temperature,
950 °C, did not decline as fast for the lower temperatures. Nonetheless,
the rapid increase in the fraction of unconverted methane and rapid
decrease in iron sand’s reactivity show that iron sand might only be able
to carry a limited amount of oxygen. At this stage, nearly all the avail-
able oxygen may have been exhausted, possibly leading to the formation
of wiistite or elemental iron, see sub-section 3.3.1. The data at 850 and
875 °C suggest that the oxygen transfer capacity of iron sand toward
methane (Rocp,) is slightly lower than 1 wt%, while those at higher
temperatures still show some fuel conversion and therefore cannot be
used as a basis to calculate Ro ¢y, . These findings suggest that iron sand
is a suitable candidate for a chemical-looping process that requires less
oxygen, such as CLG or chemical-looping reforming (CLR), where partial
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Fig. 4. The molar ratio of CH4 to the sum of CH4, CO and CO, (left) and reactivity, in logarithmic form (right) of iron sand toward methane as functions of mass

conversion degree.

oxidation of fuels is expected to take place.

3.1.2. Investigations using carbon monoxide

Iron-based oxygen carriers are known to have a higher reactivity
toward carbon monoxide (CO) compared to methane. Therefore, here
the oxygen carrier bed is a mixture of iron sand and quartz sand, with the
latter being unable to undergo reduction — oxidation reaction. Similar to
the experiment with methane, the oxygen carrier bed containing was
first reduced with syngas before CO pulsing. Fully oxidized oxygen
carrier bed was also examined with CO pulses for the sake of compari-
son. Mass conversion degrees of iron sand set by pre-reduction with
syngas prior to the CO pulsing can be seen in Table S.2.

During the experiment, there were barely any changes in the mass
conversion degree when iron sand was reduced by more than 60 s. This
demonstrates a limitation of the available oxygen capacity of iron sand.
Defluidization of the oxygen carrier bed did occur when syngas was
injected for more than 40 s at 950 and 975 °C, yet no apparent
agglomeration was observed when the sample was taken out from the
reactor. The defluidization at 950 °C was temporary and could be solved
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by cooling down the system and heating it up again, while the defluid-
ization happened at 975 °C remained even after cooling down and
reheating. A previous study reported that the combination of highly
reducing environment and high temperature has indeed caused
defluidization in iron-based oxygen carrier bed, particularly toward
highly reactive gaseous fuel such as syngas, or CO in this case, due to the
formation of wiistite or elemental iron [3]. Both these phases were
observed in the XRD of a highly reduced iron sand sample which will be
explained later in sub-section 3.3.1. The fact that no agglomerates were
observed in the cooled-down sample did not necessarily imply the
absence of agglomeration at reaction temperatures; however, it was not
possible to confirm the relevant mechanism behind this. This particular
defluidization should not be perceived as discouraging as iron sand was
mixed with quartz sand in this case; thus, the defluidization may not
necessarily represent the fluidization performance of the iron sand itself.

Fig. 5 shows the molar ratio of outlet CO, which was the gaseous fuel,
to the sum of CO and COg, and the reactivity of iron sand in logarithmic
form, which was calculated according to Equation (5). It can be clearly
seen that CO increased as the mass conversion degree decreased as a
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Fig. 5. The molar ratio of CO to the sum of CO and CO (left) and the reactivity, in logarithmic form (right) of iron sand toward carbon monoxide as functions of mass

conversion degree. All pulses are included in these graphs.
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function of the number of pulses. Eventually, only unconverted CO was
present in the bed and, subsequently, no more CO5 was produced, which
indicated that there was no more available oxygen in the oxygen carrier.
The data at 850 and 900 °C indicate that the oxygen transfer capacity of
iron sand toward CO (Ro o) is slightly higher than 1 wt%. The data at
the other temperatures cannot be used to determine the oxygen transfer
capacity since the conversion of CO was still occurring during the end of
experiments. At the same time, the reactivity of iron sand toward CO
declined as the mass conversion degree decreased. Compared to the
reactivity toward methane, iron sand showed a much higher reactivity
toward CO and a slower declining trend, which was expected. However,
the graph shows that the reactivity does not differ much between tem-
peratures, even for the fully oxidized iron sand. The fact that the reac-
tivity at the highest temperature, 975 °C, was the lowest amongst all
could be caused by the defluidization taking place at this temperature.
The fluidization behavior of iron sand is elaborated in section 3.4.

3.2. Solid fuel conversion of pine forest char using iron sand

3.2.1. The effect of mass conversion degree on Hy and CO concentrations

Iron sand was used in the conversion of pine forest residue at four
temperatures and multiple mass conversion degrees. The values of mass
conversion degrees set by pre-reduction with diluted CO prior to the
solid fuel conversion can be seen in Table S.3.

