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ABSTRACT

Calcium looping (CaL), implemented via cyclic carbonation and calcination of calcium-based
sorbents, is a novel and promising technology in reducing emissions of CO; into the atmosphere.
The reactivity of CaO is important in calcium looping, but its CO. sorption will be affected by the
presence of ash deriving from coal combustion in the calciner. We report here, the investigation of
influence of coal-derived ash on CaO-based sorbents using a thermogravimetric analyzer and a
combination of other techniques. As a result of this work, our understanding of the role of several
key variables (sorbent type, ash content and its particle size, the calcination conditions) and how
they interact during repeated cycles of CO. sorption and desorption, has been greatly enhanced.
Furthermore, an attempt was made to explain the interaction mechanism between sorbents and
coal-derived ash. It is proposed that the blockage of pores blow 3 nm due to ash deposition and
subsequent grains agglomeration are the main reason for CaO-based sorbents’ loss in CO> carrying

capacity.
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1. INTRODUCTION

The mitigation of anthropogenic CO. emission has become a major concern due to the
well-known problem of global warming. CO> capture and sequestration (CCS) is an an option for
reducing emissions of CO- into atmosphere, especially via its implementation on fossil fuel-fired
power plants. These plants are large stationary CO2 emission sources and inherently possess the
technical potential for CO- capture due to the relatively high CO2 concentration (10-15 vol. %) [1-4].
However, separation of CO. from power plants via conventional methods imposes severe energy
penalties, and reduces the net electricity output by as much as 13-37% [5-7]. Thus, a more
technically and economically feasible CO2 separation process is required.

Calcium looping (CaL) is an emerging CO> capture technology based on the reversible reaction
between CaO and CO., and appears to be suitable for controlling CO2 emissions from fossil
fuel-fired power plants. A schematic representation of CaL process for CO2 capture in a power plant
is shown in Figure 1. COz in flue gas is sequestered through a carbonation reaction in a carbonator,
then the sorbent containing CO: is transported into a second reactor (calciner) and regenerated in an
atmosphere of nearly pure CO2, producing a highly enriched stream of CO». Repeated cycles the
above processes results in sequestration of CO from the plant’s flue gas. Comparing CaL to other
CO- capture technologies, calcium looping is particularly competitive due to (a) the abundant use of
an inexpensive raw material (limestone) as sorbents, (b) the superior theoretical CO, carrying
capacity, (c) implementation using large-scale demonstrated fluidised-bed technology, and (d) the
potentially wide application in both pre- and post-combustion CO capture systems. As a result, the
calcium looping process has attracted great interest and had a rapid development in various areas
worldwide. For example, various strategies including: hydration or thermal pretreatment of
limestone-derived CaO, development of sintering-resistant pure CaO, and dispersion of active CaO

on inert matrix etc., have been proposed to resolve the well-known loss-in-capacity problem of
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CaO-based sorbents [8-19]. Additionally, a number of pilot plants using the technology have been
constructed [20-25], and the latest validation and operation of these facilities can be found in the

scientific literature [26-29].

Figure 1. Schematic representation of calcium looping for CO> capture from power plant flue gas.

Practically, the decomposition of CaCOs is a highly endothermic reaction. To allow the collection
of concentrated CO> from calciner, combustion of coal with pure oxygen should be used to supply
the large amount of energy required. However, direct contact between sorbents and coal ash would
necessarily occur as a result of the simultaneous coal combustion and CaCO3z decomposition in the
calciner. It is known that adhesion of coal ash to the surface of CaO-based sorbents under high
temperature can affect characteristics of CaO for CO> capture during repeated cycles of carbonation
and calcination [30-34]. In the operation of a pilot-scale dual-fluidised bed for CO. capture with
oxygen-combustion in the calciner, Lu et al.[4] and Hughes et al.[35] observed the distribution of
fine grains or a thin shell on the surface of calcined limes, which was attributed to ash deposition.
Conversely, the work of Fan et al.[34] showed that CO> sorption stability of the mixed limestone and
coal ash was qualitatively similar to that of pure limestone with the cycle number. Kuramoto et
al.[36] also investigated the effect of coal-derived minerals on CO; sorption performance of
CaO-based sorbents, but their focus was on the carbonation reaction with elevated pressure, which
was specifically suitable for hydrogen production from coal gasification. While similar performance
between CaCOz and CaCOzs/ash was demonstrated in the calcination/carbonation cycle, solid-solid
interaction between the materials was observed to be largely enhanced by an intermediate hydration
treatment. It was suggested that a proper choice of coal particle size and reaction conditions may

reduce the interaction.



