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Alkali species present in biomass pose significant challenges in chemical looping combustion (CLC) processes and
other thermal conversion applications. The interactions between different alkali species and three common
oxygen carrier (OC) materials that are considered to be state of the art in CLC applications have been investi-
gated. A dedicated fluidized bed laboratory reactor was used to study interactions of KCl, NaCl, KOH, NaOH,
K804 and NaySO4 with manganese oxide, calcium manganite and ilmenite. Alkali vapor was generated by
injecting alkali salts under reducing, oxidizing and inert conditions at 900 °C. Gaseous species were measured
online downstream of the reactor, and the efficiency of alkali uptake was determined under different conditions.
The result show significant alkali uptake by all OCs under the studied conditions. Ilmenite shows near complete
alkali uptake in reducing conditions, while manganese oxide and calcium manganite exhibited less effective
alkali uptake, but have advantages in terms of fuel conversion and oxidizing efficiency. Alkali chlorides, sulfates
and hydroxides show distinctly different behavior, with alkali hydroxides being efficiently captured all three
investigate OC materials. The findings contribute to a deeper understanding of alkali behavior and offer valuable
guidance for the design and optimization of CLC with biomass.

1. Introduction

The increasing interest in biomass as a sustainable energy source has
prompted the development of efficient biomass thermal conversion
technologies. Chemical looping combustion (CLC) has emerged as a
promising technology for clean and efficient biomass conversion [1,2].
The CLC process generally involves two interconnected fluidized bed
reactors: one fuel reactor where the fuel, e.g., biomass, is introduced and
the product gases consist mainly of carbon dioxide and steam, and one
air reactor where air is introduced and the flue gases consist mainly of
oxygen depleted air [3]. In contrast to conventional combustion pro-
cesses where air is used as oxidizer to burn the fuel, CLC utilize a solid
material called an oxygen carrier (OC) to transfer oxygen from the air to
the fuel. The OC, typically a metal oxide, is oxidized in the exothermic
air reactor and transported through a loop-seal to the reducing fuel
reactor where it releases oxygen to facilitate the fuel conversion, before
being transported back to the air reactor to complete the circulation [4].
The key advantage of CLC is that it inherently separates carbon dioxide
from nitrogen in the air during the combustion process [3]. The CO; is
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concentrated and easily captured from the fuel reactor, while the ni-
trogen is not involved in the combustion reactions and exits the system
separately. This makes carbon capture and storage (CCS) economically
viable and energy-efficient, which may result in negative CO, emissions
if biomass is used as fuel source [2]. Chemical looping combustion thus
has the potential to significantly reduce CO, emissions while main-
taining high energy efficiency in various industries, including power
generation and industrial processes. However, like other emerging
technologies, it faces challenges in terms of scale-up, cost-effectiveness,
and system optimization.

One of the major challenges encountered in CLC of biomass is the
presence of alkali species, predominantly derived from the biomass
feedstock. Alkali, primarily in the form of Na and K compounds, can
cause operational issues such as high-temperature corrosion and fouling
of heat transfer surfaces, or affect the performance of fluidized bed
materials [5-10]. In CLC systems, alkali is introduced into the fuel
reactor along with the biomass fuel. During fuel conversion, it can be
expected that a fraction of the alkali is released into the gas phase, where
it can either react with the OC or leave the reactor with the flue gases.
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Most of the heat extraction occurs after the air reactor of a CLC process.
To prevent detrimental fouling and corrosion of superheater tubes
[11,12], it is important to limit the gaseous alkali emissions in the
oxidizing atmosphere. Therefore, it is likely more beneficial to have high
alkali concentrations in the flue gases leaving the fuel reactor or to let
the alkali be absorbed by the bed material. If the alkali is taken up by the
OC, it may influence its overall performance and lead to operational
challenges or potential degradation risks [7,8,13]. One known issue is
melted phases that forms when alkali reacts with silica, causing the OC
particles to agglomerate and possibly defluidize the bed [14-17]. It is
also possible that the alkali might influence OCs reactivity, oxygen
transfer capabilities or life time [18]. Alkali metals also exhibit catalytic
effects in various reactions, including carbon conversion, tar cracking,
and char reactivity [19-22]. Several studies have shown that increasing
the potassium content in biomass enhances gasification reactivity and a
high K/C ratio increases the gasification rate during CO gasification
[23-27]. Understanding the behavior of alkali species and their inter-
action with OC materials are consequently vital for optimizing CLC
processes and minimizing alkali-related issues.

Another crucial aspect to consider when optimizing a CLC process is
the choice of OC material. Various materials have been studied,
including metal oxides, mixed metal oxides, and perovskite-type com-
pounds, and the selection depends on several factors, such as reactivity,
chemical and mechanical stability, toxicity, cost and availability [4].
The choice of OC for a certain CLC application is based on the chemical
and physical properties of the material, including factors like reactivity,
oxygen transfer efficiency and material degradation. This study focuses
on three different OCs: calcium manganite (CaMnOs), manganese oxide
(Mn304), and ilmenite (FeTiO3). The OC materials were chosen for this
study since they are currently considered state of the art in the CLC
community. They are, however, highly suitable for other conversion
applications as well [28-31]. The first two are examples of synthetic
materials which generally consist of monometallic or combined oxides
[32,33], which are often considered expensive with the benefit of
reaching high fuel conversion rates [34]. In comparison, ilmenite is an
example of a naturally occurring mineral which is less costly with the
drawback of a lower fuel conversion efficiency. Other examples of nat-
ural materials for thermal conversion processes are manganese [35,36]
and iron ores [37].

