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Abstract

Co-firing coal and biomass has the potential to reduce GHG emissions. However, high levels
of alkali and alkaline metalsin biomass ash can bring additional issuesto the operation of coal-
fired boilers. This study investigates the effects of ilmenite as the bed material on CO and NOy
emissions and combustion efficiency of a coa and biomass blend, and the agglomeration
tendency of the bed material with a pilot-scale (30 kWth) bubbling fluidised bed combustor.
The experiments were carried out at 900 °C using a bituminous coal blended with wheat straw
pellets at 40 wt% as the fuel and silica sand as the baseline bed material. Samples of
agglomerates collected from the combustor and cyclone ash were characterised by SEM-EDS,
XRD, and XRF. The results revealed that ilmenite could reduce the level of excessair required
to achieve complete combustion due to lower CO emissions and |ess efficiency loss compared
to silica sand. However, ilmenite increased NOx emissions. Furthermore, the characterisation
of the obtained agglomerates and cyclone ash showed that ilmenite could hinder the K-rich
molten substance attachment to the bed material, leading to significantly smaller agglomerates

and hence less tendency towards defluidisation in comparison to silica sand.
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1. Introduction

For decadesfossil fuels have been the main energy source worldwide, contributing to over 80%
of the total primary energy use worldwide in 2019 [1]. Coal is still the main resource for
electricity and heat generation in many parts of the world such as India, China, and the United
States. Coal combustion in the world power and heat generation sector accounted for 30% of
all energy-related CO> emissions, exceeding 10 Gt CO- in 2018 [2]. The continued dominance
of fossil fuels, particularly coal, in the world energy mix is largely due to the slow uptake of
low-carbon technologies [3,4]. According to IEA [2], CO. emitted from coal combustion was
responsible for over 0.3°C of the 1°C increase in global average annual surface temperatures
above pre-industrial levels. This makes coal the single largest source of global temperature
increase.

Co-combustion of coal and biomass is a promising alternative in the short-term for reducing
the deleterious effect of coal use in the production of electricity and heat but it still faces
unsolved challenges[5,6]. Co-combustion of biomass and coal in comparison to exclusive coal
use leads to the reductions of greenhouse gas (GHG) and harmful emissions such as NOx, SOx,
CO. Furthermore, co-combustion can lower the cost of biomass utilisation through adapting
existing dedicated coal combustion facilities rather than building new dedicated biomass
combustion facilities [7]. However, the maximum ratio of biomass in the fuel blend in most
commercial co-combustion applications has been limited to 5 - 10 % (on an energy basis),
although 20 % is currently feasible and more than 50 % istechnically achievable [8,9]. Despite
the potential for greater reductionsin CO, and combustion-generated pollutant emissions with
a higher biomass ratio in the biomass and coal co-combustion, the current inability to address
operational challenges linked to the biomass properties and ash characteristics, for example,
high levels of akali and akaline metals in the fuel ash and the lower ash melting point in

comparison to coal ash, limits the increase of biomass ratio in co-combustion applications.



The combustion efficiency of solid fuelsin a combustion process is largely depending on the
contact of oxygen and fuels during the combustion process and the stability of the process[10].
The better the contact between the oxygen and fuels, the lower the excess air is required to
achieve a high combustion efficiency. For a fluidised bed (FB) combustion process, better
oxygen and fuel contact could aso lead to even temperature distributions in the FB
combustor/boiler, reducing the likelihood of hot spots and the risk of agglomeration, leading
to further benefits of less emissions of NOx, SO,, CO and lower levels of unburnt carbon in
the ash [11-13]. Recently, ilmenite, an iron-titanium oxide natural mineral, was used in the
investigation of a novel concept called oxygen carrier aided combustion (OCAC) in fluidised
beds. It had been shown to have the potential to improve the combustion efficiency while
aleviating/solving the ash related issues that were originated from the akali and akaline
metals in the biomass ash [12]. Replacing the bed material, totaly or partially, with a solid
oxygen carrier could enhance the contact between the oxygen and fuel. In the oxygen-lean
regions within a FB combustor/boiler, the oxygen carrier material may provide the required
oxygen for combustion. The oxygen carrier mainly reacts with the volatiles released from the
solid fuels into CO2 and H2O [14]. Other reactions that may occur in a lesser proportion are
between char and the oxygen carrier [15]. The iron oxide in ilmenite has several oxidation
states. When considering the different reduction degrees, the FexOs3-FesO4 step is faster than
the steps of Fes04-FeO and FeO-Fe [16]. In general, the reaction rate of FexOs with different
fuelsdecreaseswith thefollowing order: H> > CO > CH4 > solid fuels[14]. Thedirect reduction
of iron oxides by solid fuelsisvery slow and iron oxides cannot directly release gas phase O
via oxygen uncoupling [12]. However, the reduction of FexO3z by solid fuels either in the
presence or absence of CO2/H>O can be significantly enhanced by akali metals [17].

Furthermore, more Fe-Os can be reduced to FeO when Al2Os is coupled to produce FeAl2Og,



which has a high oxygen transport capacity [14]. Biomass often contains higher amounts of
moisture and volatiles compared to coal. When burning high volatile fuels the lateral mixing
may be insufficient when using conventional bed material such as silica sand, resulting in a
requirement of alarge amount of excess air [18]. An oxygen carrier has the possibility to not
only facilitate the distribution of heat in the combustor, as silica sand, but also to even out the
oxygen distribution. This can consequently result in a decreased amount of excess air required

and increase the combustion efficiency [18].

