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ARTICLE INFO ABSTRACT
Keywords: Two oxygen carriers were tested with respect to chemical looping combustion (CLC) and chemical looping
Chemical looping gasification (CLG). Ilmenite, a natural ore composed mainly of iron-titanium oxide, and LD Slag, an iron-based

Biomass volatiles industrial waste, were investigated at 850 and 900 °C in a continuous operation in a 0.3 kW chemical-looping

i]yng:.s . reactor system using synthetic biomass volatiles as fuel. CLC and CLG conditions were simulated in the fuel
egative . . . . . .

LDgslag 2 reactor by changing the fuel flow rates. In the case of ilmenite the syngas yield and methane conversion increased
Imenite with fuel flow rate. Consequently, the syngas to hydrocarbon ratio was higher for ilmenite. Methane conversion

improved for both tested oxygen carriers with increasing the operating temperature. Oxygen release was
observed in the case of LD Slag. The Hy/CO ratio was between 0.7 and 0.8 for both oxygen carriers at the higher
fuel flows. With respect to CLC, ilmenite showed higher gas conversion than LD slag. Analysis of the particles
revealed that ilmenite possessed better mechanical properties and formed less dust compared to LD Slag during
the continuous operation with fuel.

FR are ideally HoO and CO; whereupon condensation of water a stream
of CO; can be obtained. Therefore, the capture of CO5 is inherent in the
CLC process. Chemical-Looping Gasification (CLG) is a gasification
technology based on the CLC process where partial oxidation of the fuel
is achieved by reducing oxygen availability in FR to produce a syngas of
mainly CO and Hj [9,10]. Chemical looping reforming (CLR), where the
purpose is to convert a hydrocarbon containing gaseous fuel, to syngas,
is another example of chemical looping [11]. Syngas can be further used
as a source of hydrogen or as a feedstock for the production of other
liquid biofuels [12]. In CLG, the biomass is pyrolyzed and gasified in the
fuel reactor, and the oxygen carrier (MyOy) can react with the inter-
mediate gaseous species such as CH4 and CoHoj, to form syngas, CO2 and
Hy0 [13] (see Eq. 2).

n

1. Introduction

CO4, capture and storage (CCS) have been recognized internationally
as one of the essential options for climate mitigation [1,2]. CCS tech-
nologies have had a focus on fossil fuels, but it is even more critical to
use CCS with bioenergy, so called bio-energy carbon capture and storage
(BECCS), in order to remove CO; from the atmosphere [3,4]. BECCS will
result in net negative emission which is necessary to meet recently
decided climate targets such as the Paris Agreement (2015). Among CO,
capture technologies proposed for BECCS, Chemical-looping combus-
tion (CLC) of solid fuels is a potential break-through CO, capture tech-
nology which is unique in avoiding significant costs and energy
penalties associated with gas separation [5-8]. The CLC system is MO, , +
composed of two interconnected fluidized bed reactors, i.e. an air c 2
reactor (AR) and a fuel reactor (FR) where oxygen carriers in the form
of metal oxide particles transfer oxygen between the two reactors (see
Fig. 1) [7]. In the fuel reactor, a fuel reacts with the oxygen carrier (bed CLG is similar to normal indirect gasification, and at optimal con-
materials in the form of a metal oxide Me;Oy) and in the air reactor, the ditions, there will be no combustion of fuel in the air reactor; therefore, a
oxygen carrier is oxidized (see equation 1) with air. The products of the

0,-M.0, [1]

MOy + Fuel-H, + CO + CO, + CH, + H,0 + tar + char + M, O,_, [2]

* Corresponding author.
E-mail addresses: ali.hedayati@tecnalia.com (A. Hedayati), haamir@chalmers.se (A.H. Soleimanisalim), tm@chalmers.se (T. Mattisson), anders.lyngfelt@
chalmers.se (A. Lyngfelt).

https://doi.org/10.1016/j.fuel.2021.122638
Received 20 May 2021; Received in revised form 2 August 2021; Accepted 15 November 2021

Available online 26 November 2021
0016-2361/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ali.hedayati@tecnalia.com
mailto:haamir@chalmers.se
mailto:tm@chalmers.se
mailto:anders.lyngfelt@chalmers.se
mailto:anders.lyngfelt@chalmers.se
www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2021.122638
https://doi.org/10.1016/j.fuel.2021.122638
https://doi.org/10.1016/j.fuel.2021.122638
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2021.122638&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Hedayati et al.