Calcium manganite has mostly been studied in CLC with gaseous
fuels, although some studies with solid biomass have been reported [5].
The material has demonstrated excellent performance, achieving high
fuel conversion rates [34] and exhibiting a prolonged operational life-
time [38]. It has an advantage over previously used OCs like nickel
oxides, as it can be produced from low-cost materials, does not have the
health and safety issues associated with nickel, and can release oxygen
to the gas phase [5,39]. However, calcium manganite may not be suit-
able for ash-rich solid fuels like coal due to potential OC losses in ash
streams and its sensitivity to sulfur [34]. Calcium manganite shows
promise for low-ash and low-sulfur fuels, such as biomass, with pilot
studies indicating high conversion rates and OC particle life time com-
parable to nickel oxides [5]. Furthermore, calcium manganite have the
ability to release gaseous oxygen in the FR. The phenomena is called
chemical-looping with oxygen uncoupling (CLOU) [40]. This leads to
enhanced fuel conversion and increased overall system efficiency,
especially for solid fuels, since it allows for direct reaction between the
solid fuel and gaseous oxygen [41,42]. Conversion of solid fuels by OC
without CLOU properties requires the fuel to be gasified with e.g., steam
or CO; before the reaction between the resulting fuel gas and solid OC
[43]. Therefore, the conversion rate for solid fuels is higher when using
OC with CLOU properties, since the slow process of fuel gasification can
be avoided.

Other highly interesting materials for CLC that possess CLOU prop-
erties are manganese-based OCs. Several studies have investigated the
use of manganese ores [43-45] and synthetically manufactured
manganese-based oxides, often supported on inert stabilizers such as
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zirconia [46,47]. Manganese-based OCs are regarded as interesting
materials for biomass thermal conversion systems, such as CLC, for
several compelling reasons. Manganese oxide is not toxic and its ther-
modynamic properties allow for recurring oxidation and reduction in
conditions relevant for thermal conversion applications [44]. The ma-
terials possess high thermal stability and regenerability which are
crucial for maintaining their structural integrity and performance
without significant loss of reactivity during continuous CLC operation
[46]. In addition, manganese ores are abundant in various regions
worldwide and are considered a cost-effective option for large-scale
applications.

Ilmenite, an iron-titanium oxide mineral (FeTiO3), has also emerged
as a promising OC material due to its attractive properties and is now
considered one of the most scrutinized OC materials [48,49]. Ilmenite is
a robust and durable OC material that possesses high oxygen-carrying
capacity, good chemical stability and low cost, making it a viable
alternative to other OC materials [28,50-52]. Ilmenite is abundant in
various geological deposits worldwide, which ensures a reliable and
sustainable supply. Previous ilmenite studies investigating the in-
teractions with biomass ash components show effective uptake of po-
tassium [51,53] forming potassium titanates, KTigO16 5 [6]. In addition,
the alkali uptake does not seem to cause particle agglomeration [6,51],
which is why the material may be used as an alkali scavenger in CLC,
decreasing the gaseous alkali emissions.

While some studies have investigated the interactions between alkali
metals and ilmenite, similar investigations on manganese oxide and
calcium manganite are scarce. In addition, most of the alkali-related
studies available in the literature are based on off-line characteriza-
tion of material from industrial processes and related to solid-solid in-
teractions between ash and OC [6,28,51]. It is expected that significant
fractions of alkali will be released in conjunction with the devolatiliza-
tion of the biomass. Thus, significant fractions of the alkali will likely be
in the gas phase surrounding the OC bed material, and gas-solid re-
actions are expected to be highly important, but not studied to a large
extent in the literature. Building on previous research, which has pri-
marily focused on designing a suitable reactor system and the in-
teractions between alkali and a specific OC [54-56], this study presents
an investigation into the behavior of alkali species in biomass thermal
conversion systems using different OC materials and their implications
for CLC systems. The study includes investigations of the interaction
between six alkali metal compounds (KCl, KOH, K2SO4, NaCl, NaOH and
NaySO4) and three different OC materials, to provide insights into some
of the complex gas-solid interactions taking place within a CLC process.

2. Experimental methodology

The experimental studies involve a fluidized bed reactor system
capable of simulating the complex fluid dynamics and gas-solid in-
teractions encountered in practical CLC applications [56]. The experi-
mental setup schematically shown in Fig. 1 utilizes a laboratory-scale
fluidized bed reactor made of Kanthal APMT™ steel with excellent
corrosion resistance, operating at 900 °C under recurring oxidizing,
inert and reducing conditions. A perforated plate of stainless steel alloy
316 is used as gas distributor and particle filter for the OC material,
which is fluidized during continuous injection of an alkali salt. The
reactor has been described in detail elsewhere [56], and is externally
heated by an electric furnace enabling precise temperature control
during the experiments. A modification compared to the previous
description of the setup [56], is the employment of heating cords on the
exhaust lines. Alkali salt aerosol and reactor gases are introduced to the
fluidized bed with adjustable and stable concentrations. The concen-
trations of gases and alkali are monitored on-line in the reactor exhaust,
which provides valuable insights into the interactions between alkali
compounds and OC particles under different conditions. The pressure
difference between the top and bottom of the reactor and the reactor
temperature are continuously monitored to ensure proper fluidization
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Fig. 1. Schematic illustration of experimental setup including the laboratory-scale reactor that is externally heated by an electric furnace. Alkali aerosol is generated
using an aerosol atomizer, and the produced aerosol is fed through a tube with 6 mm diameter at the bottom of the reactor. An automated valve system regulates the
flow of oxidizing (OX), reducing (RE) and inert (IN) gases, which are preheated along the reactor body before being introduced at the bottom of the reactor. A fan
provides additional cooling to the topmost section of the reactor. Heating cords (marked in red) are used to prevent water condensation and subsequent flow
disturbances in the exhaust lines. The outlet gases are fed to two alkali detectors (SID1 and SID2) and a gas analyzer. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

and operating temperature of the fluidized bed. The temperature de-
creases rapidly in the unheated and uninsulated upper part of the
reactor, which results in efficient formation of alkali aerosol particles by
nucleation [56]. These aerosol particles are subsequently transported
with minimal losses to downstream detectors [56].