Thunman et al. [13] carried out OCAC combustion experiments on a 12 MWth circulating
fluidised bed, using ilmenite as the additive (up to 40 wt%) to the bed material of silica sand
and burning woody biomass fuels. Their results showed CO and NOx emissions were reduced
by 80% and 30%, respectively, in comparison with the case of silica sand as the bed material,
and the authors attributed these reductionsin CO and NOx emissionsto the addition of ilmenite
to the bed [13]. Furthermore, there was a reduction in the accumulation of deposits on the heat
exchange surfaces. Hughes et al. [19] investigated the use of ilmenite as an additive and
alternative bed material to improve the combustion performance and sulphur capture in a 50
kWth pilot-scale fluidised bed combustor under atmospheric oxy-fuel combustion conditions
using two Canadian coals. Their results showed replacing the silica sand bed material with
ilmenite led to areduction of CO emissions by up to 30% and 13% corresponding to the two
coals used. The CO reduction was found to be more prominent at low oxygen concentration in
the flue gas. Furthermore, no agglomeration of the ilmenite bed material was found during the
experiments. Wang et al. [10] studied the combustion performance and NO emissions of wood
char combustion in asmall fluidised bed reactor at different air to fuel ratios with four oxygen
carriers (ilmenite, manganese ore and two by-product oxides from steel production) and quartz

sand as the bed materials. Their results showed the use of oxygen carriers as the alternative bed



material instead of the quartz sand led to an improvement in combustion efficiency and reduced
CO emissions. The use of oxygen carriers as the bed material made it possible to decrease the
excessair and, thereby, lower the NO emissions, while keeping the samelevel of CO emissions.
The increase in combustion efficiency was attributed to the reactivity of the oxygen carriers
with CO. Among the oxygen carriers under study, manganese ore showed better performance
in improving combustion efficiency and reducing CO emissions. However, it agglomerated

earlier than the other oxygen carrier during the combustion tests[10].

Agglomeration and defluidisation are the well-known operational issues associated with
biomass FB combustion boilers/combustors [20]. The alkali metals in biomass ash can be
readily vaporised due to being present in ionic forms or organicaly bound rather than
associated with minerals [21]. The released akali metals can interact with the bed material
during thermal degradation. When silicasand is used asthe bed material, the alkali metalsfrom
the biomass ash can react with silica forming low-melting silicates characterised by lower
melting point temperatures than the individual components [22]. As aresult, the sand particles
are coated with a sticky surface that then growsto larger agglomerates [23,24]. Agglomeration
with the bed material isamajor problem that can be difficult to detect and can propagate to the
whole bed resulting in an unschedul ed shutdown for replacement of the bed material, adversely
affecting the cost and reliability of the process [25-27]. The use of oxygen carrier materials as
bed materials or additives in OCAC applications may impact the agglomeration and
defluidisation tendency of the fuels to be burned. To the best of authors' knowledge, few have
specifically investigated the agglomeration and defluidisation behaviour of a fluidised bed
combustor co-firing coal and biomass blends using an oxygen carrier (e.g. ilmenite) as the bed

material or as an additive to the bed material of silica sand.



So far, few have paid particular attention to the potential capture of alkali and alkaline metals
by oxygen carriers in OCAC combustion investigations. Corcoran et al. [28] studied the
physical and chemical changes in ilmenite under OCAC woody biomass combustion
conditions. Their results revealed the segregation of iron to the surface and the enrichment of
titanium in the particles core aong with the inward migration of K into the particles. In
addition, the ash formed a calcium-rich double layer on the particle surface, surrounding the
iron layer, and there was the formation of KTigO1e as a consequence of the diffusion of K into
the core of the particle. Through more recent combustion experiments, Corcoran et a. [25] also
found that longer process times led to the formation of a calcium layer around the particle

surface and the migration of calcium into the particle.

Thefocus of this study wasthe investigation of the effect of ilmenite on the most representative
flue gas emissions (i.e. CO, and NOx), combustion performance and agglomeration tendency
when it was used as the alternative bed material in the co-combustion of coal and biomassin a
pilot-scale fluidised bed combustor. For comparison purposes, tests of co-combustion of the

same coa and biomass blend were carried out with silica sand as the bed material.

2. Experimental

2.1 Fuelsand materials

The bituminous coal used in this study was supplied by the Newark Factory, British Sugar plc
in the UK as ‘washed singles with 90 wt% of the particle size within the range of 12.5 mm
and 28 mm. The same coal was used by the Newark’ sindustrial-scale fluidised bed combustion
boiler for producing animal feed by drying sugar beet pulp subsequent to the sugar extraction
process. The wheat straw was supplied by Agripellets Ltd (UK) in the form of pellets with the
average diameter of 6 £0.25 mm and length of 25 £5 mm. Table 1 shows the proximate and

ultimate analyses of these fuels and their ash compositions. The bituminous coal and wheat



straw have a similar level of ash content (7.99 wt% and 6.23 wt%, respectively) but the coal
ash is mainly composed of acidic oxides (SiO2, Al20s, and FexOs), accounting for more than
90 wt% of the total ash, whereas the wheat straw ash is enriched with SiO2 and basic oxides
(K20, and Ca0), accounting for more than 88 wt% of the total ash. To prepare for the co-
combustion tests, the received bituminous coal was crushed and screened into the particle size
fraction of 12 —20 mm due to the operational limitation of the screw fuel feeder of the bubbling
fluidised bed combustion system used in this study. The fuel blend reported here corresponds
to a blend ratio of wheat straw (STW) at 40 wt% in the bituminous coa (BC) - straw (STW)

mixture.