Fuel 313 (2022) 122638

Nomenclature

BECCS  bio-energy carbon capture and storage

BMV biomass volatiles

fi carbon fraction of i (CO, CO5, CHy4, C5 or C3), Eq. 8 (-)
CCS carbon capture and storage

fiyngas Syngas fraction, Eq. 7 (-)

CLC chemical looping combustion

T temperature (°C)

CLG chemical looping gasification

X; concentration of species i (mol/mol)

EB Elwaleed-B

Yi carbon content of species i (-)

FR fuel reactor

Ngas gas conversion efficiency

ICP + SFMS inductively coupled plasma-sector field mass

spectrometry
Aeff effective air ratio
LHV lower heating value
@i FR conversion ratio (-)
M, O, oxidized metal oxide
Do Molar ratio (-)
M,0Oy_; reduced metal oxide
Qop oxygen demand (-)
PSD particle size distribution
OFR oir to fuel ratio
SC Sibelco Calcined
AR air reactor
SEM scanning electron microscope
XRD X-ray (powder) diffraction

high degree of carbon capture can be achieved. The use of oxygen car-
riers in CLG has several advantages over conventional dual fluidized bed
gasification processes: i) in CLG, metal oxides provide catalytic sites for
reforming reactions, ii) higher concentration of CO5 and H,0 suppresses
tar formation, iii) metal oxides may provide additional sites to enhance
hydrocarbon conversion to syngas, and iv) in case of applying contam-
inated alternative solid fuels such as wastes, the FR can act as a sink for
trapping and conversion of aggressive and toxic impurities [5,13-16].
The former is particularly important in the case of alkali and chlorine
compounds in biomass-fired systems [17]. In addition, as no combustion
will take place in the air reactor, corrosion here can be limited, which
could be highly advantageous [13]. To achieve autothermal CLG oper-
ation condition, a significant fraction of the carbon will need to be
converted to COz in the FR. This is another advantage of CLG compared
to indirect gasification, where a large fraction of this CO is generated in
the air or combustion reactor, thus being diluted with nitrogen. The
principles of CLC and CLG are illustrated in Fig. 1.

The technology readiness level (TRL) of CLC of solid fules is currently
at TRL 6 with successful continuous operation up to 1 MWy, and for CLG
of solid fuels is at TRL 5 with operation up to 10 kWy, [18,19]. Most
operational experience with chemical looping has been carried out with
a focus on fossil-based fuels [6,20,21]. Researches on the use of biomass
as a solid fuel in CLC and CLG have been increasing recently with respect
to the aspects of negative CO; emission [13]. Moldenhauer et al. tested
steam-exploded pellets and wood char in a 10 kW CLC unit where a CO5
yield of 92% was reported at 965 °C [5]. Gogolev et al. tested four
biomass fuels of varied alkali content in the 100 kW CLC unit at
Chalmers University of Technology using a mixture of natural and
synthetic oxygen carriers [22]. They focused on the fate of alkali and
concluded that most of the alkali content of the biomass was accumu-
lated in the oxygen carriers. Samprén et al. [9] tested Fe-based oxygen

N,, O, CO,, H,0
Oxygen
ﬂ carrier ﬂ
(oxidized)
Air Fuel
Reactor Reactor
(AR) (FR) Fuel
msssanizn
Oxygen
carrier
ﬂ (reduced) T—T
Air H,0/CO,

carriers using pine wood as fuel in a 1.5 kW continuous CLG unit and
reported around 60% syngas yield with Hy/CO ratio of approximately
two at autothermal conditions. Very low tar content was found during
the CLG operation, but the formation of fines was reported as a draw-
back of CLG compared to CLC. Ilmenite as an oxygen carrier was tested
by Condori et al. [23] for CLG of pine wood in the same unit used by
Sampron et al. [9], which compared ilmenite as a natural ore and syn-
thetic iron-based oxygen carriers. [lmenite showed less reactivity toward
the conversion of CHy, Cz and Cs species and the syngas yield, in the case
of ilmenite, was 50% at the highest [23]. Condori et al. [23] had 55 h of
continuous CLG operation in 1.5 kwy, unit using ilmenite as an oxygen
carrier. They proved that CLG can produce high quality syngas with and
authothermal condition and a tar content below 2 gNm > which is a
relevant advantageous of CLG.