Based on the above results, it is known that the presence of coal ash can limit the CO. capture by
CaO-based sorbents. However, no consensus has been reached on when and how coal-derived ashes
are involved; i.e., whether the characteristics of CaO-based sorbents would be a key factor for the
sorption performance with the addition of coal-derived ash. On the other hand, the interaction
mechanism of ash on the sorption process of sorbents is still unclear. Therefore, purpose of the work
was to evaluate the impacts of different coal ashes on CO> sorption by both natural and synthetic
CaO-based sorbents under various testing conditions, and then understand the interaction mechanism

between coal ashes and CaO-based sorbents.

2. EXPERIMENTAL SECTION
2.1. Materials and Sample Preparation

In this work pure lime and a synthetic sorbent (SolGel) were used as both sorbents and
components in the mixtures with coal ash. The lime (denoted as “L” in the mixture with coal ash)
was prepared by calcining a natural limestone from Dujiangyan, China, at 950 °C for 30 min; its
mass loss during calcination was equal to 39.64%. The fresh lime was sieved to obtain a sample with
particles size smaller than 0.1 mm. SolGel (denoted as “S” in the mixture), consisting of 75 wt. %
CaO and 25 wt. % MgO, was synthesized from analytical reagents of calcium nitrate tetrahydrate
(=99.0%), magnesium nitrate hexahydrate (=99.0%), and citric acid monohydrate (=99.5%)
following procedures described in Ref. [8]. Firstly, predetermined amounts of Ca(NO3).-4H-0,
Mg(NO3)2-6H-0, and citric acid were added into deionized water at a water to metal ions molar ratio
of 40:1 and a citric acid to metal ions molar ratio of 1:1. Then, the mixed solution was continuously
stirred at 80 °C for 7 h to form a well-dispersed sol. Thirdly, the sol was kept at room temperature
for 18 h to form wet gel, followed by a two-stage drying of 5 h at 80 °C and 12 h at 110 °C in an

oven. Finally it was calcined at 900 °C for 30 min and sieved to be smaller than 0.1 mm in particle
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size. Both natural lime and synthetic SolGel were stored in a desiccator before using.

Two different ashes were obtained by burning a bituminous coal from Xunyong (denoted as X)
and an anthracitic coal from Yaan (denoted as Y) at 950 °C for 4 h. Afterwards they were sieved into
five particle size ranges of <0.1 mm, 0.1-0.2 mm, 0.2-0.3 mm, 0.3-0.4 mm and 0.4-0.5 mm before
mixing with the lime and SolGel.

To study interaction characteristics between the CaO-based sorbent and coal ash, these materials
were fully mixed for 30 min in a mechanical agitator. The mixtures were denoted using
abbreviations of CaO-based sorbents and coal ashes, followed by the mass content of ash and its
particle size range. For example, “LY30_0.1-0.2” represents the mixture of lime and Yaan coal ash
with a coal ash content of 30 wt. % and ash particle size of 0.1 to 0.2 mm.

2.2. Sorption Test and Materials Characterisation

CO2 carrying capacity of samples was evaluated using a NETZSCH Simultaneous Thermal
Analyser (STA 409 PC). In a typical test under mild calcination conditions, a small (around 12 mg)
sample was placed in a quartz pan and heated up to 900 °C at a rate of 25 °C/min under a flow of 85
mL/min N2; the calcination temperature was held for 10 min. Then the sample was cooled to 650 °C
at a rate of -25 °C/min. Once carbonation temperature was reached, a CO; flow of 15 mL/min was
introduced into the STA. Thus, the carbonation reaction was performed in an atmosphere containing
15 vol. % CO2 and 85 vol. % N,. After 10 min carbonation, the flow of CO> was stopped,
completing one cycle of calcination and carbonation. The calcination/carbonation cycle was repeated
15 times for each sample. Some tests were carried out under more severe calcination condition, i.e.
at 950 °C in an atmosphere of pure COz, but the other testing conditions were kept unchanged.