Table 1. Proximate and Ultimate Analyses of the Fuels and Their Ash Compositions.

BC? STW

Proximate Analysis (wt%, dry basis)
Ash® 799 6.23
Volatile Matter (VM) 3857 76.31
Fixed Carbon (FC)° 5344 17.46
Moisture (Wt%, as received) 283 4.96

High Heating Value (HHV)? (MJkg) 31.69 17.41
Ultimate Analysis (Wt%, dry - ash - free basis)

Carbon 70.94 43.88
Hydrogen 528 5.96
Nitrogen 168 071
Sulphur 1.23 058
Oxygen°® 20.87 48.87
Ash Analysis® (wt%)
SO 4321 64.69
P20s 027 282
FexO3 1184 042
Al2Os 3541 055
CaO 4.03 8.05
MgO 083 333
Na:O 0.18 0.00
K20 090 16.18
SOs 228 2.29
Cl 0.00 1.60
TiO 096 0.01

a(BC) bituminous coal, and (STW) wheat straw.



b the ashing temperature was 550 °C for wheat straw and 815 °C for bituminous coal according
to BS/EN/ISO 18122:2015 and BS/ISO 1171:2010, respectively.

by difference.

dmeasured in an IKA C5000 Bomb Calorimeter on as received basis.

¢By X-ray Fluorescence (XRF) of the ashes generated from the coal and wheat straw.

The silica sand (Garside 14/25) was used as the reference bed material of this study. It had a
grain size ranging from 0.6 mm to 1 mm, and a particle density of 2655 kg/mé. The ilmenite
used in this study was supplied by Titania A/S, Norway, and had a density of 3700 kg/m? and
agrain sizeranging from 0.6 to 0.75 mm. Detailed chemical analyses of the bed materials used
in this study are givenin Table 2.

Table 2. Chemica composition of bed materials (wt%, by XRF).

Silicasand [Imenite
SO, 96.67 27.68
P>Os <0.01 0.13
FeOs 2.4 22.56
Al2Os3 0.33 10.32
Ca0 0.01 3.81
MgO <0.01 6.97
NaO 0.03 1.57
K20 0.01 0.53
TiO2 0.03 25.74

2.2 Bubbling fluidised bed combustion system

All the experiments were carried out on a 30 kWi, bubbling fluidised bed (BFB) combustion
system which mainly consists of the BFB combustor, the coal/biomass screw feeder, and the
auxiliaries (fluidisation air fan, gas sampling and analysis, etc.) asshown in Figure 1. The BFB
combustor was made of a high-grade stainless steel pipe (ASTM A-312) with awall thickness
of 7.11 mm, an internal diameter of 154 mm, and a height of 2000 mm. It is divided into three

sections namely the plenum chamber, fluidised bed, and freeboard with corresponding heights



of 200, 750, and 1050 mm, respectively. The fuel feeding point is located in the freeboard
section at a height of 1200 mm from the bottom of the BFB combustor. The gaseous
combustion products together with the entrained fine particles (char, ash, and bed materials)
leave the freeboard section at a height of 1880 mm from the bottom of the BFB combustor and
enter the cyclone where the fine particles are removed and collected by the cyclone particulate

container.



Figure 1. (a) Schematic diagram and (b) photo of the pilot-scale BFB combustion system
[29].



Combustion air supplied by a centrifugal fan is used as the fluidisation air. It is controlled by
the fan’s rotational speed and a ball valve, monitored by a variable area volumetric air flow
meter, and then fed into the combustor through a nozzle-type distribution plate [29]. The BFB
combustor is surrounded by two semi-cylindrical ceramic electrical radiant heaters around the
combustion bed section. The heaters are used to start the combustion process, providing the
required heat to preheat the air flow and the bed particles before the onset of fuel feeding. The
BFB combustor is equipped with a pressure transducer to measure the differential pressure
across the dense bed region of the BFB combustor. 6 sheathed K -type thermocouples placed in
the centre of the combustor/freeboard at different heights (i.e. 100, 300, 900, 1130, 1450, and
1770 mm from the bottom of the BFB reactor) are used to monitor the combustion temperature
profile along the combustor height. Once the bed temperature reaches about 600 °C, the fuel
feeding into the BFB combustor via the screw feeder can be initiated. The fuel feeding rate is
controlled by the feeder motor inverter frequency according to the screw feeder calibration

results.

2.3 Operating conditions

To minimise the interference of the differencein density between silica sand and ilmenite with
the effect of bed materials to be investigated, the same value of minimum fluidisation velocity
was used for both materials. The fluidisation number (U/ Umt) was kept roughly constant by
controlling the particle size to provide similar fluidisation conditions as shown in Table 3. The
static bed height for all the experiments was set to 200 mm, corresponding to a bed inventory

of 6.00 kg and 8.37 kg of silica sand and ilmenite, respectively.