Fundamental for the chemical-looping technologies is the use of
suitable oxygen carriers that fulfil several requirements, i.e. high reac-
tivity in both reduction and oxidation, sufficient mechanical strength,
low agglomeration tendency, long lifetime, and low cost [24]. In addi-
tion, these materials should be environmentally benign [25,26].
Numerous oxygen carriers based on Cu, Co, Mn, Fe, and Ni have been
studied for the chemical looping of gaseous fuels during the last 20 years
[27,28]. In this regard, natural ores of manganese and iron are at the
center of attention for chemical-looping technology owing to their low
cost and proven reactivity [3,5]. In our previous work, we investigated
two manganese ores for chemical looping conversion of synthetic
biomass volatiles in a 300 W reactor system. Both manganese ores
showed high conversion of biomass volatile gases and high temperature
and fuel rate favored syngas yield in the outlet stream of the FR [29].
Industrial iron-based by-products and wastes have recently attracted
attention as oxygen carriers for chemical looping applications due to
benefits such as low cost and possibility of reuse and utilization of
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Fig. 1. Chemical-looping combustion (left) and chemical-looping gasification (right) principles [5].
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industrial waste for clean energy generation and carbon capture. To
date, there are only a few reports on the use of waste iron-based by-
products from the steel industry as oxygen carriers in CLC and CLG
[5,13,30]. In CLG, these materials are required to sustain high conver-
sion rates toward CHy, Cy and Cs species to Hy and CO. In CLG, oxygen
carrier particles might leave the AR in a not fully oxidized state at CLG
conditions and undergo a further reduction in the FR. Therefore, suffi-
cient mechanical stability and durability are needed to avoid particle
crashing and fines formation during CLG. Concerning CLR, the majority
of the reported literature is based on methane reforming for hydrogen
and syngas production focusing on Fe, Cu, and Ni based oxygen carriers
in fixed bed reactor systems [21,31].

1.1. LD Slag as oxygen carrier for chemical looping

LD Slag is a ground steel converter slag from the Linz-Donawitz
process. Millions of tons of LD Slag are produced yearly, of which a large
amount is disregarded and landfilled as waste with no further use [32].
The major components in LD Slag are oxides of Ca (30-60%), Fe
(10-35%), and Si (8-20%) with some amounts of Mg, Mn, Al, V, and Ti
depending on the origin of the iron ore [33]. The low price and relatively
high iron contact of LD Slag could make it relevant for application in
chemical looping processes. Besides, co-existence of Ca-Fe-O phases has
been reported to increase the fraction of syngas in CLG [34]. Molden-
hauer et al. [5] tested LD Slag for CLC of syngas, methane and CLG of
biomass fuels. Full conversion of syngas at 900 °C and 60% methane
conversion at 950 °C were obtained. Mattisson et al. [13] investigated
the conversion of CO, Hy, CHy4, and CoH4 with LD Slag at 800-950 °C
using synthetic biogas in a batch fluidized bed reactor. Recently, Con-
dori et al, [35] used LD slag as an oxygen carrier for CLG in 1.5 kWy,.
They reported biomass conversion above 90% with high quality syngas
and no agglomeration during 60 h of CLG operation. LD Slag was also
used as bed material in the 12 MW Circulating Fluidized Bed (CFB)
biomass boiler at Chalmers University of Technology to order to inves-
tigate Oxygen Carrier Aided Combustion (OCAC) [33]. The general
conclusions are i) LD Slag is reactive in CO conversion; ii) LD Slag has
shown limited reactivity toward hydrocarbon conversion; and iii)
thanks to the presence of Ca in LD slag, it can promote the water-gas-
shift reaction toward more hydrogen production [33]. Therefore, LD
slag can be a good candidate to be sued for CLG and CLC; however, its
behavior towards biomass volatile matter conversion has not been
thoroughly investigated.

1.1.1. Scope and aim

As discussed in the previous section, the behavior of LD Slag in the
chemical looping process is promising, given that it is an industrial iron
and calcium-based waste material. However, a further study of LD Slag
as an oxygen carrier in a more controlled way is necessary to evaluate all
the aspects of its performance in CLC and CLG processes. The aim of this
work is to investigate the performance of LD Slag as an oxygen carrier in
the conversion of biomass volatiles and their suitability for large scale
operation. This is done by performing experiments in a dual fluidized
bed reactor and at different reduction degrees of oxygen carriers by
setting the flow rates of the fuel. For the sake of comparison with a
benchmark material, ilmenite is also investigated in parallel with LD
Slag and as a reference oxygen carrier. Ilmenite was selected since it is
also an iron-based material that has been extensively studied due to low
cost, good fluidizability, high melting point, and low production of fines
[27]. In this work, the reactivity of the LD slag and ilmenite in terms of
gas conversion, syngas fraction, CO; yield, attrition characteristics, and
phase changes is studied. In this regard, a special gas blend is used which
represents the resulting volatile matter, i.e. the gas released from
biomass when it is introduced to the fuel reactor.
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2. Materials and methods
2.1. Oxygen carrier materials