Fig. 6 shows the average hydrogen partial pressure in the bed and the
molar ratio of CO to the sum of CO and CO; as functions of mass con-
version degree (w) of the oxygen carrier for the solid fuel experiments.

It can be seen that the presence of both hydrogen and CO in the
particle bed generally became higher as iron sand was reduced further.
These increasing trends were expected as the available oxygen in the
iron sand bed became lower and, therefore, the conversion of CO and H,
to COz and H»0, respectively, became less favorable. From these data,
the partial pressure of oxygen in the bed can be determined and used as
the basis for thermodynamic calculations in sub-section 3.3.2. Based on
the data at 950 and 975 °C, the amount of CO and H; generated from the
conversion of pine forest residue char using iron sand at mass conversion
degrees of around 99 wt% is at a comparable level with that using
ilmenite at mass conversion degrees of around 97 wt% [23]. This sug-
gests that the use of iron sand as an oxygen carrier is likely more
preferred than ilmenite if the main aim is to generate syngas like in CLG.

3.2.2. Char reactivity toward iron sand
In order to calculate the rate constants and activation energy of the
char toward iron sand, an Arrhenius plot was made according to
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Equation (10) and is shown in Fig. 7. The reaction rate was calculated
according to Equation (7) as an average from three repeated cycles, with
a standard deviation value between 0.0002 and 0.001. The mass con-
version degrees of iron sand shown in the figure are the average of the
values shown in Table S.3 taken for the same duration of CO injection.
The corresponding rate constants and activation energy values are
shown in Table 6.

Based on Table 6, the char conversion rate constant decreased as iron
sand was reduced even further. At the same time, the activation energy
also decreased, despite not significantly. It has been known that the
atmosphere in the bed can influence the activation energy of char con-
version [39]. In this case, the mass conversion degree of iron sand
affected the gaseous phase atmosphere, e.g., Ho concentration. The
activation energy of the conversion of pine forest residue char using iron
sand as the oxygen carrier are slightly lower than that when using
ilmenite [23]. This suggests that iron sand can be utilized as the oxygen
carrier in a biomass char conversion.

A slower char conversion rate could be caused by both hydrogen and
CO inhibition [32,33]. As explained above in section 2.6, the effect of
hydrogen inhibition was expected to be more relevant compared to that
of CO inhibition in this study [34]. To examine the effect of increasing
hydrogen partial pressure on the pine forest residue (Table 7) char
conversion, the corresponding conversion rate was plotted against the
average hydrogen partial pressure in Fig. 8. Furthermore, as explained
earlier, the LHHW models were deemed suitable to determine the rele-
vant mechanisms that may have caused the hydrogen inhibition effect in
this study, which involved a steam char conversion. To obtain the cor-
responding parameters mathematically based on Equation (12) and
(13), the inverse fraction of the conversion rate was plotted as a function
of average hydrogen partial pressure, or the square root of hydrogen
partial pressure for the DHA model. The obtained parameters are pro-
vided in Table 7.

In Fig. 8, it can be seen that a higher hydrogen level led to a slower
char conversion rate at 950 and 975 °C, which is likely explained by
hydrogen inhibition [40]. However, the trend at 850 and 900 °C are
inconclusive. With respect to the model validation, the OE/AHA models
fit better with the experimental data due to a negative parameter in the
DHA model, which is not realistic. This implies that either oxygen ex-
change or associative hydrogen adsorption mechanism discussed by
Azimi et al. [30] may have possibly taken place in the conversion of pine
forest residue using iron sand. Given that the proposed mechanisms are
all based on surface reactions and both mechanisms shared the same rate
formula, it is challenging to determine which among the mechanisms
was the one that did occur. Nonetheless, a previous study by Lussier
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Fig. 6. The average hydrogen partial pressure (left) and the molar ratio of CO to the sum of CO and CO,, (right) as functions of mass conversion degree of iron sand

using pine forest residue char.
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Fig. 7. The Arrhenius plot for the conversion of pine forest residue char with iron sand as oxygen carrier.

Table 6
The rate constants and activation energy for the conversion of pine forest residue
char with iron sand as oxygen carrier.

Parameter Mass conversion degree (®), in %
100 99.3 99.0 98.6 98.3
k(s™H 1.49 x 5.75 x 2.78 x 5.06 x 1.05 x
10® 107 107 10° 10°
E, (kJ/mol) 234 225 219 203 187
Table 7

The obtained parameters for three Langmuir-Hinshelwood/Hougen-Watson
mechanism models.