A stable and controllable alkali aerosol particle generation process is
crucial for the experimental procedure. To introduce the alkali, sub-
micron aerosol particles dispersed in a 1 L min™! nitrogen flow were
generated by an aerosol generator (Model 3076, TSI Inc.) and fed from
the bottom of the reactor. The aerosol particles were generated by dis-
solving KCl, KOH, K5SO4, NaCl, NaOH or NaySOy4 in ultrapure water,
resulting in a 0.05 M salt solution that was atomized with nitrogen. After
atomization, the polydisperse wet aerosol particles are dried in a silica
diffusion dryer. A detailed description of the alkali aerosol generation
process is available in a previous publication [54]. Before entering the
fluidized bed reactor, the 1 L min~! aerosol flow was mixed with 0.5 L
min~! of reactor gases to replicate the inert, reducing, and oxidizing
environments of a chemical looping combustion system. The reactor
gases included Nj mixed with synthetic fuel gas (50% H, in CO), or
synthetic air (21% O in N2), which led to a concentration of approxi-
mately 20 mg m~3 (KCl or NaCl) or 40 mg m~2 (KOH, NaOH, K,SO, or
NayS0,) alkali aerosol in 1.5 L min~! of either pure Ny, 10 vol% Hj and
10 vol% CO in Ny, or 7 vol% O, in N5 following the gas mixing step. The
alkali concentrations are comparable to the typical range of alkali con-
centrations measured during CLC of biomass (1-35 mg m~3) [5]. The

alkali aerosol concentration was measured by a scanning mobility par-
ticle sizer (Model 3936, TSI Inc.) [54]. The difference in alkali mass
concentration is a consequence from using the same concentration of the
salt solution for all alkali compounds in the aerosol generation process.
An alternative approach would be to adjust the concentration of the salt
solution to generate the same mass concentration of aerosol particles for
all compounds. However, the measured aerosol mass concentration is
greatly influenced by the water content in the aerosols. The water ac-
tivity of KOH (ay, = 0.115) is around five times lower compared to KCl
(aw = 0.616) in a saturated salt solution at room temperature, meaning
that KOH aerosols are significantly more prone to absorb and hold water
from the air compared to KCl [57]. In turn, this affects the aerosol drying
process and therefore the measured aerosol mass concentration. This
explains the comparably larger mass concentration of hydroxides
compared to chlorides, i.e., an overestimation of the mass concentration
due to a higher water content in the aerosols. In reality, we assume that
the amounts of K and Na being fed to the reactor in the hydroxide ex-
periments are similar to the chloride experiments. However, based on
the molar ratio, twice the amount of K and Na are fed to the reactor in
the sulphate experiments compared to the chloride and hydroxide
experiments.

The conversion of Hj in reducing conditions forms up to 10 vol%
H50, or 1.5 g HyO(1) (assuming all H; is converted to 150 NmL min!
H20(g) for 800 s) during each reducing stage. Some additional amount
of H,0 is expected to be continuously introduced to the reactor system
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with the aerosol flow as a result of the alkali generation process.
Therefore, heating cords that operate at 130 °C are used to heat the
exhaust lines leaving the reactor to prevent condensation of water. After
exiting the reactor, the gas is separated into three streams. One stream
flows to two alkali detectors, another stream passes through a condenser
and particle filter to a gas analyzer, and the remaining gas is directed to a
ventilation system. The sample gas for alkali measurements was diluted
10 times with Ny before entering the instruments. The alkali concen-
tration was measured by two surface ionization detectors (SID) placed in
parallel. Each SID measure the alkali concentration in the gas flow using
the technique of surface ionization on a hot platinum surface [58,59]. A
detailed description of the SID technique has been reported elsewhere
[58,60-62] and the instrument has been used in several earlier com-
bustion related studies [5,53-55,61,63,64]. The alkali concentration is
registered as a current within the SID, which is then transformed into an
alkali mass concentration by a separate calibration method that has been
reported in a previous study [62]. One of the two SIDs is operated with a
constant platinum surface temperature of 1100 °C and measures the
total alkali concentration in the gas flow with 1 s time resolution. The
platinum surface temperature of the second SID is periodically shifted
between 550, 1100, 800 and 1100 °C with 30 s duration at each tem-
perature. This method has recently been developed to distinguish be-
tween potassium and sodium and to enable speciation of the alkali
compounds that are present in the gas flow (see Appendix A). A gas
analyzer (Model NGA 2000, Emerson Electric Co.) is used to determine
the concentrations of Oz, CO2, CO, Hj, and CHy in the gas stream with a
time resolution of 2 s.

2.1. Oxygen carriers

Three different types of OCs were used in this study. Two of the
materials, one consisting of calcium manganite and one on manganese
oxide, were synthetically manufactured, while the third material was a
natural ilmenite ore. Prior to the fluidized bed experiments, all OC
particles were sieved to fit within the 90-250 pm size range.

The calcium manganite OC was synthetically manufactured with a
spray-drying technique from pro-analysis chemicals by the Flemish
Institute Technological Research, Belgium. It is a perovskite material
with molar composition CaMng 775Tig 125Mg0.103.5, where the magne-
sium occurs in a separate phase, while the other elements bind together
in the perovskite structure [65]. The material has been used in previous
studies investigating alkali interactions with OC fluidized bed in labo-
ratory reactors [55,56]. Previous scanning electron microscope analysis
indicated contamination of the calcium manganite with a minor fraction
of ilmenite particles [55].

This study also employed a synthetic manganese-based oxide sup-
ported on magnesium stabilized zirconia. The OC was produced by
Johansson et al. [47] and consists of 40 mass% Mn304 and 60 mass%
Mg-ZrO,. The material was selected after previous successful OC tests in
a laboratory-scale fluidized bed reactor [47] and in a 300 W continu-
ously operating CLC system [46]. Mg was added to pure zirconia to
enhance its stability at high temperatures. Mn3O4 serves as the active
phase, while Mg-ZrO, functions as a porous support, providing a larger
surface area for reaction, and as a binder for increasing the mechanical
strength and attrition resistance. The particles were prepared using
freeze granulation, and further details of the preparation method can be
found in the literature [47].

The third OC used in this study consisted of Norwegian rock ilmenite
(FeTiO3) (Titania A/S). The main elements are Fe and Ti with low levels
of Si and Mg; a complete elemental composition is presented in [28]. The
material was calcined at 950 °C for 12 h in oxidizing atmosphere before
being crushed and sieved to the desired particle size range. In addition,
the material was activated with several cycles of synthetic air and syn-
thetic fuel gas at temperatures 700, 800 and 900 °C before being used in
the alkali studies.
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2.2. Experimental parameters

The reactor was filled with 40 g of OC material during the fluidized
bed experiments. The operating temperature was 900 °C and each alkali
salt compound was continuously injected throughout two, three or four
recurring redox cycles before the alkali compound was changed. Each
experiment involved heating the reactor while fluidizing the OC with
Ny, and subsequently introducing alkali chlorides, alkali hydroxides,
and finally alkali sulfates during several redox cycles.