Table 3. Operating parameters.

Silica sand [Imenite
Particle density (kg/m?3) 2650 3700
Average size (range) (mm) ~0.8 (0.6 —1.0) =0.67 (0.6 —0.75)
Minimum fluidisation velocity? Ums (m/s) 0.23 0.22
Superficial gasvelocity? U (m/s) 1.86 1.75
Bed height (mm) 200 200
Fluidisation number (U/ Uny) 8.09 7.95
Fuel feeding rate (kg/h) 2.52—-2.66
Biomass blending ratio (wt%) 40
Excess air (%) 87.4-1125
Bed temperature (°C) 900 £5
Fluidisation air flow rate (m3/h) 38.4

aat 900 °C.

During the experiments, the fuel feeding rate was finely adjusted to maintain the pre-set
operating temperature, while the volumetric flow rate of the fluidising air, although always
fluctuating to some extent due to low pressure air supply and fluidisation, was kept at the more
or less same value of 38.4 m3/h at ambient temperature and pressure (ATAP). A small flow of
nitrogen (1.5 m3%h @ ATAP) was fed to the fuel feeding hopper to prevent backfire and to stop
the bed particles and hot gas flow entering the fuel feed line and hopper from the BFB
combustor. Due to practical constraints (e.g. there was no heat removal from the combustor)
and the interest to investigate the agglomeration tendency at high operating temperatures, the

excess air was not optimised in this study.

The flue gas at the exit of the cyclone was continuously sampled and conditioned by means of
water condensation traps and particulate filters. The cleaned gas sample was analysed by on-
line gas analysers. Oz, CO2, and CO concentrations were measured by an ABB Easy line
continuous gas anayser (EL3020), whereas the NOx concentration was measured by a Horiba
chemiluminescent NOx analyser (VA-3000). The output signals from the thermocouples,

pressure transducer and the gas analysers were always continuously monitored and recorded



for the entire duration of each experiment using a DT80 DataTaker. It is worth noting that the
current work focused on the most representative flue gas emissions, combustion performance,

and fuel ash behaviour under the same operating temperature and fluidisation conditions.

2.4 Sample collection and analysis

After completing each experiment, the used bed material was visually inspected for signs of
agglomeration. Samples of agglomerates, bed materials, and particles (mainly ash) in the
cyclone particul ate container were collected to be analysed by Scanning Electron Microscopy
with dispersive X-ray microanaysis (SEM-EDX), X-ray fluorescence (XRF), and X-ray
diffraction (XRD) techniques. Selected agglomerates samples were embedded in epoxy resin,
then cut, polished, and coated with 10 nm carbon in order to obtain a cross-section of the
particle to be analysed by SEM (FEI Quanta 600) equipped with EDX (Genesis 4000i X-ray

analyser).

The composition of crystal phases of the agglomerates and the cyclone ash was analysed by
XRF (Epsilon 3 XL High-performance benchtop spectrometer) and XRD (Bruker D8-
Advance), respectively. Both the agglomerates and cyclone ash were ground to powder prior
to the analysis. The extracted XRD profile took place with a capturing angle between 10° and
90° (20) and a step size of 0.02°/sec. In addition, the unburnt carbon in the cyclone ash samples
was determined according to ASTM D7348 Standard Test Method for Loss on Ignition (LOI)
of Solid Combustion Residues. After each experiment, the remaining fuel in the hopper was
measured to double-check the fuel consumption and perform the determination of gaseous
emissions (CO,, CO, and NOx) on an energy basis by the analysis of collected data from the

gas analysers.



3. Results and discussion

3.1 Effect of ilmenite as alternative bed material on the axial combustor temper ature
profile

Figure 2 shows the axia temperature profile along the combustor height when ilmenite was
used as bed material compared to silica sand. The results show that ilmenite enhanced fuel
conversion in the dense bed region and less combustion took place in the freeboard in
comparison to the silica sand bed. The use of an oxygen carrier as bed material can facilitate
the combustion in the dense part of the bed and to some extent in the freeboard. Therefore, a
more pronounce temperature drop for the experiments involving ilmenite was expected. Due
to the interest to investigate the agglomeration tendency at high operating temperatures, the
fuel feeding rate was finely adjusted to maintain the pre-set bed temperature (i.e. 900 °C) while
the total combustion air flow rate was kept at the same value. This resulted in a slightly lower
fuel feeding rate required to achieve the target temperature when ilmenite was used. The
temperature profiles shown in Fig. 2 indicate that more heat was rel eased in the dense bed when
ilmenite was used as the bed material in comparison to the sand bed. This agrees with finding

from Ryden et al. [30].



Figure 2. Temperature profile over the combustor. The dense bed temperature was in the
range of 900 — 909 °C.