Model Rate expression and Parameters
unit 850 °C 900 °C 950 °C 975 °C
OE/ .o 1 ains bin a =369 a=222 a=28 a=26
AHA a+ bpH, ’ b= b= b= b=
s.atm™! 8,215 1,630 2,813 794
DHA .o 1 ains b a =304 a=195 a=-25 a=10
a+bypH, b= b=440 b=788 =
in s.atm % 1,497 229

et al. [41] stated that the oxygen exchange mechanism was the most
likely mechanism taking place in a char conversion at temperatures
above 727 °C since all adsorbable hydrogen has been exhausted at lower
temperatures.

Overall, this demonstrates that iron sand was able to convert solid
fuels into gaseous products well. The conversion of pine forest residue
using ilmenite also showed a similar reactivity to that using iron sand in
this study [23]. Even at lower mass conversion degrees (o less than 98.5
wt%), the (g5525;) ratios were still less than 0.5, which indicates the
conversion of solid fuel to CO, was still reasonable, see Fig. 6. It should
also be noted that the mass conversion degree of iron sand had an in-
direct effect in enhancing the hydrogen inhibition effect, which in turn
gave a slower conversion rate of pine forest residue char.

3.3. Characterization of iron sand

3.3.1. Crystalline phases of iron sand

Fig. 9 shows the diffractogram of iron sand at different mass con-
version degrees from a separate experiment, which was explained in
section 2.7. The corresponding phases are provided in Table 8.

In the fresh fully oxidized iron sand, both hematite and magnetite
were present, with the former having higher intensity than the latter in
the diffractogram. The intensity of hematite decreased as the iron sand
was reduced, while that of magnetite became more dominant. Silicon
oxide (SiO2) was detected in the fully oxidized iron sand in two different
phases, cristobalite and quartz. The latter phase was not present in the
used oxidized sample, this could be due to the fact that cristobalite is
more stable than quartz. Furthermore, cristobalite was still detected in
the reduced samples, but quartz was no longer found at all in the
reduced iron sand samples. In these samples, the phases of iron silicon
oxide, including fayalite, were formed. This suggested that quartz
reacted with iron to form iron silicon oxide phases.[42] The phase
transformation prediction by FactSage 8.1 also showed that quartz is not
stable at temperatures higher than nearly 868 °C. The formation of
elemental iron and wiistite at the highest degree of reduction indicated
that iron sand at this stage had lost a substantial amount of available
oxygen. Furthermore, one defludization phenomenon taking place
during the investigations with CO might have been caused by the for-
mation of these phases [3]. It should be noted that the elemental iron
might have formed in a rather low amount. Despite the high reduction
degree, a minor amount of hematite could still even be seen at the
highest degree of reduction.

3.3.2. Thermodynamic study

The phase transition of iron sand during pine forest residue char
conversion was studied using FactSage 8.1. The effect of temperature
and oxygen partial pressure on the phase transformation was investi-
gated. The oxygen partial pressure correlates to the conversion of CO to
CO,. Oxygen partial pressures were calculated using the equilibrium
constant, determined by the reaction module, along with the measured
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Fig. 9. The diffractogram of iron sand at mass conversion degrees taken after experiments with pure CO at 850 °C.

CO/(CO + COy) ratios from Fig. 6. The triangles in the diagram illustrate
the expected phases after each experiment. The circles illustrate phases
where oxidation occurs (5 vol% O in N3). The phase diagram for iron
sand over a temperature span and oxygen partial pressures is presented
in Fig. 10.

The most oxidized form of iron sand is Fe;O3 and SiO,, according to
thermodynamic predictions. The crystalline phases determined by XRD
confirmed the presence of both phases in the fully oxidized sample, see

10

Fig. 9 and Table 8. The oxygen-bearing phases according to thermody-
namic predictions is as expected, provided by iron. The phase trans-
formations that occur starting from the most oxidized form are Fe;Os3 to
spinel (Fe3O4) to FeSiO4 and lastly Fe. SiO, is present in all steps.
Cristobalite is not included in the phase diagram as it does not form at
temperatures below 1,460°C. However, cristobalite was found in the
heat-treated material. Iron sand is a by-product from copper smelting
industry, which explains why cristobalite was detected in the iron sand
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Table 8
The crystalline phases of iron sand at different reduction degrees.