Each redox cycle followed a pattern of subsequent reducing, inert,
oxidizing and inert conditions to resemble the atmospheric conditions
during circulation between different sections of a CLC process. The time
durations in each stage depended on the time required for complete
reduction or oxidation of each OC material, and are listed in Table 1. For
example, initial experiments with CaMnOgs displayed complete fuel
conversion in approximately 790 s, after which the concentrations of
fuel gases in the exhaust increase rapidly. Therefore, the time duration
in reducing conditions was set to 800 s in the CaMnOg3 experiments. The
redox cycle for the manganese oxide experiments is significantly shorter
compared to those for calcium manganite and ilmenite. This is a
consequence from the lower oxygen capacity compared to the other two,
since merely 40 mass% of the manganese oxide material is active phase.

3. Results

The primary experimental results consist of alkali and gas concen-
trations as a function of time in the flux leaving the reactor during
operation of a fluidized bed at 900 °C. Alkali aerosol particles with an
average diameter of approximately 45 nm are injected to the reactor and
the alkali chloride (KCl and NaCl) and hydroxide (KOH and NaOH)
particles rapidly evaporate at temperatures exceeding approximately
500 °C [54,62,66], while alkali sulphates (K2SO4 and Na3SO4) evaporate
in the 700-800 °C temperature range [66]. All salts thus evaporate well
below the operation temperature of the OC fluidized bed. Consequently,
the discussed experimental results concern alkali compounds in gaseous
form within the reactor, and specifically interactions between these
gaseous alkali compounds and the OC particles. Downstream of the
fluidized bed, the temperature decreases rapidly and the alkali mole-
cules that escape from the fluidized bed nucleate to form new alkali
aerosol particles, which are efficiently transported to the SID in-
struments with limited losses to the sampling lines [54,67].

3.1. Alkali concentrations during repeated redox cycles

Experiments were carried out using fluidized beds containing the
three different OCs. Each experiment encompassed a series of successive
redox cycles, during which the six distinct alkali salts were continuously
introduced individually. The standard experimental protocol involved 2
to 4 redox cycles with KCl injection, succeeded by 2 to 4 cycles with KOH
injection, and lastly followed by 2 to 4 cycles with K3SO4 injection. The
same procedure was then followed for the sodium salts: NaCl, NaOH and

Table 1
Time durations in each gas condition for the different OC materials.

OC material Period Duration (s)
Calcium manganite (CaMnO3) Reducing 800
Inert 180
Oxidizing 1400
Inert 180
Manganese oxide (Mn304) Reducing 400
Inert 180
Oxidizing 800
Inert 180
Ilmenite (FeTiO3) Reducing 550
Inert 180
Oxidizing 1600
Inert 180
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Na2804.

Fig. 2a illustrates experimental results obtained with a fluidized bed
of 40 g Mn30y4 in the reactor. The colored fields indicate recurring inert
(white), reducing (orange), and oxidizing (blue) conditions and each
redox cycle is marked in red for clarity. The experiments started with
continuous injection of KCI over several consecutive redox cycles, then
proceeded with KOH, and finally K2SO4.

The results obtained with KCl demonstrate significant fluctuations in
gas and alkali concentrations within each redox cycle, exhibiting high
consistency across cycles. When the alkali inlet is switched from KCI to
KOH, the alkali concentration is rapidly reduced to a low level indicating
efficient uptake of the introduced KOH by the Mn3O4 particles and re-
mains bound to the bed material regardless of the gas composition
during the redox cycles. Subsequently, when KOH is replaced by K2SO4,
the alkali signal reemerges, indicating less efficient uptake compared to
KOH. The observed alkali concentrations are similar for KCI and K3SO4,
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suggesting a comparable degree of alkali uptake by Mn3O4. However,
the specific pattern observed during a redox cycle differs for the two
salts, underscoring the intricate nature of alkali-OC interactions, influ-
enced by both the alkali salt type and the gas composition.

The results presented in Fig. 2b depict the outcomes of experiments
involving sodium-containing compounds interacting with a fluidized
bed of Mn3O4 particles. Qualitatively, these results mirror those ob-
tained with potassium salts (Fig. 2a), showcasing an exceptionally effi-
cient uptake of NaOH and similar patterns depending on gas
composition during the redox cycle for NaCl and NaySO4. Notably, the
observed alkali concentration is considerably higher for NaCl in com-
parison to KCl, indicating a significant difference in their uptake effi-
ciency, with NaCl exhibiting a greater likelihood of escaping from the
fluidized bed.

Fig. 2c and d illustrate the results when the alkali salts interact with a
fluidized bed comprising CaMnOs. Parallel to the outcomes observed for
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Fig. 2. Alkali (black line) and gas (colored lines, see legend) concentrations measured in the flux from the reactor during experiments with a fluidized bed consisting
of 40 g of (a, b) Mn30y,, (c, d) CaMnO3, and (e, f) ilmenite particles. Alkali-containing aerosol consisting of (a, ¢, €) KCl, KOH or K»SO4, and (b, d, f) NaCl, NaOH or
Na,SO4 was continuously fed to the reactor during consecutive redox cycles (numbered and marked in red). The colored fields indicate recurring inert (white),
reducing (orange) and oxidizing (blue) conditions. The reactor temperature was 900 °C. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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Mng30y4, alkali chlorides tend to escape more readily from the fluidized
bed in contrast to hydroxides and sulfates. However, the differences
between the latter two are not as pronounced as observed for Mn3Oyq.
Furthermore, alkali uptake is generally more efficient under oxidizing
conditions compared to reducing conditions for all investigated alkali
salts.

Adding 40 g of ilmenite OC particles to the reactor again results in a
distinct behavior with respect to alkali-OC interactions (Fig. 2e and f).
The outlet alkali concentration is notably lower for all alkali salts and
under all conditions compared to the other fluidized bed materials. This
aligns with the well-established capability of ilmenite to effectively
capture alkali [6,51,53]. The different alkali compounds exhibit similar
trends in the ilmenite experiments. Specifically, NaOH injection results
in exceptionally low outlet alkali concentrations compared to NaCl and
NaySOy4, which yield higher alkali concentrations.

