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ARTICLE INFO ABSTRACT
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Chemical looping combustion (CLC) is a novel technology for heat and power generation with inherent CO2
capture. Using biomass in CLC (bio-CLC), negative CO, emissions can be attained. Biomass usually contains high
content of alkalis (mainly K and Na) which can be problematic in the process, such as potential alkali-bed

giznéisg interaction, and this is the focus of current work. This work uses charcoal with and without the impregnation
Alkali with alkali chlorides, KCI and NaCl. The results are compared to previous data from samples impregnated with
Defluidization K»CO3 and NapCOs. A low-alkali braunite manganese ore is used as bed material to study the oxygen carrier

interaction with the alkalis in cyclic experiments at 950 °C in a quartz batch fluidized-bed reactor. As compared
to charcoal without alkali impregnation, the impregnation with KCI, NaCl, K2COs, and NayCO3 can improve the
rate of gasification by a factor of 4, 3, 10, 8, respectively. Partial-defluidization of the braunite particles was
found with all the alkali-fuels, although the extent differed, e.g., K2CO3 and KCl resulted in earlier onset of
defluidization than NapCO3 and NaCl. Further, indications of partial defluidization were earlier and more per-
manent with the carbonates than the chlorides. Partial agglomeration with soft agglomerates of the bed was
observed, while hard agglomerations were never seen. Accumulation of K, Na, Si, and Ca was found in the
agglomerates after cycles with K;COs-charcoal and NayCOs-charcoal, while little K and Na was detected in the
bridges between particles after the KCl and NaCl cycles. A significant fraction of the alkali added was found in the
oxygen carrier, with 80% or more being retained for the Na salts, and around 40% for the K salts. There was no
clear difference between chlorides and carbonates with respect to retention. The fresh and used braunite have
very similar reactivity with CH4 and Hj, whereas some decrease in reactivity is noticed with CO.

oxygen carriers have been tested in CLC systems [8,9] and these include
synthesized materials, natural ores (iron ore, ilmenite, manganese ore,
etc.) and industrial by-products (red mud, steel slag, etc.) [8]. Natural

1. Introduction

Although the concept of chemical looping combustion (CLC) was

presented a long time ago in a patent for pure CO5 generation [1], the
development of this process, however, has mainly taken place in the last
two decades, starting with the first demonstrations in CLC pilots for
gaseous [2,3] and solid fuel [4,5]. The process uses a transition metal
oxide (called oxygen carrier) to transfer the oxygen needed for fuel
combustion [6]. The oxygen carrier provides oxygen for fuel combustion
in the fuel reactor and then is re-oxidized in the air reactor [7]. There-
fore, fuel in the CLC process never mixes with air, and this results in a
flue gas stream with the product gases CO5 and H,0 being undiluted by
air-nitrogen. Thus, a stream of CO5 can be realized through simple steam
condensation and, ideally, no gas separation is needed to capture COs.
Therefore, COy capture in CLC has very low energy penalty. Many
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ores, have low costs and are widely studied in CLC [10]. Use of biomass
in CLC (bio-CLC) can achieve negative CO, emissions, because the at-
mospheric CO5 absorbed in biomass growth is captured in CLC, and thus
CO, is removed from the atmosphere. Thus, bio-CLC could be important,
considering the rapid exhaustion of the global carbon budget for 1.5/2°C
temperature rise. Bio-CLC has been successfully operated in 0.5-100
kWy, pilot units [8,9,11-19] and partial bio-CLC has been tested in a 12
MWy, boiler [20].

Biomass in general has a high volatiles content, some char and a
small content of ash-alkalis (e.g. 0.2% of the fuel weight) [21]. In large-
scale bio-CLC systems, the biomass throughput can be 50 ton/h to
maintain an aimed thermal power (e.g. 250 MWy,). Therefore, the
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Main components (weight percent) in the charcoal, alkali-fuels and minor metal elements in the braunite oxygen carrier. Data for K,CO3-fuel and Na,COs-fuel are from

previous work [28].