COz carrying capacity of CaO in the samples was expressed in the form of carbonation conversion.
It was calculated from the continuously monitored weight changes during reactions, assuming mass

change was only caused by the formation and decomposition of CaCOsa.



Table 1. Chemical composition of calcined limestone and coal ashes.

X-ray Fluorescence (XRF) measurements were used to determine the chemical composition of
raw materials (Table 1). It was seen that both coal ashes have a similar chemical composition of the
main components namely SiOz, Al2Oz, and Fe2Os; on the contrary the lime was almost pure CaO
(96.56 wt. %). A X-ray Diffractometer (XRD) was used over the angular range 10-90° in 0.02° step
size and 0.3 s per step at 40 kV, 150 mA. Sample phases morphologies were observed by a scanning
electron microscope (TESCAN VEGAZ3) at an acceleration voltage of 10 kV. The surface area, pore
volume and pore size distribution of materials were determined using a Micromeritics ASAP 2020
instrument. Prior to N2 adsorption/desorption analysis at approximately -196 °C, materials were
outgassed at 350 °C for 4 h. Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)

models were used to calculate the specific surface area and pore size distribution, respectively.

3. RESULTS AND DISCUSSION
3.1. Cyclic CaO Carbonation in Presence of Ash

The investigation of interactions between coal ash and CaO-based sorbent was conducted by
varying the type of both coal-derived ash and sorbent; it was expressed in terms of carbonation
conversion as a function of cycle number under mild calcination conditions (Figure 2). Carbonation
as a function of time for the 1%t and 15" cycle was shown in Figure 3. The particle size of coal ash
was below 0.1 mm and its content in the mixture was kept constant at 30 wt. %. For comparison, the
performance of pure lime and SolGel for CO> capture were also shown. As it can be seen, SolGel
showed the highest initial carbonation conversion (0.64), compared to that for pure lime (0.54).

However, as cycles progressed, carbonation conversion of both sorbents decreased, and after 15
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cycles the residual value was 0.27 and 0.20, respectively. The average decay rate of the conversion
with cycle number was 2.48% and 2.25% per cycle for SolGel and lime, respectively. Influence of
coal-derived ash on the cyclic carbonation was demonstrated to be different for SolGel and lime.
Though carbonation conversion of LY30_<0.1 is below that of pure lime for the entire test, deviation
of their conversion values is comparatively small. In contrast, carbonation conversion of
SolGel-mixed-Yaan coal ash was approximately 0.59 initially, being 8.54% lower than that without
the addition of coal ash; moreover, its conversion decreased to around 0.22, thus 20.4% lower at the
end of 15 cycles of calcination/carbonation. The results indicate that the addition of coal ash can
reduce carbonation conversion of SolGel to a more pronounced extent. Xunyong (X) coal ash was
also mixed into the two sorbents in a test of their CO2 sorption performance. It was clear that
Xunyong coal ash demonstrated a detrimental impact on sorbent reactivity identical to Yaan coal ash.
An examination of the above results led us to conduct further experiments only on Yaan (YY) coal

ash.

Figure 2. Repeated cycles of carbonation in presence of coal-derived ash (carbonation at 650 °C in
15 vol. % CO> for 10 min, and calcination at 900 °C in pure N2 for 10 min).
Figure 3. Carbonation as a function of time in the 1% and 15" cycle of CaO-based sorbents

with/without coal ash at 650 °C in 15 vol. % COa.

3.2. Effect of Ash Content on Carbonation

Samples composed of different contents of coal ash (Y) and SolGel or lime were prepared for
investigating its influence on CaO reactivity in CO. capture. Carbonation conversion of samples
containing coal ash amounts ranging from 15 wt. % to 60 wt. % are plotted in Figure 4. While the