The results displayed in Fig. 2 underscore the sensitivity of alkali
uptake to the types of alkali salt, bed material, and gas composition. The
findings are summarized in Fig. 3 showcasing the average alkali con-
centrations in reducing and oxidizing conditions for all alkali salt-OC
combinations. The averages were calculated based on the final redox
cycle run with each alkali compound. These findings highlight signifi-
cant differences in alkali uptake efficiency among the fluidized bed
materials, with ilmenite exhibiting the highest efficiency, followed by
CaMnO3 and Mn30O4.

Overall, alkali chlorides generally exhibit a higher tendency to
escape from the bed materials compared to hydroxides and sulfates.
Notably, an outstandingly efficient uptake of alkali hydroxides is
observed on Mn3O4 and ilmenite compared to chlorides and sulfates.
Furthermore, average alkali concentrations tend to be lower in oxidizing
conditions than in reducing conditions for experiments involving
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CaMnOs. In contrast, experiments with ilmenite and Mn3O4 often result
in higher alkali concentrations in oxidizing conditions compared to
reducing conditions.

3.2. Influence of the detailed redox process on alkali uptake

Single redox cycles are investigated in greater detail to characterize
the influence of OC reduction and oxidation processes on the observed
alkali uptake. Figs. 4-6present alkali concentrations as a function of
time during these cycles in experiments involving the three OCs, while
continuously introducing KCl, NaCl, KOH, NaOH, K5SO4, or NazSO4 into
the fluidized bed reactor.

Fig. 4 provides insights into experiments with 40 g of Mn304 within
the reactor. The gas concentrations at the outlet indicate an effective
reduction and oxidation of the OC material. The reducing stage shows
high CO, and low CO and Hj concentrations, indicating excellent gas
conversion efficiency. Following approximately 350 s in the reducing
stage, the OC is fully reduced and the CO5 concentration drops while the
CO and H; concentrations increase. The gas composition is shifted to
inert gas soon after the reduction is completed, which is followed by the
oxidation stage. The time duration required to fully oxidize the OC is
approximately 500 s, after which the outlet Oz concentration rapidly
reaches the inlet concentration.

Fig. 4a and b show the alkali concentrations when KCI and NaCl are
injected into the Mn304 fluidized bed. In both cases, the alkali concen-
tration remains relatively constant throughout the reduction stage, and
similar concentrations are observed during the adjacent inert stages.
This suggests that alkali uptake is independent of the degree of reduction
of the OC material. Interestingly, the alkali concentration increases as
the OC oxidation process proceeds indicating less efficient alkali uptake
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during this process. A notable peak in alkali concentration is observed
around the time the OC becomes completely oxidized, with the con-
centration then gradually decreasing during the remaining approxi-
mately 250 s of the oxidation stage. The gradual adjustment to new
steady state conditions suggests that the underlying process is charac-
terized by kinetics on the time scale of the experiment.

The corresponding results for alkali hydroxides and sulfates inter-
acting with Mn3Oy4 are displayed in Fig. 4c—f. As described earlier, the
relative alkali levels are lower and comparable for the two alkali sulfates
and markedly lower for the hydroxides compared to the alkali chlorides.
In both cases, the observed concentrations remain relatively constant
irrespective of gas composition. An exception is a minor peak in alkali
concentration as the reduction stage nears completion.

The experiments conducted with the CaMnOs bed material are
illustrated in Fig. 5. Similar to MngOy4, the outlet gas concentrations
show complete conversion of the fuel gases to CO; during the reducing
period and complete O uptake during the OC oxidation process. How-
ever, the time required to fully reduce and oxidize the CaMnOs is
considerably longer compared to Mn3Ou, since the former contains 40%
active phase while the remaining 60% act as inert support material [47].

The experiments with CaMnOs yield notably different alkali con-
centration behaviors, in comparison to the Mn3O4 material. Higher
concentrations are consistently observed during reducing conditions
compared to inert or oxidizing conditions. In the reducing stage, a
gradual decline in alkali concentration is noted for chlorides and hy-
droxides, implying an increasing alkali uptake as the oxygen fugacity
within the OC material decreases. Conversely, the oxidizing period is
characterized by lower and relatively stable alkali concentrations.
Notably, a gradual increase in alkali concentration occurs around the
time when the OC is fully oxidized for the chlorides, akin to the behavior
observed for Mn3O0j4.

When the reactor is instead loaded with 40 g of ilmenite, notable
differences in both gas and alkali concentrations are observed compared
to the results obtained with the other bed materials (Fig. 6). The gas
concentrations provide evidence of incomplete fuel conversion, with
approximately 77% of CO being converted to CO at the outset of the
reducing stage. Simultaneously, merely 7% of the incoming Hj is
detected in the exhaust, signifying a more efficient conversion process.
During the oxidizing stage, complete Oy uptake is observed in the initial
300 s, followed by a gradual increase in O3 concentration in the exhaust
until the OC reaches full oxidation after approximately 1400 s. The al-
kali profiles exhibit overall low concentrations compared to Mn3zO4 and
CaMnOj3 and distinct differences in qualitative behavior for chlorides,
hydroxides, and sulfates during both the reducing and oxidizing stages.
Worth highlighting is that the peak around the 600 s time mark for the
NaySO4 experiment is a consequence of flow disturbances in the exhaust
lines and should therefore not be considered when discussing overall
trends.

In summary, the investigated systems exhibit a diverse array of be-
haviors during different stages of the redox cycle, depending on the
specific properties of each system. Despite the diversity, a few general
trends can be identified in the data. Potassium and sodium salts of the
same type consistently demonstrate qualitatively similar patterns during
the redox cycle, indicating substantial similarities in their interactions
with various types of OCs. Notably, a qualitatively similar behavior is
observed for alkali chlorides during the oxidizing stage. This behavior is
consistently observed across all investigated OCs and suggest a distinc-
tive role of chlorine in the observed results, warranting further study.

3.3. Speciation of released alkali compounds

To further characterize the outcome of the alkali-OC interactions, the
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various types of alkali species present in the outflow were characterized.
The alkali concentration results presented above were obtained with a
SID operated with a constant platinum filament temperature of 1100 °C
(referred to as SID1 in Fig. 1). In parallel, a second SID (SID2) was
operated with a filament temperature that alternated between three
temperatures according to the following repeated sequence:
550-1100-800-1100 °C. The alkali signals obtained at the three
different temperatures together with the transient signals produced by
repeatedly raising the filament temperature to 1100 °C depend on the
molecular composition of the alkali species. This behavior was utilized
to determine the contributions of alkali chlorides, hydroxides, carbon-
ates and sulfates to the flux from the reactor.