Proximate (%, as received)

Ultimate (%, air dried)

Metals (%, air dried)

FC v M A C H N S Al Si Ca Na K
Charcoal 84.3 4.9 1.9 8.9 89 <0.3 0.5 0.7 1 2.7 0.1 0.03 0.05
K,CO3-fuel 53 15.7 3.3 28 73 <0.3 0.4 0.4 0.8 2 0.1 0.04 8.1
Na,yCO;-fuel 62.2 14.7 3.1 20 80 <0.3 0.4 0.9 0.9 2.4 0.1 4.9 0.03
KCl-fuel 55.7 6.4 8.9 29 64 <0.5 0.3 0.5 0.6 1.6 0.1 0.04 5.2
NaCl-fuel 62.7 5.5 6.8 25 71 <0.5 0.4 0.3 0.8 2 0.1 5.2 0.03
Braunite 0.4 2.6 2.5 0.29 0.22
corresponding alkali input to the system can be as high as 100 kg/h,
hich can lead i i blems [22,23], including bed s
which can lead to various operation problems [22,23], including be Valve for solid {ventilation
agglomeration, oxygen carrier reactivity decrease and fouling of steam S fuel feed and i Automatic
tube surfaces [24,25]. These in turn can cause bad system performance J g | [EE=——=—— 1yalves
and even failure of operation. Nevertheless, the unique two-reactor Ox )<
configuration in CLC could result in some advantages with high alkali S 1\
fuels, as the fuels have less chance to contact with the heat-exchangers in 55:?)3;" : —@q—
CLC [26,27], thus lowering the risk of heat exchanger fouling. This is Gas Pressure e ~
: PSR . analyser measurement
because in CLC most of the cooling is inside, and downstream of, the air Red ) €——
reactor, whereas there are no cooling surfaces in the fuel reactor where
alkalis are mainly released [26]. Nonetheless, the oxygen carrier bed in To hJ T
venuiation

the fuel reactor has direct contact with alkalis, and this can lead to ox-
ygen carrier and alkali interactions [28-31], which could be advanta-
geous or disadvantageous for CLC operation [32,33]. Some studies
suggest that the impregnation of K* or Na® can greatly enhance the
conversion of CO to CO5 with an ilmenite oxygen carrier [34]. But it
seems the enhancement depends a lot on the type of alkali and oxygen
carrier [35,36]. The fluidization and agglomeration behaviours of oxy-
gen carriers in fluidized beds are other important aspects of the presence
of alkali, as low-melting point alkali species could be formed and are
generally considered responsible for agglomeration [31,35,37]. Alkali
distribution in CLC system has been studied through gas-phase alkali
measurement and solid-phase alkali characterization in experimental
campaigns in a 60 kWy, pilot and a 100 kWy, CLC pilot [17-19,38]. The
majority of alkali is retained in the oxygen carrier material, while some
left the fuel reactor in gas-like form, and little was detected at the air
reactor exit. The alkali retention in the bed may further lead to oxygen
carrier reactivity change, cause unstable operation and even defluidize/
agglomerate the bed [28,39]. Further studies are needed to understand
the alkali-oxygen carrier interaction in bio-CLC process.

The objective of this work is to investigate the interaction of alkali
with an oxygen carrier, and involved experiments with KCl and NaCl
and a braunite manganese ore oxygen carrier as well as a comparison to
previous work using alkali carbonates, K2CO3, NayCO3 [28]. The ex-
periments were performed in batch fluidized bed, and were designed to
give a release of alkali similar to real conditions, i.e. from fuel particles
located inside the fluidized bed. Given the practical limitations of per-
forming a vast number of oxidation-reduction cycles, the experiments
were also designed to give a high release of alkali in each cycle. For this
purpose the two alkali salts were separately impregnated in charcoal
particles which were used as fuel. More than 30 reduction-oxidation
cycles with each alkali-fuel were conducted in the batch reactor. The
purpose of the work was to see if the effects of alkali on oxygen carrier
reactivity, on agglomeration tendency, as well other physical-chemical
properties.

2. Experimental
2.1. Fuel and oxygen carrier
Methane, syngas (50 %CO + 50 %Hy), charcoal and charcoal samples

impregnated with KCl, NaCl, were the fuels used, and results were
compared to previous work with charcoal impregnated with KoCO3, and

Fig. 1. Schematic description of the batch fluidized bed reactor system.