LD Slag (a waste product from the steel industry) and Norwegian
Ilmenite (an iron-titanium ore, referred to as Ilm in the tables and fig-
ures) were used in this study. LD Slag was delivered by SSAB Merox,
Sweden. The elemental composition of LD Slag and Ilmenite is given in
Table 1. Oxygen carriers were calcined in air at 950 °C for 24 h to ensure
full oxidation. The calcined particles were sieved to obtain around 0.5 kg
of particles smaller than 212 um, to be loaded into the 300 W reactor.
Particles calcined in the air are denoted Fresh and particles recovered
from the reactor after the experiments are denoted Used. The latter were
oxidized by operating the reactor system with air after stopping the fuel
addition.

2.2. Characterization of oxygen carriers

Elemental composition and oxide phases of the oxygen carriers were
analyzed using ICP-SFMS (Inductively Coupled Plasma — Sector Field
Mass Spectrometry) and X-Ray power diffraction (Siemens 5000 X-Ray
diffractometer), respectively. Bulk density of the fresh and used particles
was measured according to ISO standard 3923-1 by pouring the metal
oxide of <212 um into a cylinder of defined volume through a funnel
and weighing the mass of particles in the cylinder. As an indicator of the
attrition and agglomeration of the particles during the operation, the
particle size distribution of the fresh and used particles was obtained by
sieving the particles in the range of 45, 90, 125, 150, 180, and 212 pm.
Particles smaller than 45 um are considered as fines in this work. The
outlet streams of the AR and FR were filtered to trap and collect the fines
that were formed during the operations. Given the total hours of oper-
ation, the attrition rate of the oxygen carriers was calculated as the rate
of the mass loss of fines per hour divided by the initial mass of the
particles loaded into the reactor.

2.3. 300 W chemical looping fluidized bed reactor

Experiments were done in a 300 W CLC reactor where the oxygen
carriers are investigated with gaseous fuel under the continuous circu-
lation of particles together with fuel. The schematic illustration of the
300 W chemical-looping reactor used in this work is shown in Fig. 2.

The reactor system is made of 253MA high temperature chromium-
nickel stainless steel alloy suitable for severe conditions. Previous
experience with this material in CLC pilots indicates that the material
has a lifetime at least well exceeding 1000 h of operation. The reactor is
300 mm high with a cross-section of 25 mm x 25 mm for the fuel reactor
(FR) and 25 mm x 42 mm for the air reactor (AR). The AR has a nar-
rower riser of 25 mm x 25 mm and is operated at a gas velocity sufficient
to transport the particles upwards, thus accomplishing the circulation of
bed material. There is a gap between the two reactors to minimize the
risk of leakage between them. There are two wind boxes located in the
bottom of each reactor to let the gas into each reactor via porous quartz
plates which act as gas distributors. There is a top part over each reactor
where the cross-section of both reactors increases to let the gas velocity
decrease so that particles fall back into the reactors. On the AR side, part
of the particles drops into a loop seal that connects the AR to FR. On the
FR side, particles drop directly back into the FR. The loop seals are
fluidized with inert gas. From the bottom of the FR, particles pass
through the lower loop-seal and return to the AR where the cycle starts

Table 1
Elemental composition of fresh oxygen carriers excluding oxygen (wt%).
Ca Fe Mg Si Mn \4 Ti
LD Slag 27.3 13.7 6.0 4.8 2.2 1.6 0.7

Ilmenite 0.2 34.5 2.2 0.9 0.2 - 26.9
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Fig. 2. 300 W reactor (left) and its technical drawing (right) [36].

over, and the loop is complete. The loop seals are purged with 650
mL-min~! (higher + lower loop seals) of air or argon (when operating
with fuel) to ensure the fluidization and circulation of the particles. The
exit pipe of the FR is connected to a water seal with a column height
of<2 cm to keep a higher pressure of 0.1-0.2 kPa, in the FR compared to
AR in order to reduce gas leakage from AR to FR. The bed temperatures
of AR and FR are measured by means of K-type thermocouples. The 300
W reactor is located inside an electrical furnace that controls the tem-
perature. The fluidization and particle circulation are monitored via
pressure difference measurement at different heights of AR and FR.