3.2 Effects of ilmenite as alter native bed material on CO, combustion performance, and
NOXx emissions

Figure 3 illustrates the reduction in CO emissions when ilmenite was used as the bed material
in comparison to silica sand. This moderate level of reduction is attributed to the potential of
oxygen carriers to increase the carbon conversion, which depends on the reactivity of the
oxygen carrier with CO [10]. Similar results have been reported by Hughes et a. [19] and
Wang et al. [10] using ilmenite as bed material. As bed material, ilmenite also had a positive
effect on the reduction of unburnt carbon, increasing the combustion efficiency, which will be
further discussed below. In addition, the effect of ilmenite on CO emissions has been reported
to be greater at low excess air levels [19,30]. Thisis due to the fact that the rate of reaction of

CO with gaseous oxygen is much faster than with the oxygen carrier and therefore when



oxygen is readily available, e.g. under high excess air levels as used in this study, the gaseous

oxygen will control the overal rate of CO conversion [30].

Figure 3. CO emissions: silica sand and ilmenite as bed materials.

The combustion performance was determined by the loss of efficiency due to unburnt carbon
(UBC) in ash and CO emissions according to Kuprianov et a. [31] and Guo et al. [32],

respectively.

Efficiency loss due to CO emissions = < ) 100 3

co, + CO

where CO> and CO are the average concentration values in the flue gas during combustion
experiments. Although there were some fluctuations during the course of the experiment, the
measured results were stable as shown by the measured parameter profiles included in the

supplementary material.

. 32,866 UBC
Efficiency loss due to UBC = ( )

LHV \100 —uBC)”? (4)

where UBC is the unburnt carbon content in the ash in wt%. LHV isthe low heating value of

thefuel (i.e. coa and biomass blend). A isthe fuel ash content in wt% on an as-received basis.



Figure 4 shows the efficiency losses due to unburnt carbon (UBC) and CO emissions for two
different kinds of bed materials - silica sand and ilmenite. A reduced loss of efficiency was
achieved when ilmenite was used as the bed material in comparison to silica sand. The
reduction in CO emissions is attributed to the reaction with the oxygen carrier to CO.. As
mentioned in the introduction section, the decrease in unburnt carbon may be attributed to the
reduction of FexOs with solid carbon enhanced by alkali metals from the biomass ash. These
results agree with the findings of Wang et al. [10], who found enhanced carbon conversions
and higher combustion efficiency in their experiments using various oxygen carriers (i.e.
ilmenite, manganese ore, and two oxide scales from the steel production industry) in a small
fluidised bed reactor with wood char as fuel. Similar results were reported by Hughes et al.
[19] who conducted combustion experiments under atmospheric and pressurised conditions in
FBC systems using ilmenite and quartz sand as the bed materials burning two coals and found
more profound effect of ilmenite on combustion performance under conditions of low excess
air. Additionally, similar results were reported by Larsson et al. [33] and Lind et al. [34] who

conducted experiments using ilmenite and silica sand to upgrade raw gas from biomass

gasification.
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Figure 4. Comparison of silica sand and ilmenite as bed materialsin terms of the |osses of
efficiency due to unburnt carbon (UBC) and CO emissions:. the average CO emissions were



reported in Figure 3.

In co-combustion of coal and biomass, NOx emissions show a complicated pathway with the
potential for less emissions than those from dedicated coal combustion [35]. The
devolatilisation of bituminous coal produces mostly tarry compounds that at high temperatures
decay rapidly to hydrogen cyanide (HCN) [36,37] . In contrast, biomass exhibits a nitrogen
conversion behaviour closer to that of low-rank coals, forming mainly ammonia (NHs), which

may reduce NO to molecular nitrogen (N2) (see Reactions 1 and 2) [7].

NH; +0, > NO + H,0 + H (1)

In fluidised bed combustion, the primary contributor of NOXx is the fuel nitrogen [38-40]. In
general, co-combustion leadsto lower NOx emissionsin comparison with coal combustion due
to the lower nitrogen content of biomass, along with lower conversion rates of NH3z to NO
compared to HCN, the main product of coal fuel nitrogen [35,41]. The effect of ilmenite as bed
material on NOx emissions is illustrated in Figure 5 which clearly shows the NOx emissions
were higher when ilmenite was used as the bed material in comparison to the silica sand bed
material. This is consistent with the findings of Wang et al. [10] and Hughes et al. [19], both
of them had used ilmenite as their bed material with single stage air supply to burn coal and
wood char, respectively. From Figures 3 and 5, it can be seen that the level of NOx emissions
increased was accompanied by areduction of CO emissions. Thismay suggest that the presence
of ilmenite promotes NO formation by consuming reducing gas species (i.e. H> and CO),
forming oxidising products (i.e. H2O and CO»). Oxygen carriersin the bed can lead to oxidising
conditionsin parts of the reactor that normally would be reducing [30]. In addition, it has been

reported that oxygen carriers can enhance the conversion rate of ammonia (NHs), leading to



higher levels of NO under Oxygen Carrier Assisted Combustion (OCAC) conditions[10]. This
is particularly relevant for ilmenite due to the high content of Fe>O3, which has been shown to

be able to oxidise NHzto form NO in experiments with different oxygen carrier materials [42].
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Figure 5. NOx emissions, ilmenite as bed material.

3.3 Effect of ilmenite as alter native bed material on agglomer ation tendency

Although no evidence of defluidisation was observed during the 10 hours experiment in each
case, the visual observation of the used bed material showed the existence of agglomeratesin
both cases (see Figure 6). Furthermore, the agglomerates formed from the same fuel blend
under similar operating conditions were considerably less, smaller, and more fragile when
ilmenite was used as the bed material in comparison to silica sand. Further sieve analysis of
the used ilmenite bed material to quantify the fraction of agglomerates compared to the initial

bed inventory showed to be unreliable due to the fragile nature of the agglomerates.