NapCOs. The impregnated charcoals are named KCl-fuel, NaCl-fuel,
K5COs-fuel and NapCOs-fuel. An incipient dry impregnation method was
used for the alkali-charcoal preparation. Details of the impregnation
method can be found in previous work [28]. In brief, a certain amount of
alkali solution corresponding to the total pore volume of charcoal is
introduced to the charcoal under stirring. The charcoal was then stirred
and dried slowly to remove the water and thus an alkali containing
charcoal was obtained. For some alkalis, successive impregnation was
conducted to reach a certain alkali loading. Care was taken to avoid
“overloading”, i.e. to avoid any visible layer of salt on the outer surface.
For this reason, the impregnated amount differs between the salts. As
shown in Table 1, the charcoal before alkali impregnation contains
84.3% fixed carbon, 4.9% volatiles, 8.9% ash and 1.9% moisture, and
the alkali content is negligible. The alkali impregnation resulted in 8.1
% K in the K5CO3-fuel, 4.9% Na in the Na;COs-fuel, 5.2 % K in the KCI-
fuel and 5.2% Na in the NaCl-fuel. This corresponds to 0.28 mol Na for
NayCOs3, 0.33 mol K for K;CO3, 0.56 mol K for KCI and 0.54 mol Na for
NacCl, i.e. per 100 g charcoal. There is also some silicon present in the
five solid fuels. The oxygen carrier used is a manganese ore called
braunite which has been studied in previous CLC pilot operations
[28,38] and lab tests [40]. Before use, the braunite underwent a
consecutive heat-treatment at 500 °C for 1 h and 950 °C for 12 h, and
then was sieved to particles with diameter of 100-300 pm. The heat-
treatment was conducted to strengthen the Mn particles and to
remove moistures and volatiles, and to bring the materials on an equal
level by starting from the same state of oxidation. The oxygen carrier has
52% Mn, 11% Fe and some additional compounds, shown in Table 1,
and based on X-ray crystallography (XRD) characterization, braunite
(Mn7SiO15) is the main phase in the heat-treated manganese ore.

2.2. Reactor setup and test procedure

A fluidized bed reactor with batch feeding of oxygen carrier and fuel
was used to simulate the reduction and oxidation in CLC process
[28,41,42]. The reactor tube is made from quartz and can be heated to
1000 °C with the surrounding oven. The reactor temperature is moni-
tored with a K-type thermocouple which was protected with a quartz
shell and inserted into the bed. As shown in Fig. 1, the reacting/fluid-
izing gas is controlled and switched with three automatic valves on the
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Table 2
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Series of cycles with CH4 (), Charcoal (I ) and alkali-fuels (/). Blank ([J) means no experiment; Bold “m” indicates the middle cycle for bed material sampling; Syngas
cycles are not shown here. The K,CO3 and Na,CO3 experiments were conducted in previous work [28].

Series | Cycle Number

Cycle1-20 |1 |2 |3 |4 |5 |6 |7 |8 |9

10|11 | 121131415 |16 |17 |18| 19|20

K>CO;

Na,COs3

KCl

NaCl

Cycle21-40 | 21 |22 |23 |24 125126 |27 |28 |29

3031132133134 135[36]37[138]39]40

K2CO;

Na,COs3

KCl

NaCl

B (B

Cycle 41-60 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49

50511525354 |55|56|57|358]|59 |60

K2COs3

N3.2CO3

KCl

NaCl

Cycle 61-63 | 61 | 62 | 63

NaCl

right-side. These valves switch the reacting environment among reduc-
tion, inert and oxidation, which are marked with “Red”, “Inert” and
“Ox” in the figure. In reduction, gaseous fuels (CH4 and syngas) enter
from the inlet at the bottom while the solid fuel was injected from the
top valve with the help of a continuous sweeping Nj. A pressure trans-
ducer connecting the reactor top and bottom was used to measure the
pressure-drop over the bed and to monitor the fluidization status.
Downstream of the reactor is an electric cooler and a gas analyzer
(Rosemount NGA2000). The cooler removes steam from the gas which is
then sent to the analyzer. Concentrations of CH4, CO, CO2, Hy and O,
pressure signal and gas volumetric flow were sampled. All data were
registered in a computer connected to a data logger.