2.4. Experimental procedure

Prior to the experiments, oxygen carriers were activated with syngas,
50% hydrogen in CO, at 900 °C for 2-3 h. Oxygen carriers were circu-
lating during the activation and the AR air flow rate was 8 L-min"'. The
indicator of the activation is the stable concentration of CO5 out from the
FR. Biomass volatiles (BMV) which are released upon heating, typically
constitute 80 wt% of the original fuel on a dry basis [3]. In this work a
synthesized gas mixture was used to simulate biomass volatiles (BMV)
for the experiments in the 300 W reactor. This composition was chosen
to represent the gases generated via the devolatilization of wood-based
biofuels. This composition resembles the gas generated during the
operation of the Chalmers 2 MW gasifier, albeit excluding tars and
higher hydrocarbons [37]. The composition of BMV fuel is given in
Table 2.

Four BMV flow rates were selected to investigate gas conversion, the
Hy/CO ratio, and the attrition and mechanical behavior of the particles.
The selected BMV flow rates are 0.6, 0.9, and 1.2, and 2 L-min~! cor-
responding to an overall oxygen-to-fuel-ratio (OFR) of 3.2 — 0.9 given
that the air flow rates in the AR was set at 9 L-min . The OFR is the ratio
between number of moles of oxygen introduced into the AR and the

Table 2
The composition of the synthetic biomass volatiles fuel (BMV).

number of moles of oxygen needed for full combustion of the fuel at the
given fuel flow rate. Accordingly, when OFR is very close or falls below
unity (i.e. OFR < 1), CLG conditions are realized. In this work the ex-
periments carried on at the fuel flow rate of 2 L-min~! are considered as
CLG. BMV experiments were carried out at temperatures of 850 and
900 °C. The experimental procedure is given in Table 3. The reactor was
cooled down to room temperature in air at the end of each experiment.
The composition of the gases arising from the FR was analyzed using an
Agilent Micro GC CP-4900 and online gas analyzers (SICK Extractive Gas
Analyzer SIDOR).

In reality, the overall air-to-fuel-ratio does not reflect oxygen avail-
ability for the fuel in the fuel reactor. The oxygen used for regeneration
of the oxygen carrier is limited by the oxygen transferred to fuel in the
fuel reactor. The availability of oxygen in the FR is related to bed mass
and circulation, which were both held constant during the tests, while
fuel flow was varied. To facilitate the comparison for CLG, an effective
air ratio is used in the evaluation below.

2.5. Data evaluation

In this work, the effect of temperature and fuel flow rate on syngas
fraction, fraction of methane in the flue gas from the FR, and Hy/CO
ratio are given based on Effective Air Ratio (Aesf) which is defined as the
ratio between the oxygen which is transferred from AR to the gas phase
in FR by the oxygen carriers and the oxygen needed for full combustion
of the fuel (stoichiometric oxygen).

__oxygen transferred from AR to FR [3]

o oxygen needed for full combustion

The transferred oxygen from the AR to AR exclusively is the oxygen
that reacted with the fuel in the FR. Therefore, the remaining oxygen in

Table 3
Experimental conditions employed during experimental campaigns.

Fuel FR fuel flow FR temperature AR air flow Run time
Component Fraction (vol%) Carbon fraction (atomic %) LHV (MJ/ mﬁ) [L-min~1] e [L-min~!] [hrs]
Cco 43 55.1 12.6 Ilmenite
H, 30 - 10.8 Syngas 1 900 8
CHy4 20 25.6 35.8 BMV 0.6 -2 850-900 9 12
CoHy 6 15.4 59.0 LD Slag
C3He 1 3.8 85.9 Syngas 1 900 8 2
Total 100 99.9 20.2 BMV 0.6-2 850-900 9 7
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the lattice of the oxygen carrier is returned to the AR and is not
considered in the definition of the A . In this sense, the Effective Air
Ratio is equal to the gas conversion efficiency (ng,s) in the FR [38]:

Aefp = Ngos = 1 —Qo0p [4]

where Qqp is the oxygen demand:

0.5xco + 2xcu, + 0.5xy, + 3xc,n, + 4.5x¢,H,
Qop = [5]
Do(xco + Xen, + 2Xc,n, + 3XcyH)

Here x; is the volume fraction of the gas i and @ is the oxygen to
carbon molar ratio of the fuel [ngy required for combustion/kg fuel]/
[nc/kg fuel] [39]:

_ 0.5yco + 2ycu, + 0.5y, + 3yc,n, +4.5yc:m,

@,
Yeo + Yer, + 2yeun, + 3Yesn,

(6]

where y is the volume fraction of species i in the fuel based on the
composition given in Table 2. For the fuel used in this work, & is equal
to 1.27.