change of CaO conversion was small for lime/coal ash with increasing ash content, as shown in
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Figure 4 (a), Figure 4 (b) demonstrates an accelerated degradation rate on CaO conversion with the
increase of ash content in the mixture prepared using SolGel. It can be observed that SolGel with 15
wt. % coal ash showed the highest CaO conversion in the first carbonation (around 65%), while the
initial conversion of SY30_<0.1, SY45 <0.1, and SY60_<0.1 was 59%, 55% and 43%, respectively.
After 15 cycles of calcination/carbonation, the same tendency of decreasing carbonation conversion
with increasing ash content was still apparent. SolGel containing no coal ash has the highest CaO
conversion of 27% at the end of 15 cycles, followed by SY15 <0.1, SY30 <0.1 and SY45 <0.1,
and SY60_<0.1, which demonstrated the minimum conversion of 11%, about 59% lower than that of
pure SolGel. These results indicate that the pure lime utilised in the work has a superior resistance to
the influence of coal ash on its performance for COz sorption during multiple cycles of
calcination/carbonation, while the CO; sorption reactivity of SolGel can be severely inhibited by
coal ash. Therefore, preliminary selection of CaO-based sorbent is important, as adaptability of
sorbents in the real application environment could vary extensively. Though ash percentages from 15
wt. % to 60 wt. % were used in this work, it is necessary to know that the content of coal ash should
be kept as low as possible in the practical calcium looping system, as more ash means larger heat

consumption in the calciner.

Figure 4. Effect of ash content on carbonation. Testing condition: carbonation in 15 vol. % CO at

650 °C, calcination in 100 vol. % N2 at 900 °C, both for 10 min.

3.3. Effect of Ash Particle Size on Carbonation
The effect of coal ash particle size, ranging from <0.1 mm to 0.4-0.5 mm, on CaO conversion was
investigated and the experimental data are shown in Figure 5. As expected, the difference on CaO

conversion for pure lime and its mixtures with changing particle size of coal ash was small, and all
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showed a continuous decrease of conversion with cycle number. Turning now to carbonation
conversion of mixtures consisting of SolGel and coal-derived ash (Y), the reduction of CaO
conversion caused by the addition of coal ash can still be seen. However, it was interesting to find a
decreasing detrimental effect of ash on the reactivity of CaO as particle size of coal ash increasing
from <0.1 mm to 0.4-0.5 mm. CaO conversion of SY30 <0.1 was 0.22 in the 15" carbonation
reaction, while SY30_0.2-0.3 and SY30_0.4-0.5 showed a carbonation extent of 23% and 26%,
respectively. This could possibly be due to a more uniform solid-solid contact between the coal ash
with smaller size and the sorbent. These results suggest that suitable particle size of coal ash could
reduce the occurrence of its inhibition on the carbonation of CaO with CO,. Fortunately, ash with
smaller size is relatively easier to be separated from the fluidised bed reactor through the cyclone, in

comparison with larger particles [37].

Figure 5. Effect of particle size of coal ash on carbonation conversion of CaO. Testing conditions:

carbonation in 15 vol. % CO; at 650 °C, calcination in 100 vol. % N, at 900 °C, both for 10 min.

3.4. Effect of Severe Calcination on Carbonation

Regeneration of CaO-based sorbents should occur at temperatures much higher than 900 °C in a
relatively pure COz stream if the calcium looping process is operated to separate CO> from flue gas.
Therefore, a series of experiments with pure lime, SolGel, and their mixtures with coal ash were
conducted under calcination conditions of 950 °C and 100% CO_ atmosphere. Figure 6 demonstrates
the change of carbonation conversion with cycle number under the severe calcination conditions. For
comparison, testing results under mild calcination conditions are also presented. The initial
carbonation conversion of pure lime was 0.37 under severe calcination conditions, indicating a

degradation of 31% from 0.54 measured under mild calcination. The degradation of carbonation
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conversion tends to become smaller in the following cycles and a reduction of only 18% (0.2 vs.
0.16) was observed after 15 cycles. Additionally, CaO conversion of lime and the lime/coal ash
mixture had almost identical profiles as a function of cycle number, regardless of the mild or severe
calcination implemented. SolGel, by contrast, demonstrated a more pronounced impact in the
shifting from mild to more severe calcination conditions, and the reduction of carbonation
conversion caused by coal ash addition can be observed from the 1% to the last cycle. The results
imply that calcination condition was not a major factor affecting the interaction between coal ash

and CaO-based sorbents for CO- capture during cyclic calcination and carbonation.

Figure 6. Carbonation conversion of sorbents under mild and severe calcination conditions. Testing
conditions: carbonation in 15 vol. % CO; at 650 °C, mild calcination in 100% N2 at 900 °C while

severe calcination in 100% CO- at 950 °C, all for 10 min.