In all the tests, the reactor temperature was set to 950 °C. All the
oxidations were made with 5% O, atmosphere. In reduction with
gaseous fuels, only the fuel gas (either CH4 or syngas) was used. The fuel
flow rate at the reactor inlet was kept at 345 ml/min for CH4 and 450
ml/min for syngas, which corresponds to ug/um¢ = 9 and 12. The bed was
20 g braunite in the case with CHy. In the case with syngas, a mixture of
2 g braunite and 13 g sand was used as bed material to avoid full con-
version of the syngas in order to provide the best data evaluation of
reactivity [42]. In the solid fuel experiments, the gasification/fluidiza-
tion gas was a mixture of 48% H>0 and 52 % N with a total flow rate of
865 ml/min, and the gas flow corresponds to ug = 0.4 m/s and ug/uys =
31. In the reduction period with solid fuels, around 0.1 g fuel were
injected from the reactor top with the help of N3 sweeping in a flow of
300 ml/min. In total, 42-63 redox cycles for different alkali fuels were
made and Table 2 shows the four series included in the comparison. In
all cases, the oxygen carrier was first stabilized with CHy4 cycles and then
used in solid fuel experiments. After the stabilization, several cycles with
charcoal without alkali were conducted as reference, expect for the KCl
series. Then, the oxygen carrier was exposed to numerous cycles with an
alkali-fuel. The charcoal and alkali-fuel were used alternatively for
several rounds. Solid samples were extracted from the middle cycles, as
indicated with “m” in Table 2. These samples were denoted “KyCOs-
middle”, etc. Similarly, solid samples from the series end are denoted as
“K2COs-final”, etc. The reactivity of these “middle” and “final” oxygen
carrier samples was evaluated through the reactions with CH,, while

their physical and chemical properties were analyzed. The reactivity of
calcined and used braunite with syngas was also studied, but this is not
under the series in Table 2 and thus is not shown in the table.

3. Data evaluation
3.1. Gaseous fuels

Mass-based oxygen carrier conversion, @, was used to evaluate the
extent of oxygen carrier reduction in the reduction period. The amount
of weight loss from the oxygen carrier is equivalent to the amount that
was consumed by the fuel during reduction. Thus, the oxygen carrier
conversion with CH,4 and syngas can be calculated through Egs. (1) and
(2) below.

" HowM.
ey, =1 — / Zow0 (4xc02 + 3xco —XHE)dl (€8]
[0 mox
" HouM.
Wy = 1 — / %O (2xco, + Xco — X, )dt 2)
fo 0x

where nigy; is the dry gas flow after the correction of a flowmeter value
measured with the gas analyzer [28]. Mo is the atomic oxygen molar
mass, Myy represents the amount of oxygen carrier in the bed. The
symbol x; takes the concentration of gas i (i = CO3, CO or Hp) at time t.

Gas yield, y; (i = CH4 and CO or Hy), presents the extent of fuel
conversion to CO, and H0. This parameter was calculated from gas
concentrations at time t and reflects the oxygen transfer efficiency in the
reduction period.

Xco,
_ 2 3
You, XcH, + Xco + Xco,
Xco,
Yeco= T . @
o Xco + Xco,
XH,
ty,=1——"7"7T-" 5)
o Xco + Xco,
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Table 3

Typical relative errors of different parameters.
OcH4, Osyn, X YcH4 Yco YH2 Tinst
+3% +8.6% +1.7% +0.4% +6%

3.2. Solid fuels

The cumulative mass of carbon left the reactor at time t, mc(t), was
obtained through Eq. (7) by integrating the carbonaceous gas flows
(CH4, CO5 and CO).

3
me(t) = / touMc (Xcn, + Xco, + Xco)dt (6)

fo
where M is the molar mass of atomic carbon. With m¢(t), the charcoal

conversion Xc(t) was obtained as the ratio between mc(t) and the total
carbon mg (o calculated for the entire reduction.

):@

Mg jot

Xc(t )

The char gasification rate rins; was obtained through Eq. (8) which
was formulated based on the residual carbon amount.

(a)
o N, CH, N, Oxi £0

_ 1 4.5

X

= +4.0

S 60

g o, | 2=

§ 50 3.0 é

8 c

© 40 F2.5 €

3
L =

5 30 il 2.0 g

8N ¢ 1.5 o'

6*’* F1.0
F0.5
0.0

2 3 4 5 6
Time (min)
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1 dXc

B 8
1—Xc dt ®

Finst =

3.3. Pressure fluctuation

To better identify the defluidization, the amplitude of pressure
fluctuation, o, was calculated through Eq. (9). Data from the middle part
of the period of oxidation, to avoid influence of steam addition and gas
switching, was used for the calculation. The data was broken into
smaller groups of 9. This was found to be necessary to avoid drifts or
stepwise variations in the average pressure to influence the calculated
amplitude. Thus, the average of the data from these groups was used to
calculate ¢ in Eq. (9).

i+m

e 05
2
A ,» (m.z (Ap; — Apay) >

=i

©)

where N is the number of pressure-drop values used for evaluation, m,
the number of samples of each small group, is 9, and i is the i pressure-
drop, Apayg is the average of the m + 1 pressure-drop values and Ap; is
the jth pressure drop value.