Details regarding the innovative speciation method are presented in
Appendix A. Included in the alkali species analysis are compounds of K™
and Na™ bound to C1~, OH™, CO%’ and SO% . The relative contribution
of different alkali species is reported for each investigated alkali salt-OC
combination. The analysis distinguishes between reducing and oxidizing
conditions and the used experimental values are average values ob-
tained under stable reducing or oxidizing conditions.

Fig. 7 summarizes the results from the speciation analysis where the
relative contribution of each alkali compound is displayed for all
investigated cases. In the case of KCl injection to the three types of OC
beds, KCl is also the dominating alkali species in the outflow from the
reactor under both oxidizing and reducing conditions. This is according
to expectations since the inlet KCl concentration is relatively high. Alkali
chlorides are also known to be highly volatile and KCl is often observed
during solid fuel conversion if chlorine is present in sufficient concen-
trations [16,68,69]. The observation of minor contributions from other
alkali compounds is likely due to limitations in the speciation method-
ology rather than actual formation of these compounds.

The results for NaCl are similar to the KCl injection results. NaCl is
the dominating species in the outflow and minor contributions from
other compounds cannot be conclusively shown to be present. The only
exception is the case of ilmenite under reducing conditions where
NaySO4 appears to dominate rather than NaCl. This may be due to
limitations in the speciation methodology where two mixtures of alkali
salts under unfavorable conditions give similar results in the analysis.

We next focus on the cases where K»SO4 and NaySO;4 are injected to
the fluidized. In both cases, the respective sulfate emerges as the pre-
dominant alkali compound in the reactor’s outflow, and the present
analysis does not conclusively confirm substantial contributions from
other compounds.

The distinct patterns observed for chlorides and sulfates do not
replicate for alkali hydroxides. The outflow appears to comprise a more
complex mixture of alkali salts compared to the other cases. Alkali hy-
droxides make minor contributions in several experiments, e.g., in the
case of CaMnOs under reducing conditions and ilmenite in oxidizing
conditions, but significant variability of the hydroxide conditions is
observed depending on the investigated system. The low alkali con-
centrations observed in alkali hydroxide injection experiments (Fig. 3),
influence the accuracy of the analysis. On the other hand, hydroxides
exhibit a distinct dependence on SID filament temperature, aiding their
differentiation from other alkali compounds in the speciation analysis.
In conclusion, it is unlikely that alkali hydroxides would escape from the
OC fluidized beds under investigation. This results in low concentrations
of alkali hydroxides in the exhausts, and the availability of other
counter-ions like CI~ or SO  may significantly contribute to alkali
release.
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4. Discussion
4.1. Methodological considerations

The current study relies on a recent advancement in reactor design
[54,56], and is the first extensive investigation utilizing this novel
reactor. Specifically engineered inlet and outlet systems aim to reduce
alkali-wall interactions to a minimum [56]. The temperature is effi-
ciently quenched after the fluidized bed causing alkali compounds to
form aerosol particles that are efficiently transported to the online alkali
measurement devices. The present study confirms the functionality of
the experimental setup under diverse conditions and with varying ma-
terials. A remaining concern requiring further exploration pertains to
characterizing any potential remaining minor losses of alkali to reactor
walls [56]. Consequently, absolute uptake efficiencies are not the pri-
mary focus here, and instead relative uptake efficiencies are reported,
enabling comparisons across multiple systems. An ideal benchmark case
for comparison would involve a bed material that does not absorb alkali
under the elevated temperature conditions of interest, although such a
system is yet to be identified and characterized.

A second critical innovation employed in this study is the utilization
of the SID, particularly the step-wise filament temperature modulation
technique for alkali speciation, a technique used for the first time in this
study. The SID instrument, known for its sensitivity and selectivity to-
wards alkali, had previously been utilized solely for determining total
alkali concentrations, lacking the ability to distinguish between K, Na,
and different counter-ions. This study demonstrates the potential of the
temperature modulation technique for online speciation of alkali com-
pounds, marking it as a valuable tool for thermal conversion studies and
related research. Ongoing development efforts should focus on opti-
mizing the temperature modulation technique concerning selectivity
and time resolution.

The study was conducted following an experimental protocol where
the type of injected alkali salt was regularly changed. Consequently,
there exists a risk of memory effects where salt adsorbed earlier during
the experiment may influence results obtained during subsequent salt
injections. The experimental results in Fig. 2 indicate that the observed
alkali pattern swiftly changes when transitioning to a new type of alkali
salt, and this new pattern seems to be consistent in subsequent redox
cycles. Transient behavior indicating memory effects is most evident
when transitioning from chlorides to hydroxides. In this case, the effects
could be accentuated by the substantial difference in uptake efficiency
between chlorides and hydroxides, potentially influenced by remaining
chlorine promoting alkali escape from the fluidized bed. Based on the
available experimental data, it is concluded that some memory effects
can be identified, but the effects are minor after two or more redox
cycles and have a limited impact on reported results.

4.2. Alkali interactions with oxygen carrier materials

The fluidized bed provides a large surface area for alkali-OC in-
teractions, and it is likely that all injected alkali molecules interact
efficiently with the bed material. This is supported by the close to 100%
alkali hydroxide uptake in some cases. Molecules that reach the OC
surface will initially adsorb and may thereafter either desorb or continue
to interact with the surface layer. The adsorbed molecules may undergo
a range of subsequent processes, including dissociation, diffusion in the
surface layer, diffusion into the bulk, and association with new counter-
ions followed by desorption. The experimental results suggest that one
major outcome is that alkali forms strong bonds to the surface or within
the bulk of the material, where they largely remain on the time-scale of
the experiments.

The alkali uptake depends on the properties of the injected alkali
compounds and the OC materials. A qualitatively similar behavior is
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observed when sodium and potassium salts of the same type are intro-
duced to the reactor. Sodium compounds are in general more stable and
less reactive than potassium compounds [20,70], [71]. However, the
temperature is relatively high in this study, which should act to reduce
the differences in behavior between the two types of compounds.