Figure 6. Comparison of samples of agglomerates produced from combustion of bituminous
coal (BC) blended with wheat straw pellets (STW) at 40 wt% after 10 hours of operation
using (a) silicasand, (b) ilmenite 100 wt% as bed materials (scale in cm).

As mentioned earlier, the agglomerates formed with the ilmenite bed appeared to be weak and
could easily be broken into smaller pieces by hand. They have a porous structure which
indicates the existence of a burning fuel particle inside, initiating the agglomeration process
[43]. On the other hand, the agglomerates formed with the silica sand bed appeared to be
completely fused as a result of heavy deposition and melting, without visible bridges
connecting the particles. This suggests the formation of melts and later agglomeration along
with the occurrence of intense sintering and secondary reactions after the agglomerates were

initially formed tending to strengthen the agglomerates.

3.4 Characterisation of agglomerates from the bed and cyclone ash

3.4.1 Scanning Electron Microscopy coupled with Ener gy disper se X-ray Spectr oscopy
(SEM-EDS) of the agglomer ates.

Figure 7 shows the SEM/EDX analysis of agglomerated bed materials using silica sand and

ilmenite as the bed materials.



Figure 7. SEM/EDX micrograph showing the cross-sectional surface aswell as the elemental
spot analysis of the binder region of agglomerates (a) silica sand, and (b) ilmenite bed
materials obtained from the combustion of BC b! ended with STW at 40 wt% after 10 hours of
operation.

When silica sand was used as the bed material (see Figure 7a), a dense melt phase mainly
composed of Fe with reduced amounts of Si, Al and K was observed. Similar findings were
reported by Afilaka [29], who conducted coal combustion experiments in the same BFB
combustor using the same silica sand bed material. It was reported that the iron content from
the silica sand bed material could be responsible for the agglomeration formation due to the
presence of FeO - Al>Os - SIO; alkali silicates leading to the formation of melts and later
agglomeration along with the occurrence of intense sintering. The oxidation of FeO or Fe to
Fe-O3 with air has shown agglomeration of the particles [44]. Furthermore, the presence of Si
and alkali metals could facilitate the sintering of iron oxides due to the formation of compounds
with low melting points, such as potassium silicates and FeSIO4[14]. The agglomeration in
fluidised bed combustion has been reported as aresult of reactionsinvolving iron oxides, silica
minerals, and alkali metals, facilitated by localised reducing conditions within the combustor
[45]. These localised reducing conditions may arise from either poor lateral bed mixing or
oxygen-starved conditions near fuel feed locations. Further, during the iron oxide reduction in
fluidised beds, the formation of iron whiskers has been reported as one of the main reasons for

sticking phenomena leading to the defluidisation of the bed [46,47].



Agglomerates formed when ilmenite (1Im) was used as the bed material showed the formation
of binding bridges between the bed particles (see Figure 7b), with Si and K as the predominant
elements in the binder. In addition, representative quantities of Fe, Ti, Caand Al were found
in the binder, suggesting the diffusion of these elements. It is widely accepted that these
elements could react with K forming compounds with higher melting temperatures [48]. In
fact, it has been reported that if the alternative bed material contains a sufficient amount of iron
oxide (Fex0s), the iron will react preferentially with alkali metals evolving to form X2FexOs
(X represents either K or Na) which melts at a higher temperature of 1135 °C [49].
Furthermore, during straw combustion experiments using TiO> as an additive, a significant
reduction of K vaporisation was reported by Wiinikka et al. [50]. IImenite is composed of
different kinds of iron oxides as the active phases with some impurities (e.g. Al20z and TiOy),
which could serve as a natural support material to improve the mechanical properties while
reducing the agglomeration tendency. In contrast to silica sand, when ilmenite is used as the
bed material, FeO could react with Al203 and TiO- to produce FeAl>04and FeTiOs, which not

only prevent the sintering but also have a higher oxygen transport capacity [14].

The finding of this study suggests there were interactions between the ash components and the
ilmenite. Similar results were found by Zevenhoven et al. [51], who reported a Fe and Ti rich
phase in the bridges between particles during their experiments to investigate the influence of
potassi um-contai ning components on ilmenite bed material under oxidising conditionsin alab-
scale fluidised bed reactor. To analyse the chemical composition of agglomerates and the
binder linking the ilmenite bed particles, the EDX mapping technique was used and the results

are presented in Figure 8. The distribution of Si, K, Ca, Al, Fe, Ti, and O across the surface of



the agglomerated bed material samples was identified as present. The intensity of the colour

across a particular area indicates the extent of the element in that region.

Figure 8. EDX elemental mapping of agglomerates samples from combustion of BC blended
with STW at 40 wt% after 10 hours of operation, using (a) silica sand, and (b) ilmenite as bed
material.