(b) ,
N, Syn N, Oxi ;
50 5.0
L4.5
& 404 L4.0
{ o
2 co, B
= 0, =
S 304 3.0 5
g
2 co 125 %
T ] oo €
= 20 2.0 5
8 1.5 '
Q' 10 - L1.0
o 2.
0.5
0 0.0
0 1 2 3 4 5 @6 7 8 99
Time (min)

Fig. 2. Concentrations of CHy4, CO, CO,, H; and O, as a function of time for a typical cycle of the fresh braunite oxygen carrier with (a) CH4 and (b) syngas at 950 °C.

Charcoal| KCI-fueI'

n
PN

Concentration (%)

T

KoCOy-fuel|

NaCl-fuel

NaZCOE,-fuell

10121416 2 4 6 8 10121416 2 4 6

810121416 2 4 6 8 10121416 2 4 6 8 10121416

Time (min)

Fig. 3. Concentrations of CO, CO, and H, during the braunite reduction with Charcoal, KCl-fuel, KoCO3-fuel, NaCl-fuel and Na,COs-fuel at 950 °C under the
fluidization with 48% H,0 + 52 % N,. Data for K;CO3 and Na,COj3 are from previous work [28].
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Fig. 4. Rate of char gasification as a function of cycle number during the
reduction period of K»CO3 (Hl, [1), KCl (@), Na,CO3; (@, O) and NacCl (¢, 0)
series experiments. Void symbols are tests with Charcoal, the KCl series has no
charcoal tests. KoCO3 and Na,CO3 data are derived from previous results [28].

3.4. Uncertainty analysis

All the parameters above were calculated based on the gas concen-
trations measured with the gas analyzer (NGA2000), thus the uncer-
tainty of gas analysis will propagate to the final results. The
measurement of CO, CO, CH4, Hy and Oy with the NGA2000 analyzer
has uncertainty of +£1%. A formula, detailed in previous work [12] for
uncertainty propagation estimation, is used to analyze the relative errors
of the above parameters, and the uncertainties are summarized in
Table 3 below. The uncertainty of final results is in the range of +0.4 —
8.6%. Among the parameters, ygo has the lowest error of +0.4% and
vcu4 has the highest uncertainty of +8.6%.

4. Results and discussion
4.1. Typical cycles with CH4 and syngas

Fig. 2 shows a typical cycle with CH4 and syngas. The cycle is
composed by consecutive periods of reduction marked with “CH4” or

“Syn”, inert marked with “Ny” and oxidation marked with “Oxi”. In the
case of CH4, more than 70% of the fuel remains unconverted and the

0.08
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peak concentrations of CO5 and CO are only 11.5% and 1.1%, indicating
low reactivity of CH4 with the braunite. Despite low conversion of CHy
there was no carbon deposition, which would have been detected in the
subsequent oxidation periods. The syngas, however, shows higher con-
version of CO and Hj, despite much less oxygen carrier in the bed (2 g
Mn ore and 13 g sand) in the syngas tests. Thus, <7% Hy and <30% CO
were seen after the reactor.

4.2. Typical reactions with solid fuels

A typical reduction period with Charcoal, KCl-charcoal, KoCOs-
charcoal, NaCl-charcoal and Na,COs-charcoal is shown in Fig. 3. In the
case of Charcoal without alkali impregnation, the main gas product was
CO, while the gasification intermediates (CO and Hj) were low. Thus, a
major part of the CO and Hj from the gasification reacted with the ox-
ygen carrier and was oxidized to CO, and H0. CO2, Hy and CO were
seen for a long time when using Charcoal, even after 15 min following
the fuel feeding. When alkali-fuels were used, all gas concentrations
were significantly higher than for Charcoal in first minutes, thus
showing a faster gasification of the impregnated charcoals, as a conse-
quence of the catalytic effects of K and Na [43,44]. In all the reduction
cycles with charcoal and impregnated charcoal, Hj is higher than CO
although the latter generally is less reactive with the oxygen carrier. This
is likely a result of the water-gas shift reaction, which converts CO and
H>0 to CO, and H, under steam rich conditions.