In contrast, the counter-ions (C1~, OH™ and SO%_) have a consider-
ably larger influence on the results. The highest alkali concentrations are
observed during alkali chloride injection, followed by alkali sulfate in-
jection. Chlorides and sulfates are also the dominating compounds in the
outflow when these salts are injected, confirming that a fraction of the
salts can survive transport through the utilized fluidized beds. It is likely
that the availability of chlorine and sulfur compounds in the OC surface
layers enhances the probability of recombination to form volatile com-
pounds that may eventually escape from the fluidized bed.

10

The behavior of alkali hydroxides is more intriguing. The hydroxides
are to large extent lost to the OCs (Fig. 3). The alkali that escape from the
beds during alkali hydroxide injection is often dominated by other
counter-ions including chlorine (Fig. 7). The results suggest that
adsorbed alkali hydroxides are less likely to escape from the bed mate-
rials, indicating that they are less likely to recombine and desorb from
the OC materials. Similar observations have been reported in a previous
study, where thermodynamic calculations show that KOH(g) is present
during combustion of fuels with particularly low Cl and S content [52].
Combustion of fuels where Cl or S is present in sufficient amounts shows
predominant alkali release in the form of alkali chlorides and alkali
sulphates [52]. However, Dayton et al. have shown that alkali hydroxide
formation increases when steam is added to the combustion environ-
ment [72], which may explain the higher alkali outlet concentrations
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during the reduction of CaMnOj3 (Fig. 5c¢).

The alkali uptake is influenced by the detailed chemical properties of
the bed materials under reducing and oxidizing conditions, and the
relevant chemical transformations for the three bed materials are
therefore briefly reviewed and related to the experimental observations.
Mng3Oy is the most likely form of manganese under oxidizing CLC con-
ditions, which is transformed into MnO in reducing atmosphere [46].
Further reduction from MnO to Mn is not possible at atmospheric
pressure [9], and the two most oxidized forms of manganese (MnOy and
Mn,03) decompose in air at temperatures around 516 and 820 °C and
are not expected to be present in CLC [46]. The Mn3O4-MnO system has
approximately twice as much free oxygen available compared to the
Fey03-Fe304 system [47]. The bed material used in this study, however,
consists to 60 mass% of inert Mg-ZrO,, resulting in an active amount of
free oxygen around 3 mass% [47]. In addition, the reactivity of man-
ganese oxide is determined by its degree of crystallization. These ob-
servations relates to the sintering temperature of which the OC particles
are prepared. While sintering should be done at a high temperature to
improve the mechanical integrity of the particles, this leads to reduced
reactivity due to a higher degree of crystallization [47]. The present
experimental results show a weak alkali uptake dependence on gas
composition for MngO4 (Fig. 4), suggesting that the transition between
Mn304 and MnO does not have a major impact on alkali bound to the
bed material. The exception is the remarkable behavior of alkali chlo-
rides during the OC oxidation process, with a peak in alkali emission
around the time when the oxidation process is completed (Fig. 4).
Similar behavior is observed for the other two OCs and does conse-
quently not appear to be directly related to the detailed surface struc-
ture. To our knowledge no earlier studies of the alkali-Mn304 system
have been carried out that can contribute to the present understanding
of the system.

The CaMnOj3 bed material displays a more complex chemistry during
a redox cycle. Materials of perovskite structure, such as the CaMng 775
Tip.125Mg0.103.5 used here, have a unit cell with the general formula
ABOg s, where A (Ca in this case) is a large cation and B (Mn or Ti in this
case) is a smaller cation. The degree of oxygen deficiency is described by
the d-factor, and equals zero for a perfect structure [73]. Since the
8-factor can be altered by changing the thermodynamic properties of the
surroundings, these materials are interesting for CLC. The oxidizing and
reducing conditions in the AR and FR, respectively, result in a smaller
dar compared to Spg where the difference between them determine how
much oxygen will be available for oxidation according to reaction (1)
[74]:

ABOs_;,, < ABOs_s,, + 1/2(8rr — 64r) 02 (€D)]

In addition, the amount of O, that can be transferred from high-to-
low Oy atmospheres depends on the Oy partial pressure used for
oxidation [74]. The mechanism was demonstrated where CaMng gys.
Tip.12503-5 released considerably more O2 after being oxidized in air
compared to a mixture of 5% O3 in Ny [34]. It is further believed that
addition of Ti could increase the structural integrity of the perovskite at
high temperatures, by preventing material decomposition into CapMnQO4
and CaMny04, which could otherwise hinder the reoxidation processes
[74]. The present experimental results for the CaMnOj3 system show that
alkali uptake is considerably less efficient under reducing conditions
compared to oxidizing conditions for all types of alkali salts. It thus
appears that the stability of K and Na on the OC surface is directly
affected by the oxygen deficiency under reducing conditions. Similar to
the alkali-MngO4 system, we are not aware of an earlier study of the
alkali-CaMnOs3 interactions discussed here.

In contrast, the ilmenite mineral has been studied in greater detail,
including studies of alkali interactions with the material. The oxidation
of ilmenite involves two key steps: (i) the conversion of Fe>* to Fe3* and
(ii) the formation of phases enriched in both Fe and Ti [75]. The con-
version of Fe>" to Fe>" is considered as the most crucial step in the
oxidation process and occurs initially through surface ion diffusion,
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followed by slower lattice diffusion. Iron diffuses out of the ilmenite
structure during the oxidation process, resulting in the formation of a
surface hematite (Fe;O3) layer and needle-like rutile (TiO3) texture
within the sample [76]. The hematite layer grows during repeated
oxidation and reduction cycles, which is typically referred to as ilmenite
activation [77]. Gibbs free energies were calculated for reactions be-
tween alkali hydroxide and hematite using the reaction module in
FactSage 8.2 [78]. The result was negative Gibbs free energies for both
the reaction between KOH and hematite (AGggp-c = — 60 kJ) and NaOH
with hematite (AGgggec = — 80 kJ). While the thermodynamics suggest
that both reactions are spontaneous, the lower AG favors the NaOH
reaction over the corresponding potassium hydroxide reaction [78]. The
alkali interactions with ilmenite has recently been investigated in a few
experimental studies [5,6,51-53]. Potassium has been observed to
diffuse into the particles, leading to the formation of compounds with
titanium oxides, such as KTigO1¢65 [6] while concurrently an outward
migration of iron is observed [51]. The segregation between iron and
alkali elements is commonly achieved through a process known as alkali
roasting, which is employed in industrial applications for the purifica-
tion of TiO5 from ilmenite. In this process, KoCO3 and NaOH are utilized
to enhance the separation between iron and titanium [13]. Furthermore,
absorption of potassium does not appear to induce agglomeration of the
ilmenite bed material [6,51], a concern that arises when using sand or
other silica-containing bed materials [14,15,79]. However, the impact
of alkali absorption on the reactivity of the material or the availability of
iron on the surface of the particles, which could affect oxygen transfer
efficiency, remains uncertain.