Mass conversion Major phases Minor phases Trace phases
degree (wt %)
100 Fe,03 Fe304 -
(hematite) (magnetite)
SiO,y SiO, (quartz)
(cristobalite)
99.6 Fe304 Fe,03 Fe3.4Siy04 (iron
(magnetite) (hematite) silicon oxide)
SiO,
(cristobalite)
99.2 Fe304 Fe,03 Fe,Si0y4 (fayalite)
(magnetite) (hematite)
SiO,
(cristobalite)
98.6 Fe304 Fe,03 Fe,Si0, (fayalite)
(magnetite) (hematite) Fe (elemental iron)
FeO (wiistite)
SiO,
(cristobalite)

sample, see Table 8. In Fig. 10 it can be observed that the experiments
are located close to the phase transition between FeySiO4 and Fe.
Compared with the phases detected by XRD, the presence of magnetite
(Fe304) and cristobalite (SiO2) was confirmed in all stages of reduced
iron sand samples. Wiistite (FeO) was detected by XRD but not predicted
by FactSage. This is because the presence of Si prohibits the formation of
FeO, since Fe,SiOy is stable in the same region. During redox-reactions
iron will form a layer on the particles, as shown in Fig. 12b in section
3.3.3. In areas where this separation of Fe has occurred, it is thermo-
dynamically favored to form FeO during reduction. The thermodynamic
calculations assume a perfect mixing of the elements. Thus, these layers
create Fe-rich areas pushing the equilibrium towards FeO instead. The
influence of ash layers has been previously addressed by Stanicié¢ et al
[43]. Additionally, despite having low intensity, the peak of elemental
iron (Fe) was detected in minor amounts by XRD. This shows that the
thermodynamic calculations by FactSage 8.1 are aligned with the crys-
talline phases confirmed by XRD.

Fuel 339 (2023) 127310

3.3.3. Surface morphology and elemental distribution of iron sand

To investigate how iron sand transformed throughout the experi-
ment, particularly with respect to the experiments using pine forest
residue char, the surface morphology of and elemental distribution in
iron sand particles were examined using SEM and EDX, respectively. An
exposure to multiple redox cycles may compromise physical and
chemical properties of an oxygen carrier [44], hence performing this
analysis on iron sand is important. Fig. 11 compares the SEM imaging for
iron sand before and after the experiment with pine forest residue char.

The particles of fresh unused iron sand, in a fully oxidized state, had
pointy edges and did not have any cracks on their surface. The shape of
many particles was rather long instead of round. After being exposed to
the investigations with pine forest residue char, some fine fragments
were formed, which could be a mix between the eroded iron sand par-
ticles and the ash from pine forest residue char. Despite having a
somewhat rougher surface, the particles still had pointy edges and did
not seem to have been significantly worn down. This can be an indica-
tion that iron sand might have good durability when used in fluidized
bed applications; however, more studies will be needed to confirm this.

Fig. 12 shows the elemental distribution in iron sand particles seen
under EDX analysis, both before and after the experiment with pine
forest residue char. The experiment was performed at four temperatures
(850, 900, 950, 975 °C) for a total of 60 oxidation — reduction cycles
with a total inserted amount of pine forest residue char of 6 g. The
conditions can be seen in Table 4.

Before the experiments with pine forest residue char, in general, all
elements were distributed quite evenly within every particle. The
exception was calcium that was present mostly on the particles’ surface.
There was also a single particle that only contained SiO,, which could be
assumed to be a pure sand particle. After the experiments, ash elements
were also detected in the particle bed. Fig. 12b shows an ash particle and
an iron sand particle on the left and right sides, respectively. The ele-
ments detected in the ash were mainly silicon and calcium. Iron seemed
to form a layer on the iron sand particle’s surface, which suggested that
iron would migrate to the outer layer during highly reducing environ-
ments where it most likely formed wiistite [45]. A similar outward
migration of iron was also seen in a sample investigated with gaseous
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Fig. 10. The phase diagram for iron sand over relevant temperatures and oxygen partial pressures for fluidized bed gasification. Calculations were performed at 1
atm using Fe: Si weight ratio 35:16. Quartz is denoted by (s2) and tridymite by (s4). The circles indicate the point for oxidation and the triangles indicate the expected

positions for the experimental measurements.
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Fig. 11. The SEM images of iron sand before (left) and after (right) experiment with pine forest residue char. Iron sand in fully oxidized (before) and reduced

(right) state.
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Fig. 12. The elemental distribution in iron sand particles before and after experiment with solid fuels. The experiment was performed at four temperatures (850, 900,
950, 975 °C) for a total of 60 oxidation — reduction cycles with a total inserted amount of pine forest residue char of 6 g.