4.3. Rate of gasification

The rate of char gasification was calculated through Eq. (8), and here
the average value obtained in the range X¢ = 0.3-0.7, is used for com-
parison, see Fig. 4. Clearly, the addition of alkalis in the charcoal pro-
moted the gasification, as a result of the alkali catalytic effect. In the case
of Charcoal without any alkali impregnation, the rate is around 10%/
min. This was, however, increased to around 25-120%,/min when KCl,
NaCl, NapCO3 and K3CO3 were added to charcoal. Among all the four
alkalis, KCl and NaCl show distinctly lower gasification rates as
compared to KoCO3 and NapCOs. This is in line with previous works,
where a range of potassium salts [45] and sodium salts [46] were
compared for their catalytic activity on gasification. In the cases of
K2CO3, NayCO3 and NaCl series, Charcoal was regularly used after alkali
fuels, and the results indicate that the previous use of alkali-charcoals
has no obvious effects on the gasification rate of pure charcoal. Thus,
the alkali that is retained in the oxygen carrier, as discussed in section
4.6 below, does not affect the char gasification.

0.25

0.07 -
0.06 -
0.05 -
%0.04—:
0.03 -
0.02 -
0.01 - .
TG et ot

0.20

0.15

0.10

0.05

Cumulative K and Na (g)

sttt e s g n

I
0. 5 10" 15

T T T T T T T ~ T * T
20 25 30 35 40 45 50 55 60

Cycles (-)

Fig. 5. Amplitude of pressure fluctuation in the KCl ((J), K,CO3 (@) NaCl ((J) and Na;CO3 (@) series of experiment, and the calculated cumulative amount of K from
K5CO3 (= =) and KCI (=¢=), NaCl (=ee=) and Na;CO; (e ¢) added in the cycles. K,CO3 and Na,CO3 data are from previous work [28].
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Fig. 6. Partial agglomeration of the braunite oxygen carrier.
4.4. Partial defluidization

The pressure fluctuation ¢ for the four series of experiment is shown
as a function of cycle number in Fig. 5. Some of the data in the KCl and
NaCl series of studies are not available, because of some difficulties with
the pressure transducer, whereas most of the data in K;CO3 and NapyCOs3
series are available. In all cases fluctuation is high in the initial cycles, in
the range 0.025-0.045, with some gradual decrease. The fluctuation
with carbonates then dropped to a very low value (<0.005) and
remained there for the rest of the cycles. This drop happened already in
cycle 10 in the K2COs-fuel series, and a bit later for the Nay;COj3 series
(cycle 17). The pressure fluctuations during the cycles with CH4 in the
KCl and NaCl series are not available, but they should be similar to those

{0) KCl-final: Si

(q) KCl-final: Mn

\

(r) KCl-final: Fe

)

(p) KCl-final: Ca%;: &

Fuel 344 (2023) 128090

in K5CO3 and NayCOj3 series. The KCl and NaCl series also showed a
gradual decrease in fluctuation, indicating partial defluidization. But
cycles with really low fluctuations came later for the chlorides. Although
there are some cycles with very low fluctuations, e.g. 29-33 for KCl and
44-46 for NaCl, there are also later cycles with high fluctuations. In the
case of KCl, this increase in fluctuations coincided with the cooling down
and extrusion of the “middle” sample. Thus, the indications of partial
defluidization in Fig. 5 appear both earlier and show more permanence
for the carbonates, as compared to the chlorides. Alkali chlorides are
known to be especially difficult in biomass combustion in terms of
fouling, but perhaps the smaller effect can be explained by the KCl being
more easily evaporated than K;COs, NaCl and NayCO3 [47,48]. More-
over, the equilibrium partial pressure of the reactions KCl < KCI(g),
NaCl < NaCl(g) and KoCO3 < K3COs3(g) has been calculated based on
Gibbs free energy minimization and compared. The results show that
KCI(g) has the highest partial pressure of 0.7% at 950 °C, as compared to
0.4% for NaCl(g) and zero for KoCO3(g). This and the fact that Nay;CO3
cannot evaporate indicate that KCl is the most volatile component
among the four alkalis. This may also explain why the enhancement of
gasification is smaller for KCl, cf. section 4.3, as most of KCl has been
evaporated and left the char early, and thus the catalytic effect on
gasification is not strong.

4.5. Agglomerates and alkali distribution in particles

Partial bed agglomeration of the braunite was found during the series
with K3COs-fuel, Nay;COs-fuel, KCI-fuel or NaCl-fuel, as seen in Fig. 6.
The bulk bed material in the container has non-agglomerated particles
as the major part, while a small amount of particles stuck together and
formed agglomerates as indicated by the pencil tip. These agglomerates
have a size of 2-5 mm as a result of particles combination, and they are
very easy to break up with fingers. Because of this and only a small part

(S) NaClfinal 3 Fig. 7. SEM-EDX element mapping

: i analyses of the cross-section of ag-
glomerates from the bed material after
final cycles with alkali-fuel samples: (a-
f) used with KyCO3-fuel, (g-1) used with
Na,COs-fuel, (m-r) used with KCI-fuel
and (s-x) used with NaCl-fuel. Yellow
arrow shows the bridge positions be-
tween particles. Data for K,COs-fuel
and NayCOs-fuel are from previous
work [28]. (For interpretation of the
references to colour in this figure
legend, the reader is referred to the
web version of this article.)