Theresultsfrom EDX mapping analysis confirm the predominantly presence of Fewhen silica
sand was used as the bed material (Figure 8a). As for IImenite, K and Si were the dominant
elementsin the binder region, with alesser intense presence of Al and Ca (Figure 8b). Because

the reduced proportions of Fe and Ti in the binder compared to the ilmenite bed particles, only



those areas with the highest proportion were plotted. The presence of aFe and Ti enriched layer
on ilmenite particles surface was reported before by Lind et al. [34,51]. Nevertheless, studies
with longer exposure times had reported the migration of Fe to the outer layer of the particles,
indicating a segregation phenomenon of Fe from TiOz, which could decrease the oxygen
transport capacity of ilmenite [14], and the inward migration of K during biomass combustion
[52]. During the relative short operating time (10 hours) of this study, no evidence of Fe
segregation in the bed particles was observed. The distribution of O across the agglomerates
(Fig. 8) can be considered an indication of the presence of studied elements in their oxidised

forms.

3.4.2 X-Ray Fluorescence (XRF) Analysisof Cyclone Ash

Further analysis of the cyclone ash was performed by use of XRF to investigate the effect of
bed material (silica sand and ilmenite) on the cyclone ash elemental composition. For
comparison purpose, the cyclone ash from the combustion of pure coal with silica sand bed
was included in the XRF analysis. The results shown in Figure 9 reveal areduction in K and
Ca contents in the cyclone ash when ilmenite was used as the bed material in comparison to
silicasand. Asexpected, higher Feand Ti contentswere found in the cyclone ash when ilmenite
was used. Thelower content of K in the cyclone ash suggeststhe potential of ilmeniteto capture
alkali metals in the bed to form higher melting compounds. In addition, it confirms earlier
findings from SEM-EDS analysis about K and Ca as the most active elements to interact with
ilmenite. In comparison to the cyclone ash from coal combustion with silica sand bed, the
cyclone ash of coal/biomass blend combustion revealed a lower content of Al, and a higher
content of K. The lower content of Al is explained by the lower Al content in the fuel blend
due to the negligible Al content in straw, which represent 40 wt% of the blend. The higher

content of K in the fuel blend may suggest the formation of alkali-aluminosilicates structures



in the coating layersin the agglomerates, and thiswill be confirmed inthe XRD analysisresults
to be presented in the next section. A higher K content in the ash can impose limitations
regarding ash utilisation or increase disposal costs [53,54]. A much higher content of Ti was
also found in the cyclone ash of coal/biomass blend combustion when ilmenite was used as the
bed material. Heavy metals recovery from ash such as Ti is highly worthwhile due to the
continually increasing consumption rates, the diversification in applications, and
environmental risks associated with disposal and leaching of metals to surface and subsurface

waters [55], [56].
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Figure 9. Elemental composition (XRF) of cyclone ash from combustion of BC blended with
STW at 40 wt%, using silica sand and ilmenite as bed material (Bituminous coal (BC) at 100
wit% using silica sand was included for comparison purpose).

3.4.3 XRD Analysis of Agglomerates and Cyclone Ash



XRD patterns of agglomerates and cyclone ash using silica sand and ilmenite as bed materials
are shown in Figures 10 and 11, respectively, while Table 4 presents the overview of the
compounds found in agglomerates and cyclone ash that are shown in Figures 10 and 11. The
analysis of agglomeratesidentified hematite (Fe2Oz) as the unique crystalline phase when silica
sand was used as the bed material. Other phases may exist in amorphous (glass) state of KO-
SiO2 in the agglomerates bound by fused, glassy materias, although such glassy materias
would not be detected by XRD [57]. It is well known that silica minerals lose their
crystallisation water at 300 - 1100 °C, resulting in structural collapse and consequent
amorphisation in this temperature range [58]. However, this agrees with SEM/EDX results
reported in Figure 7 with Si and K as the most common elements after Fe in the agglomerates
found with the silica sand bed. Agglomerates bound by glassy materials have been identified
ascommon in high silicabiomass ash such aswheat straw [58]. In contrast, agglomerates found
with ilmenite as the bed material showed a broad range of compounds, which was mainly
attributed to the existence of impurities (see Table 2) in the mineral ore of ilmenite. Figure 10
showed SiO; to be the main phase with aluminosilicates, Ca-rich compounds, and iron-rel ated
phases in the agglomerates when 100 % ilmenite was used as the bed material. Furthermore,
two potassium titanium oxides, KTigO1s and K2TieO13, were identified when ilmenite was used
asthe bed material. These results are in line with previous findings reported by Corcoran et al.
[25] and Wiinikka et al. [50]. The analysis of the cyclone ash samplesin Figure 11 showed a
variety of distinct peaks corresponding mainly to SiO., aluminosilicates, Ca-, Mg- K-bearing
compounds. The presence of these compounds is consistent with the high concentration of
silicon, potassium, aluminium, magnesium, iron, and calcium in the fuel blend ash asshownin
Table1l. Theseresultsin Figures 10 and 11 suggest the potential of ilmenite asaK capturer in

fluidised bed combustion.



Figure 10. XRD patterns of bed agglomerates from bituminous coal (BC) blended with wheat
straw (STW) at 40 wt%, using silica sand and ilmenite as bed material.

Figure 11. XRD patterns of cyclone ash from bituminous coal (BC) blended with wheat straw
(STW) at 40 wit%, using silica sand and ilmenite as bed material.



Table 4. Overview of the compounds found in agglomerates and cyclone ash using silica sand
and ilmenite as bed materials shown in Figures 9 and 10.