Aeff depends mainly on the fuel flow rate, temperature, and nature of
the oxygen carries as the oxygen uptake and reactivity varies for the
different materials. Lower fuel flow gives higher gas conversion, thus
higher effective air ratio.

The syngas fraction in the product gas (feyngas), as an important
measure for CLG, is defined as the fraction of H, and CO in the gas
leaving the reactor, on a dry basis.

Xco + XH,
Xco + Xco, -+ XcHy + XH, + XcyHy + XC3Hg

[7]

fsyngas =

The carbon fraction, fj, is the molar ratio of species i normalized to
total carbon and is defined as follows:

Xi

(8]

- —
Xco + Xco, + Xcu, + 2Xc,n, + 3XcyH,

where i is any of CO, COy, CHy, or C,Ha, and x is the volumetric ratio
and the denominator represents the total carbon in the outlet stream. To
assess the remaining amount of a given species in the fuel gas, the ratio
between the carbon fraction in the outlet and inlet stream is used:

FR conversion ratio = ¢; = F [9]

For the synthetic BMV used in this work, f;" of CO, CHy4, and C,H4 and
CsHg are 0.55, 0.26, 0.08 and 0.01, respectively, given that the total
carbon content, i.e. the denominator in eq. 8, is 0.78. In the case of
hydrogen, the ¢; is ratio between the molar ratio of hydrogen in the inlet
fuel and the products (FR outlet).

As syngas is intended to be the main product in CLG, the syngas to
hydrocarbon ratio is introduced as a measure of CLG in terms of delivery
of CO and Hp. The syngas to hydrocarbon ratio is defined as follows:

0.5xco + 0.5xp,

syngas to hydrocarbon ratio =
e Y Dxen + e + 4-5xcun,

[10]

3. Results and discussion
3.1. Activation of the oxygen carriers

The FR was purged with argon before operating with fuel to prevent
direct mixing of air and fuel. As an example, the concentrations of the
gases from the FR and AR during the activation phase of ilmenite at
900 °C with syngas (1 Lmin™') are illustrated in Fig. 3. The vertical
dashed line shows where syngas started, therefore, CO; and CO
increased in the FR and oxygen decreased in the AR as a result of uptake
of oxygen by the oxygen carriers that are circulating between the AR and
FR. The sudden increase in CO, at around minute 20 is due to the
stopping of argon flow into the FR. Argon flow is kept at the start of the
fuel purge to assure mild variations in the FR environment and prevent

Fuel 313 (2022) 122638
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Fig. 3. The concentration of the FR and AR outlet (dry basis) during the acti-
vation of ilmenite at 900 °C with syngas. The dashed line shows the start of the
fuel addition.

defluidization. Therefore, CO, is diluted for a few minutes while argon is
still running into the FR.

After almost 20 min from the start of the fuel injection, the con-
centration of CO increased gradually upon higher conversion of CO.
Simultaneously, the oxygen concentration in AR outlet decreased which
is due to the increasing capacity of oxygen carrier to transfer oxygen
from the AR to FR because of activation. As seen in Fig. 3, the oxygen
carriers are activated when CO concentration from FR reached its
minimum, <0.5% was detected by the gas analyzer. In other words, CO2
from the FR and oxygen from the AR become stable, meaning that ox-
ygen transfer from AR to FR has reached the highest possible level at the
given conditions. The outlet concentrations from the FR do not sum up
to 100% since the loop seals of the 300 W reactor are fluidized by argon
that mixes with the FR and AR outlet streams.

3.2. Carbon fraction — the measure of the performance

The carbon fraction (f;) as calculated from eq.8, in the outlet gas from
the FR gives the first assessment of the experiments with ilmenite and LD
Slag and how these particles differ in operation. The carbon fraction of
CO, CO,, and CHy in the exhaust gas from FR for both particles is shown
in Fig. 4 as a function of Aeg. The fuel flow was used to vary Aes, and high
values of Mg correspond to low fuel flow rates.

The first feature in Fig. 4 is the range of Agr. At 900 °C, higher Ao was
reached independent of the oxygen carrier used, which can be ascribed
to increase the reactivity of the particles with temperature. In the case of
ilmenite, higher A.¢ was reached that that indicates a higher reactivity of
ilmenite as compared to LD Slag. For the ease of comparison, the cor-
responding values of A at different conditions employed in this work
are given in Table 4.