(t) NaCl-final: Na.

(v) KCl-final:-Car

(w) NaCl-final: Mn

\

(x) NaCl-final: Fe
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Fig. 8. Retention of K and Na in the braunite as a function of cumulative
amount of K and Na introduced. K,CO3 and Na,CO3 data are from previous
work [28].

of the bed being agglomerated, the agglomerations are denoted as par-
tial agglomerations. At the same time many pressure measurements
suggest that the beds are not properly fluidized, i.e. agglomerated. It can
be speculated that there is a reversible agglomeration phenomena that
more or less disappears when temperature is lowered. There are occa-
sional experiences from CLC pilot operation where particles have been
stuck in the cyclone, blocking circulation, and then, when temperature is
lowered, the particles start to flow freely again with no remaining ef-
fects. The partial agglomeration phenomenon could be an explanation
for the fluctuation increase after bed sampling from middle cycles, as
observed in Fig. 5.

Fig. 7 further shows examples of partial agglomeration and the
resulting bridges between particles through SEM-EDX mapping of the
sample cross-sections. The SEM-EDX of K,COs-final and NayCOs-final
cross-sections shows clear accumulation of K and Na in the bridges be-
tween particles (Fig. 7b and h), whereas for the KCl-final and NaCl-final
samples, alkali accumulation is not clearly seen. Interestingly, the dis-
tribution of Mn and Fe in the bridges of NaoCOs-final is quite different to
those of the other three samples. In the case of Na;COs-final (Fig. 7k and
1), the bridges are dark which means that there is no Mn and Fe in the
bridge. Thus, the bridges of NapCO3-final sample have no coexistence of
Na, Mn and Fe. On the contrary, Mn and Fe are present in the bridges of
K2COs-final, KCl-final and NaCl-final samples, and coexistance of alkali,
Mn and Fe is seen for these three samples. This might suggest different
mechanisms of agglomerate formation for the latter three cases as
compared to NapyCO3. Presumably, alkalis in KoCO3-fuel, KCl-fuel and
NaCl-fuel interacted with Mn and Fe, and this resulted in low-melting
point compounds [49] (e.g. K-Mn-Fe or Na-Mn-Fe system), which mel-
ted and stuck particles together to form agglomerates [28]. However, in
the case of the Nay;COj3 series, Mn and Fe do not seem to participate in
the formation of agglomerates. The agglomeration with Nap;CO3-fuel
could be solely driven by the gluing of particles through the sticky layers
formed by Ca-Si-Na systems [28,50,51]. Therefore, the resulting sticky
layer sticks smaller oxygen carrier particles and this gradually forms
agglomerates. More details of the two mechanisms is described in pre-
vious work [28].
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Table 4
The amount of alkalis introduced and retained in the oxygen carrier.
K from Na from K from Na from
KoCO3 NayCOs KCl NaCl
Added (g) 0.235 0.157 0.151 0.198
Added (mol) 0.00604 0.00683 0.00386 0.00862
Retention (g) 0.095 0.126 0.0686 0.164
Retention (mol) 0.00243 0.00546 0.00176 0.00715
Retention/Added 40.4 80.3 45.4 82.8

(%)

e 2 O NG

Fig. 9. Comparison between broken reactor tube, and tube pieces, of the quartz
reactor from after KCl series (a, ¢) and after normal operation (b, d).

4.6. Alkali retention in the bed and interaction with the reactor

In Fig. 8, the amount of K and Na measured in the middle and final
braunite samples are compared with the cumulative addition. Total
added K and Na with K;COs-fuel, Nay;COs-fuel, KCI-fuel and NaCl-fuel
was 0.16, 0.24, 0.15 and 0.20 g which is 0.75-1.2% of the braunite
weight. The Na retention increased quickly as more sodium was added,
and more than 80% of the Na introduced with Na;CO3 and NaCl were
finally found in the braunite. In the case of K2COj3-charcoal and KCl-
charcoal, around 40% of K was retained. This indicates that potassium
has a higher affinity towards the retention in the oxygen carrier, as
compared to sodium. The amount of alkalis introduced and retained is
also presented in Table 4. The retention of K and Na is also seen above in
the SEM-EDX results, where the alkalis are found in the used oxygen
carrier. However, the data does not allow any safe conclusions when
comparing the chlorides with the carbonates.