The present study indicates that a rich alkali chemistry occurs on the
studied bed materials, but does not provide information about the
detailed alkali uptake mechanisms and state of alkali on the materials in
various conditions. There is thus a need for studies with complementary
surface sensitive techniques, including both ex situ methods and in situ
techniques under conditions relevant to CLC.

4.3. Implications for chemical looping combustion of biomass

The findings of this study can be utilized to examine the character-
istics of alkali in a CLC process comprising interconnected air and fuel
reactors. Alkali is abundant in biofuels and is therefore introduced into
the fuel reactor of a CLC system along with the fuel. As a consequence of
the fuel conversion, a fraction of the alkali is released into the gas phase.
According to the present study, the extent of gaseous alkali uptake varies
between fluidized beds of calcium manganite, ilmenite and manganese
oxide.

We begin by focusing on the results during reducing conditions, i.e.,
the implications for the fuel reactor in a CLC system. The results in this
study show near complete uptake of the injected alkali by ilmenite
during experiments with KCl, NaCl, KOH or NaOH in reducing condi-
tions. In practice, this would result in low alkali emissions in the flue
gases leaving the fuel reactor. The extensive alkali uptake is in accor-
dance with previous findings, showing that ilmenite is an effective alkali
scavenger [6,51]. However, the time the OC material spends in the
present reactor is very short compared to the lifetime of the bed in a
commercial conversion application [80], and the alkali bound to the
ilmenite may approach saturation during long periods of operation.
Compared to ilmenite, calcium manganite or manganese oxide allows a
more significant fraction of the injected alkali to escape from the reactor.

Most of the heat extraction equipment in a CLC unit is placed in the
gas stream leaving the exothermic air reactor, and it is therefore of
importance to limit the emissions of corrosive alkali compounds from
this reactor [2]. Although alkali is fed to the system with the fuel, i.e., to
the reducing fuel reactor side, fractions of the alkali can be transferred
over to the air reactor, either as solid ash particles, or on the surface of
OC particles [5]. The low alkali concentrations in oxidizing conditions
during ilmenite and calcium manganite operation is, therefore, benefi-
cial with regard to CLC operation. In comparison, the alkali outlet
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concentrations are significantly higher during operation with manga-
nese oxide, thus showing less efficient alkali uptake. It should be noted
that the current experiments are carried out with continuous alkali in-
jection, which may affect the comparison with a real CLC system where
the main alkali emissions from the fuel occur under reducing conditions
in the fuel reactor.

Overall, the results show that ilmenite outperform the calcium
manganite and manganese oxide with respect to reducing the gaseous
alkali concentrations. On the other hand, the calcium manganite and
manganese oxide materials perform significantly better with regard to
fuel conversion and oxidizing efficiency. The accumulation of alkali by
the ilmenite may also improve the fuel conversion due to the catalytic
properties of alkali [81], which has not been considered in this study.

5. Conclusions

Experiments have been carried out to evaluate the interactions be-
tween different alkali salt compounds with three different OC materials
used in CLC of biomass. Alkali in the form of KCI, NaCl, KOH, NaOH,
K2SO4 and NaySO4 aerosol particles were fed to a 40 g fluidized bed of
calcium manganite, ilmenite or manganese oxide at 900 °C temperature.
The experiments were conducted under recurring reducing, inert and
oxidizing conditions to simulate the different environments of a CLC
system. The key findings can be summarized as follows:

e The experiments demonstrate that the presence of a fluidized bed of
OC particles significantly influence the outlet alkali concentrations,
indicating efficient uptake of alkali by the OC materials.

e The type of OC material plays a crucial role in alkali uptake, with
calcium manganite, manganese oxide, and ilmenite exhibiting
varying levels of efficiency depending on the gas conditions. Among
them, ilmenite showed near-complete uptake of alkali, especially
during reducing conditions, making it a promising option for
reducing alkali emissions.

The alkali speciation analysis revealed that NaCl and KCl were the

predominant alkali species emitted during NaCl and KCl injection.

Likewise, alkali sulfates were the dominating species during alkali

sulfate injection, while alkali hydroxide injection resulted in low

emissions dominated by alkali hydroxides and chlorides.

Furthermore, the study highlights the importance of trade-off be-

tween alkali uptake efficiency and fuel conversion/oxidizing effi-

ciency of the OC materials, and while ilmenite demonstrated
excellent alkali uptake, manganese oxide and calcium manganite
exhibited superior fuel conversion and oxidizing efficiency.

Overall, the experimental results demonstrate the complex behavior
of alkali in the CLC process, influenced by factors such as gas conditions,
OC bed material, and alkali salt compounds. In conclusion, ilmenite
stands out as a promising OC material for reducing gaseous alkali
emissions in CLC systems, particularly due to its high alkali uptake and
preference for less corrosive alkali sulphates. However, considerations
must be given to long-term operation and potential alkali saturation.
Calcium manganite and manganese oxide also exhibited advantages in
terms of fuel conversion and oxidizing efficiency. Achieving low con-
centrations of gaseous alkali emissions, especially on the air reactor side,
remains crucial for maintaining the integrity of heat exchanger surfaces.

The findings of this study contribute to a deeper understanding of
alkali behavior in biomass thermal conversion systems and provide
valuable insights for the design and optimization of CLC processes.
Future research should explore the influence of alkali concentration and
temperature on the investigated processes, the long-term performance of
OC materials including studies of aged OCs, and the catalytic effects of
alkali on fuel conversion.
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