3.5. Characterisation and Discussion

The results described above clearly demonstrated that coal-derived ash can affect CO2 sorption
performance of sorbents during cyclic reactions of calcination and carbonation, but the extent of
impact varied according to the sorbents. The interaction between coal ash and CaO-based sorbents
may occur in chemical or physical aspect. To investigate the potential chemical interactions, XRD
results of five samples were presented in Figure 7. It shows that CaO and Ca(OH). are the main
compounds in lime and beyond those, there is MgO in SolGel. The strongest peak demonstrated in
coal ash is SiO, and other compounds of CazAl>Os and Caz(Al(AlSi)O7) are observed as well. In the
sorbent-ash mixtures, however, no new compounds is detected under the conditions studied.
Therefore, here we speculate that chemical consumption of active CaO is not the dominant reason

for the different resistance of sorbents to coal ash, basing on the facts: (1) coal ashes are measured to
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have no CO. sorption capacity, though experimental results are not presented; (2) the main
difference between lime and SolGel is that the latter contains 25 wt. % MgO. However, no chemical
reactions between MgO and the components from coal ash are found in Figure 7, which agrees with

the results in the literature [33, 38-40].

Figure 7. XRD patterns of selected samples after 10 min calcination at 900 °C.

To understand the physical interactions between coal ash and sorbents, N2 adsorption/desorption
was utilised to measure structural parameters of freshly calcined lime, SolGel, their mixtures
containing 60 wt. % Yaan (Y) coal ash, and ash Y. The BET surface area, the BJH desorption
(cumulative) of pores, the average pore diameter, and the pore diameter distribution are summarised
in Figures 8 and 9. From Figure 8, it can be seen that BET surface area and BJH pore volume of pure
lime are 22.32 m?/g and 0.1146 cm®/g, respectively. It is well known that calcination of natural
limestone usually yields a porous structure due to CO> diffusion following the disintegration of
calcite crystals into small lime crystals [41]. BET surface area of the lime used in the work is very
close to the commonly reported data of calcined limestone, ranging from around 3 to just above 20
m?2/g [11, 42-46], while SolGel exhibits a superior surface area of 56.14 m?/g. By comparing BET
surface area of two sorbents, ash Y and their mixtures, it is clear that the presence of coal ash results
in a large loss in the BET surface area of both initial sorbents and ash, implying there should be a
synergy effect between the CO> sorbent material and coal ash. Figure 9 shows that both the lime and
SolGel have two main types of pores. Pores named type 1 are very small, with a diameter between
3-8 nm for lime, while is mainly <4 nm for SolGel. Pores type 2 are approximately 50-80 nm in
diameter. With 60 wt. % coal ash in LY60_<0.1, its pore diameter distribution curve is similar to that

of the original lime, but there is a loss of approximately 60-70% of the surface area and pore volume,
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as shown in Figure 8 and 9. In contrast, the pores with a diameter <3 nm all disappeared for SolGel
mixed with the same amount of coal ash, resulting a more pronounced decay (higher than 80%) in
surface area and pore volume, which are 4.71 m?/g and 0.0207 cm®/g for SY60_<0.1. Therefore, the
pores <3 nm is believed to be the most important factor for the interaction between coal ash and

CaO-based sorbents.

Figure 8. Pore structure parameters of five samples after calcination for 10 min at 900 °C.

Figure 9. Pore diameter distribution of calcined lime, SolGel and their mixtures with coal ash (Y).

Variation in sorbent morphological structure as a result of ash addition was further investigated by
SEM (Figure 10). It can be seen that freshly calcined lime has a well-defined, homogeneous
distribution of spherical grains close to 200 nm in diameter. Adding coal ash into lime caused only
minimal grain growth. Compared to pure lime, SolGel grains were smaller but very close to each
other. Moreover, the addition of coal ash resulted in a significant change of SolGel’s morphology.
Though few small grains with good porosity could still be observed, more of them disappear through

mergence with the production of a more coarse and heterogeneous structure.

Figure 10. SEM images showing morphology of calcined sorbents with and without coal ash.
Figure 11. Schematic representation of pore-and-grain variation of lime and SolGel with the

existence of coal ash.