Component Compound
Q) Quartz
(2 Cristobalite
3 CaSiOs3
4 FexOs Hematite
5) K2CaP.O7 Pyrophophite
(6) KTigO1s6 Priderite
@) FePO4 Rodolicoite
(8) FesOs Magnetite
9 Calcium auminium silicate
(10) K2TieO13 Jeppeite
(112) CaAl2(SiOq4)2 Anorthite
(12) KAISi3Og orthoclase
(13) CaSO4 Anhydrite
(14) MgO Periclase
(15) MgS Niningerite
(16) KooNao.1Cl Sylvite
(17) Mullite
(18) AIPO4 Aluminium phosphate
(19 K CagFe (PO4)7 Potassium iron calcium
phosphate
(20 NaCl Halite
(21) Ko0.0sMg2Al4.17Si4.83018 Potassium
magnesium aluminium silicate
(22) CaAl2SiOs Kushiroite
(23 Magnesium aluminium oxide
(24) Calcium aluminium oxide Cag (Al20g)
(25) CaS03 calcium sulphite

The results from SEM/EDX, XRF, and XRD described above suggest that the difference in
appearance observed between the agglomerated samples found with silica sand bed and
ilmenite bed is more related to the difference in the variation of their chemical composition.
IImenite as bed material led to the reduction of the agglomerates' size by forming high melting
point compounds which hindered the K-rich molten substance attachment and resulted in
heterogeneous coating layers in the agglomerates. These agglomerates appeared to be quite

weak and were easily broken into smaller ones. In contrast, agglomerates from silica sand as



bed material showed a dense melt phase mainly composed of Fe with reduced amounts of Si,
Al and K and closely connected structure. Therefore, ilmenite as the bed material can reduce
the tendency of bed materials agglomeration and defluidisation in comparison to silica sand

bed.

3.5 Cracksand cracking layersin the bed particles

IImenite bed particles showed evidence of cracks. It has been reported as a consequence of
mechanical and chemical stress, leading to attrition and fragmentation of bed materials [59].
Attrition has been identified as alimiting factor for the build-up of ash on ilmenite particles. It
may cause the breakage of the formed layer, providing the possibility for Fe to migrate towards
locations with high oxygen potential [44,52]. In contrast, finer particles of bed material can act
as the cores for ash coagulation leading to an increase of the agglomeration tendency [20].
Cracks in the ilmenite bed particles may ease the diffusion of elements from the fuel ash into

the particles [52].

Figure 12 shows the SEM/EDX elemental mapping of an ilmenite bed particle after 10 hours
of operation to investigate the existence of cracks and the migration of elements into the
particle. Theresults show Caand K to be the most active ash elementsto interact with ilmenite.
Similar findings during combustion experiments in a CFB using wood as fuel and ilmenite as
an additive were reported by Corcoran et a. [52]. The results in Figure 12 did not show
interaction of the ash elements Si and Al. As expected, significant amounts of Fe and Ti were
found acrossthe particle. Theresultsindicate that cracksin ilmenite particles help the migration

of elements into the particles to form high melting temperature compounds.



Figure 12. SEM/EDX elemental mapping illustration of cracks and the interaction of ash
elements within the cross section of the ilmenite particle obtained from the combustion of BC
blended with STW at 40 wt% after 10 hours of operation.

Conclusions

The effect of ilmenite on the gas emissions (CO, and NOy), combustion performance and
agglomeration tendency when used as alternative bed material under co-combustion conditions
of coal blended with wheat straw pellets at 40 wt% was investigated in a 30 kWth pilot scale
BFB combustor. The experiments were conducted at atmospheric pressure and 900 °C. For
comparison purposes, silica sand was used as the baseline bed material. The agglomerates and
the cyclone ash particles obtained from the combustion tests with different bed materials were
characterised by means of XRF, XRD and SEM/EDX. Thefollowing conclusions can be drawn
from the obtained experimental results:
1. llmeniteleadsto lower CO emissions and less efficiency loss when used as alternative
bed material compared to the silica sand bed. This suggests ilmenite has the potential
to decrease the excess air level needed to achieve complete combustion. However,

ilmenite as the bed material resulted in an increase in NOx emissions under the



investigated conditions of this study, which means NOx control strategies such as air
staging need to be adopted to control NOx emissions. It should be noted, due to the
interest to investigate the agglomeration tendency at high operating temperatures and
the limit of the experimental facility, the excess air level of this study was not
optimised to the comparable values used in industrial-scale boilers.

2. Much less and smaller agglomerates were found when ilmenite was used as the bed
material in comparison to silica sand. In addition, the agglomerates formed with the
ilmenite bed appeared to be weak and easily broken.

3. Thedetailed analysis of the agglomerates and cyclone ash by means of XRF, XRD
and SEM/EDX provided further evidence that ilmenite as bed material could reduce

the tendency of agglomeration and defluidisation compared to the silica sand bed.
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Supplementary Material

S1. Typical temperature profile (top) and pressure differential profile (bottom)
across the 30kWth bubbling fluidised bed combustor using ilmenite as bed material - bed
temperature, T> = 901 °C.



S2. Flue gas composition, CO and O, concentration (top), and NOx
and CO concentration (bottom) at the outlet of the 30kWth bubbling fluidised bed combustor
using ilmenite as the bed material.