In addition to the interaction with bed material, the KCI also reacted
with the inner wall of the quartz reactor, as shown in Fig. 9. A thick,
yellowish and shell-like layer (in Fig. 9a and c), which covered the inner
wall, was formed after the 42 cycles in the KCl-charcoal series. This is
absent for the reactor when used for normal experiments without alkali
presence, see Fig. 9b and d. The layer in Fig. 9a and c seems to be the
result of strong alkali corrosion of the inner wall, so the wall was
gradually “eaten” by the alkali. As discussed in section 4.4 above, the
high volatility and the fast evaporation [47] of KCl might be responsible
for the severe wall corrosion. The reactor wall after the KCl-fuel series
was thin and fragile and was easily broken down. The quartz reactor
broke during the cooling down process, it happened at around 400-500
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Fig. 10. Comparison of gas yield from each gas component (a) CHy4, (b) CO and (c) H,. The data for K;COs-final and NayCOs-final is from previous work [28].

°C. Fig. 9a and c show pieces of the broken reactor after the cycle 42 in
the KCl series experiments. For the other alkalis (NaCl, KoCO3, NayCO3),
some interaction with the quartz wall was also noticed, but the effects
were far less severe than.

A relevant question is the influence of the alkali interaction with
walls on the test results. However, the surface area of the particles in the
bed is more than two orders of magnitude greater than that of the sur-
rounding wall. Thus, the effect of the walls on the experiments is likely
negligible except for putting an end to the KCl test series.

4.7. Evolution of braunite reactivity

The fresh and used oxygen carrier samples were tested with CH4 and
syngas to evaluate the reactivity with CH4, CO and Hy. The gas yield is
used to compare the reactivity between the fresh and used samples as
seen in Fig. 10. In the case of reacting with CHy, the gas yield for all the
oxygen carriers is similar (0.1-0.25), but a little higher reactivity is
noticed for the fresh oxygen carrier. Regarding the reactivity with CO,
the gas yield is in the range of 0.27-0.86 and decreases as oxygen in the
oxygen carrier is consumed. The fresh braunite has the highest reac-
tivity, followed by KCl-final, whereas the others have somewhat lower
reactivity. In the case with Hy, the estimated gas yield is stable at 0.9
during most of the whole cycle for all the five samples. It is known that
H, is normally very reactive to most oxygen carriers and a full conver-
sion would not be unexpected. In fact, it is very unlikely that the actual
conversion would be stable at 0.9 through most of the period for all the
samples. It can be added that the on-line analysis of hydrogen is some-
what complex, as it is based on heat conductivity of the gas and the
conductivity varies between the different gases. Therefore, the gas
analyzer performs a compensation for the concentrations of other gases.
Most likely, the conversion of hydrogen was essentially complete and
the deviation from one an artifact. Thus, Hy has the highest reactivity,
CO has a medium reactivity while CHy4 is the least reactive with the
manganese ore. The conversion of CO and Hj is high considering the low
mass to flow ratio in the syngas tests, which corresponds to 23 kg oxygen
carrier per MW.

5. Conclusions

The interaction between two alkali salts, KCl and NaCl, and a Mn ore
oxygen carrier has been investigated in using batch fluidized bed ex-
periments and various characterizations. The results have been
compared to previous results for K;CO3 and NayCO3 with the same Mn
ore oxygen carrier. The following conclusions can be drawn.

The char gasification was enhanced by a factor of 3—4 in presence of
KCl and NaCl, compared to 8-10 times when using KyCOs and
N32C03.

e The potassium salts, KoCO3 and KCl, causes earlier onset of
agglomeration/defluidization as compared to sodium salts, Na,CO3
and KoCOs. Alkali chlorides showed less permanence of partial
defluidization as compared to the carbonates.

e Fe and Mn may take part in reactions with Si and Ca in the braunite

forming agglomerates in presence of KoCO3, KCl and NaCl series,

whereas they do not seem to be involved in agglomerate formation in
presenece of NapCOs.

40% of the K and 80% of the Na added with the fuel was retained in

the Mn ore bed material after the experiments.

The reactivity of alkali-exposed oxygen carrier with CH4 and Hy is

fairly similar to the fresh material, whereas the oxygen carrier

reactivity with CO is lower after use with alkalis.
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