Apart from ilmenite showing a better gas conversion than LD Slag,
the conversion ratio, Eq. 9, of hydrogen and CO was somewhat higher
for ilmenite for the lower values of A relevant for gasification (see
Fig. 5a and b). Thus, ilmenite shows lower conversion of CO and H; for
similar Aefr, which means a higher conversion of other gases, i.e. hy-
drocarbons. Consequently, at the same effective air ratio, ilmenite shows
higher conversion of methane compared to LD slag, Fig. Sc. There is no
notable difference in the conversion ratio of CoHy. Also, no C3Hg was
detected by the GC.

Higher temperature is in favor of conversion of CH4 and CoHy, Fig. 5¢
and d, which consequently means more syngas. The conversion ratio of
CH, in the case of LD Slag increased to around 1 at low Aegf meaning that
almost no methane is converted at the highest fuel flow rate tested.

3.3. Syngas fraction

The syngas fraction in the outlet of the FR is one of the important
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Fig. 4. Carbon fraction of CO, CO,, and CH,4 in the FR outlet.

Table 4
Effective air ratio (Aes) corresponding to fuel flow rates and oxygen carriers used
in this work.

BMV flow (Lmin 1) Neff = Ngas = 1-Qop

T = 850°C T = 900°C

IIm LD Slag Ilm LD Slag
0.6 0.69 0.63 0.80 0.77
0.9 0.62 0.58 0.71 0.69
1.2 0.55 0.53 0.63 0.63
2 0.48 0.43 0.56 0.51

factors in the CLG process. As shown in Fig. 6, both the syngas fraction
and the syngas to hydrogen ratios, was higher for ilmenite at the higher
fuel flows. Especially at 900 °C and the lowest A¢fs there is a notable
increase in syngas fraction and syngas to carbon ratio, for ilmenite
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which indicates that higher temperatures are in favor of syngas.

3.4. Hy/CO ratio

Another important factor in CLG is the molar ratio of Hy and CO and
Hy/CO ratio around 2 is preferred for probable downstream processes
such as Fischer Tropsch synthesis where liquid hydrocarbon can be
produced from hydrogen and carbon monoxide [12]. This ratio can be
altered downstream by the water—gas-shift reaction, but it would be an
advantage if this ratio would be high already in gas coming from the FR.
The Hy/CO ratio of ilmenite and LD Slag is given in Fig. 7.

The Hy/CO ratio falls with temperature which is also expected for the
endothermic nature of the water—gas-shift reaction. LD Slag showed
lower Hy/CO compared to ilmenite, but not for low Ae¢ which is relevant
for CLG. The general trend in Fig. 7 is a decrease in the Ho/CO ratio with
fuel flow but the decrease is more pronounced for ilmenite. It should be
mentioned that the Hy/CO ratio discussed in this work does not reflect
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Fig. 5. Conversion ratio of H; (a), CO (b), CH4 (c), and CoHy (d) versus Aeg.
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the syngas that can be formed via char gasification when real solid
biomass is gasified in a fluidized bed reactor.

3.5. Analysis of the particles

3.5.1. Attrition and particle size distribution (PSD)

The lifetime of the particles is one of the main parameters for the
selection of suitable oxygen carriers for the chemical looping process. At
chemical looping conditions, particles are exposed to high velocities,
especially in the air reactor, hence subject to impact and thermochem-
ical stress. Thus, particles undergo mechanical erosion in a circulating
fluidized bed reactor and they turn to dust or fines and may leave the
reactor together with the gas flow [39]. It can be expected that the ox-
ygen carriers show a higher propensity for attrition at CLG conditions
due to a higher reduction in the fuel reactor. The density of the particles
before and after the experiments is an indicator of possible changes in
the physical properties of the particles. Density and attrition rates of the
fresh and used particles in size range of <212 um tested in this work are
given in Table 5. The density of the particles is the mean of five mea-
surements with a standard deviation of around 0.1.

Moldenhauer et al. [5] used LD Slag in the similar experimental setup
to this work and reported attritaion rate of 0.58 w%hr ! after 20 h of

Table 5

Bulk density and attrition rate of the fresh (calcined) and used particles. Total
operation corresponds to the time with fluidization and circulation at high
temperature with fuel or inert conditions in FR.