fuels. Silicon oxide seemed to make up a large portion of the particle
core, but some iron was also detected in the core. This could explain the
formation of the iron silicon oxide phases confirmed by XRD. Addi-
tionally, silica is believed to be the element that bound the alkali ele-
ments into the particle [46]. Therefore, it is not strange that trace
amounts of calcium, sodium, potassium and magnesium were detected
within the particle. Aluminum, however, seemed to be almost
completely enclosed within the particle and was not present at all in the
ash layer. Due to the low aluminum content in the fuel, this was most
likely the aluminum that was already present as a contaminant in the
fresh oxygen carrier bulk, see Table 1. These are the first findings
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reported for ash interactions with iron sand used for chemical looping
processes. More research is needed to investigate the behavior and
interaction with different fuels. Nevertheless, the fact that no agglom-
erations or melts were detected in this study is promising for fluidized
bed applications.

3.4. Fluidization performance of iron sand at high reduction degrees

Both experiments using the gaseous fuels CH4 and CO indicate that
the oxygen transfer capacity of iron sand, about 1 wt%, is clearly lower
than ilmenite, a benchmark oxygen carrier with an oxygen transfer
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capacity of 5wt% [11]. This is in line with the fact that the conversion of
the gaseous fuels to CO using iron sand is clearly lower than that using
ilmenite [11]. Hence, a reduction by 1 wt% might be considered low for
ilmenite but rather high for iron sand. Instead of being a disadvantage,
this limitation can in turn be useful to establish partial oxidation of fuel,
which may take place in chemical looping gasification or reforming,
provided the material does not show major fluidization issues. With
respect to limiting the oxygen transfer from AR to FR in such processes, a
lower oxygen transfer capacity of the oxygen carrier is a natural
advantage.

Ilmenite did defluidize when reduced by around 3 - 4 wt% and
phases like FeO started to form [3]. Yet iron sand did not defluidize
despite being highly reduced by around 1 wt%, where FeO might have
started to form, using both CH4 and CO. As discussed above, the
defluidization of iron sand in the experimental series using CO at 950
and 975 °C should not be taken into account when evaluating the
fluidization performance of iron sand itself as the material was mixed
with quartz sand in this case. It should also be noted that the superficial
velocities in the batch reactor were rather low, i.e., between 0.07 and
0.19 m/s, depending upon the fluidizing gases and temperatures. This is
considerably lower than what one would expect in a real fluidized bed
system, where the fluidization flows are on the order of, for example, 1 —
10 m/s in a 100-kW chemical looping unit, depending upon the fluid-
ization regime [47]. Furthermore, the material did not defluidize at all
during the experiments using the solid fuel pine forest residue char even
at higher reduction degrees. Therefore, it can be concluded that the
fluidization performance of iron sand is acceptable.

4. Conclusion

Iron sand, a by-product of the copper smelting process, can be uti-
lized as an oxygen carrier in chemical looping processes, especially the
ones requiring low oxygen demand like CLG. The major advantage is
that this iron sand is generated in significant quantities as an offshoot in
size ranges that are applicable for chemical-looping processes, thus
requiring a very low cost. Our findings can be elaborated as follows:

e Based on the investigations using the gaseous fuels CH4 and CO, the
oxygen transfer capacity of iron sand was found to be 1 wt%, which is
much lower than that of ilmenite. This suggests that iron sand is
likely a suitable oxygen carrier candidate if the aim of the process is
to generate syngas, such as in CLG.

The kinetics of pine forest residue char conversion using iron sand
likely followed the oxygen exchange mechanism, which was
modeled according to the Langmuir-Hinshelwood models. Depend-
ing on the mass conversion degree of iron sand, the activation energy
of pine forest residue conversion was between 187 and 234 kJ/mol,
which is slightly lower than that of ilmenite. This is obviously an
advantage since one prefers a lower activation energy in any
reaction.

The generation of CO and H; from pine forest residue char using 1 wt
%-reduced iron sand was at a comparable level with that using a 3 wt
%-reduced ilmenite, especially at 950 and 975 °C. Once again, this
suggests the advantage of using iron sand as an oxygen carrier in CLG
to generate syngas as the material does not need to be reduced as
further as ilmenite to generate the same amount of hydrogen.

The fluidization performance of iron sand was acceptable, i.e., no
defluidization of the bed containing only iron sand occurred even at
higher reduction degrees (» = 98 — 99 wt%). This implies that the
material will likely not suffer from a major fluidization problem
when used in CLG, where a higher reduction degree of the material
can be expected.

The crystalline phase transformation in iron sand at multiple mass
conversion degrees during reduction was predicted by thermody-
namics and successfully confirmed by XRD. This is certainly a useful
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scientific information of iron sand as an oxygen carrier that is
exposed to multiple reduction — oxidation cycles.
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