Based on the above results, a schematic representation of the physical interaction between coal
ash and CaO-based sorbents is proposed, as shown in Figure 11. It is known that the introduction of

coal ash can change porous structure of CaO-based sorbents with the decline in surface area and pore
13



volume. However, the variation of type 1 pores especially those below around 3 nm is thought to
play the most critical role, as these pores are the main contributor for the surface area and pore
volume of a material. Once coal ash is presented, the majority of micro-pores in SolGel is blocked,
which largely reduces the accessibility of CO> to active sorbent sites and the subsequent internal
diffusibility, thus resulting in a more pronounced CaO reactivity loss than the lime. Additionally, ash
deposition is also able to cause grain agglomeration along the surrounding sorbent and ash because
of its adhesive properties. CaO grains in lime are characterised with more regular spherical shape
and better separation from each other. Conversely, SolGel grains were observed to be connected and
agglomerated with less obvious individuality than that of the lime. After the blockage of the
micro-pores, the grains in SolGel can be easily bridged together in clumps with smooth surface and
evident loss in porosity while there is coal ash with propensity of melting and adhesivity. Similar
changes in morphological structure have also been reported in the literature [35].

The impact of coal-derived ash on calcium looping should be of concern. Even though its
inhibition on CO- sorption of sorbents can be minimised by a careful selection of both coals and
sorbents, transportation of ash with sorbents in the interconnected fluidised bed, which was proposed
to be the best candidate for calcium looping, and temperature maintenance of the large amount of
needless material would lead to consumption of a large amount of energy. Therefore, it would be
interesting to investigate the optimum combination of particles of sorbents and coals, aiming to

realize an efficient separation of coal ash from the main stream of solid sorbents using a cyclone.

4. CONCLUSIONS
Calcium looping is a technically and economically competitive approach in mitigating CO-
emissions from coal-fired power plants. The long-term stability in sorption capacity of CaO-based

sorbents is a key parameter determining the operating efficiency of the CO. capture system, which
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can be easily affected by the ash from coal combustion in the calciner. In this work, we investigated
the impact and role of several variables (sorbent type, ash content, particle size of ash, and the
calcination conditions) on CO: sorption capacity in cyclic calcination and carbonation via a
thermogravimetric analyzer. The resistance to ash’s negative impact is observed to be very different,
largely depending on the type of sorbent used (natural or synthetic sorbent). However, the increase
of ash content in sorbents and the reduction in particle size of coal ash resulted in a generally lower
carbonation conversion; thus, the influence of calcination conditions on the interaction between coal
ash and CaO-based sorbents could be ignored. Physical blockage of pores (especially those with a
diameter <3 nm, probably due to ash deposition and subsequent agglomeration) is thought to be the
main contributor for the inhibition of CaO-based sorbents with respect to their CO. carrying

capacity.
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TABLES

Table 1. Chemical composition of calcined limestone and coal ashes.

Compound, wt. % Lime Ash X Ash Y
CaO 96.56 3.55 2.02
SiO2 1.70 51.35 56.37
Al203 0.60 26.17 27.74
Fe203 0.47 10.52 5.30
SOs 0.33 2.45 0.31
TiO: 0.13 291 2.16
SrO 0.13 0.21 0.04
P20s 0.03 0.14 0.21
K20 0.03 1.02 2.61
MgO 0.00 0.73 2.31
Na2.0O 0.00 0.43 0.62
ZrO; 0.00 0.24 0.08
BaO 0.00 0.10 0.00
MnO 0.00 0.04 0.05
Cr203 0.00 0.04 0.04
CuO 0.00 0.03 0.03
Y203 0.00 0.02 0.01
ZnO 0.00 0.02 0.04
NbO 0.00 0.02 0.00
NiO 0.00 0.02 0.03
C0203 0.00 0.00 0.02
Rb.O 0.00 0.00 0.02

Total 100.00 100.00 100.00
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Figure 1. Schematic representation of calcium looping for CO> capture from power plant flue gas.
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15 vol. % CO> for 10 min, and calcination at 900 °C in pure N2 for 10 min).
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Figure 4. Effect of ash content on carbonation. Testing condition: carbonation in 15 vol. % CO; at

650 °C, calcination in 100 vol. % N> at 900 °C, both for 10 min.
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Figure 5. Effect of particle size of coal ash on carbonation conversion of CaO. Testing conditions:

carbonation in 15 vol. % CO: at 650 °C, calcination in 100 vol. % N, at 900 °C, both for 10 min.
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Figure 10. SEM images showing morphology of calcined sorbents with and without coal ash.
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