Particle  Bulk Density-Fresh Bulk Density- Attrition [w Total
(calcined) [gcm’S] Used [gcm’S] %hr!] operation
[hrs]
IIm 2.0 1.9 0.2 12
LD Slag 1.4 1.2 0.4 7

operation with syngas and methane at 800 — 900 °C at CLC conditions.
Moldenhauer et al. [3] also performed CLC experiments with five types
of manganese ores using the same fuel and reactor setup used in this
work and reported attrition rates varying between 0.05 and 1.12 w%hr~
L. It is seen that the attrition rates of both ilmenite and LD Slag observed
in this work sit in the middle range of what was reported before in the
literature. However, it should be reminded that the particle underwent
CLG conditions in this work which are rather harsher than CLC ones.
Both oxygen carriers showed some decrease in density after the
operation. However, ilmenite is notably denser than LD Slag with less
attrition during operation at high temperatures. As shown in Fig. 8,
particle size distribution (PSD) of LD Slag shifted toward smaller parti-
cles in agreement with attrition data in Table 5. In the case of ilmenite,
the PSD of the used particles showed a peak in the interval 90-120 pm.

3.5.2. Phase composition

X-ray powder diffractometry (XRD) was performed to analyze the
crystal structure of different samples of ilmenite and LD slag. The fresh
samples after calcination in air at 950 °C for 24 h, used oxidized samples
extracted from the air reactor after the experiments, and particles from
the FR filter after the operation with fuel as the reduced samples were
tested. The main crystalline phases of the particles are given in Table 6.

The active parts of ilmenite are iron and titanium. The XRD of the
fresh calcined ilmenite revealed (Ti,Fe),03 and FeTiO3 and some free
hematite (FeyO3) as the major components which are in agreement with
the literature and showed that ilmenite was in the most oxidized state
after calcination [40,41]. In the ilmenite used samples, TiO, is present
which can be a result of physical segregation of FesTiOs during the
continuous operation [40]. (Fe,Ti)203 is the reduced form of Fe;TiOs
which was possibly formed via the compound TizFe301.

The diffractograms were very complicated in the case of LD Slag,
with diverse interpretations possible. The fresh calcined sample con-
tained (Mg,Fe)O and many minor phases composed of oxides of Fe, Ca,
Mg, Al, and V. In general, XRD revealed more major phases in the used
sample of LD Slag which may mean that the used particles were more
homogenized than the fresh calcined ones. Hildor et al. [33] detected
CaO in the fully oxidized samples after their experiments, but in this
work no sign of this phase was found in the used or fresh samples. Ca
(OH), was reported by Moldenhauer et al. [5] in the reduced LD Slag
samples; however, we could not detect this phase in the reduced
samples.

4. Conclusion

Ilmenite and LD Slag were tested in continuous operation in a 0.3 kW
reactor. A gas mixture representing biomass volatiles resulting from
biomass gasification and pyrolysis was used as fuel. Experiments were
carried out at 850 and 900 °C with regard to CLC and CLG. The fraction
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Table 6

Main crystalline phases identified by XRD in fresh, used, and reduced samples used in this work.

Fresh (calcined)

Used (fully oxidized)

Reduced

Ilm (Ti,Fe),03, FeTiO3, Fe;03
LD Slag (Fe,Mg)O (Mg,Fe,Ca,Si),0y

Fey03, TiO, Fe,TiOs, TisFe3019
CazFe;0s5, MgO, CaxSiO4, CasSiO4, CaMgV207

(Ti,Fe)304, (Fe,Ti)203, Fe304, TiO2
CagFe,0s, (Mg,Mn,Fe)304, CasSiOs

of CO, CO,, and CHy, the syngas fraction, the conversion ratio, and Hy/
CO ratio in the outlet of the FR showed that:

i) gas conversion was generally higher for ilmenite, independent of
temperature and fuel flow
ii) methane conversion was higher in the case of ilmenite both at
similar effective air ratio and for similar fuel flow
iii) syngas fraction and syngas to hydrocarbon ratio, was higher for
ilmenite compared to LD Slag at a similar effective air ratio
iv) the syngas fraction and the syngas to hydrocarbon ratios, were
generally higher at a higher temperature for both oxygen carriers
v) LD Slag showed release of oxygen at inert conditions

It is concluded that for CLC application ilmenite gives better gas
conversion. From CLG point of view, ilmenite delivered more syngas —
thanks to the higher methane conversion compared to LD Slag. Based on
the particle characterization after 12 h of operation with ilmenite and 7
h with LD Slag, it was also found that LD Slag is more prone to attrition.
The particle size distribution also revealed that LD Slag shifted to the
smaller particle sizes. Although ilmenite appears to be better for both
CLC and CLG, from the economic point of view LD Slag may be prom-
ising and beneficial as an industrial waste material.
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