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Abstract: Carbon-capture technologies are extremely abundant, yet they have not been applied
extensively worldwide due to their high cost and technological complexities. This research studies
the ability of polymerized fly ash to capture carbon dioxide (CO;) under low-pressure and low-
temperature conditions via physical adsorption. The research also studies the ability to desorb
CO; due to the high demand for CO, in different industries. The adsorption—desorption hysteresis
was measured using infrared-sensor detection apparatus. The impact of the CO; injection rate
for adsorption, helium injection rate for desorption, temperature, and fly ash contact surface area
on the adsorption—desorption hysteresis was investigated. The results showed that change in the
CO; injection rate had little impact on the variation in the adsorption capacity; for all CO, rate
experiments, the adsorption reached more than 90% of the total available adsorption sites. Increasing
the temperature caused the polymerized fly ash to expand, thus increasing the available adsorption
sites, thus increasing the overall adsorption volume. At low helium rates, desorption was extremely
lengthy which resulted in a delayed hysteresis response. This is not favorable since it has a negative
impact on the adsorption—-desorption cyclic rate. Based on the results, the polymerized fly ash proved
to have a high CO; capture capability and thus can be applied for carbon-capture applications.

Keywords: carbon dioxide capture; low pressure-low temperature; shaped recycled fly ash particles

1. Introduction

CO;, storage is one of the most researched topics nowadays due to its ability to reduce
greenhouse gas emissions and allow for the future use of CO, if needed [1-5]. There
are many methods by which CO; can be stored, including reacting the CO, with other
substances, directly utilizing the CO,, and direct storage in underground reservoirs. The
main parameter when designing the storage operation is the ability to re-access the stored
CO; for future utilization to abide by the carbon capture, utilization, and storage (CCUS)
initiative [6]. When storing the CO, in depleted underground reservoirs, the long-term
stability of the CO, is highly questionable. Therefore, stabilizing material can be used to
force the CO, to adsorb, or adhere, to the surface of that material. This can allow for a safer
and longer storage potential thus increasing the viability of the overall storage process. The
stabilizing material may also increase the CO; storage capacity in the reservoir through
chemical reactions [7-9].

For CO, adsorption to take place, there must be a material that has an affinity to the
CO, and thus allows for the fluid to adhere to its surface. One of the most prominent
materials that has been found to be able to adsorb CO; is fly ash. Fly ash is a waste material
that is produced as a byproduct of combustion [10-15]. When organic material burns, it
produces waste residue. Part of this residue settles; this is referred to as bottom ash. The
other part of the fly ash has a very low density and thus can be easily carried away; this
is referred to as fly ash. Bottom ash contains many hazardous chemicals and thus is not
as widely used as fly ash. Fly ash is classified based on its composition, which varies

Gases 2024, 4, 117-132. https:/ /doi.org/10.3390/ gases4020007

https:/ /www.mdpi.com/journal/gases


https://doi.org/10.3390/gases4020007
https://doi.org/10.3390/gases4020007
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/gases
https://www.mdpi.com
https://orcid.org/0009-0000-0378-1066
https://orcid.org/0000-0003-3109-6335
https://doi.org/10.3390/gases4020007
https://www.mdpi.com/journal/gases
https://www.mdpi.com/article/10.3390/gases4020007?type=check_update&version=2

Gases 2024, 4

118

according to the source of the fly ash. It can contain traces of metals, along with other
elements such as sulfur depending on its source [16-20]. Fly ash has been found by many
researchers to have an affinity to CO, and thus can be used as a stabilizing material for
CO; storage in depleted underground reservoirs.

Fly ash has been researched for carbon capture under different conditions. The main
mechanism of CO, adsorption to fly ash is physical adsorption. Physical adsorption
occurs at very low energy levels; therefore, it is classified as weak adsorption. In physical
adsorption, the adsorbate is held-on the adsorbent via Van Der Waals forces, which are
the same forces that hold the water molecules together. Since physical adsorption is a
weak adsorption, the ability for this adsorption to remain intact for a long duration is
questionable. The main advantage of physical adsorption is that it is classified as multi-
layer adsorption. Once the first layer of adsorbate is formed, a second later forms on top of
the first layer, which is referred to as the stacking effect. The bond strength of each layer
becomes weaker until there is not enough energy for a further layer to form. Different
types of fly ash have been studied for CO, capture. Yao [21] studied the use of coal fly
ash for CO; capture. Based on their results, this type of fly ash has a high affinity to CO,.
This affinity is impacted by multiple factors including metal content, fly ash purity, and
temperature and pressure conditions of adsorption. Prasad [22] focused on the impact of
manganese concentration in coal fly ash and reached the same conclusion as the previously
mentioned study. Kikuchi [23] investigated the conversion of fly ash to zeolites for CO,
capture and storage. Zeolites were found to have superior properties compared to the
raw fly ash; however, a conversion step was needed. Also, under different conditions, the
formed zeolite will have different properties and thus will result in a different adsorption
potential. The main limitation of these studies is that each type of fly ash is different in
composition and origin, which limits the ability to generalize the behavior of fly ash when
used for CO; capture or storage.

Different materials have been utilized for CO, capture based on their properties
and characteristics. Shafeean [24] investigated the increase in CO, adsorption on the
surface of activated carbon using gaseous ammonia to modify the surface structure of the
activated carbon. Reddy [25] reviewed the properties of different material that are potential
candidates for CO, adsorption including clays, metal oxides, porous carbons, and zeolites.
They did not include fly ash in their review. Baltrusaitis [26] studied the CO, adsorption
capacity on different metal oxide nanoparticles such as iron oxide and aluminum oxide.
Chun [27] performed a review on the surface chemistry of different materials used for
CO;, adsorption to determine the different methods available for the surface of these
material to selectively adsorb CO,. Guo [28] studied the adsorption potential of CO, on
three different types of activated carbon at elevated temperature and pressure. Saha [29]
presented adsorption isotherms for activated carbon at elevated pressures, reaching 10
MPa, and temperatures ranging from —18 to 80 °C. Bonenfant [30] showed that two of the
significant parameters that impact CO, adsorption to the surface of zeolites include pH and
charge. Mishra [31] presented experimental work on the enhancement of nano graphene
particles” ability to adsorb CO, through hydrogen exfoliation. Hinkov [32] studied the
use of zeolites, molecular sieves, metal-organic frameworks, hydrotalcite-like compounds,
and advanced adsorbent for CO, capture. By impregnating this material with nitrogen-
containing species, the CO; capture potential increased significantly. Zhang [33] utilized
deep-learning methods to predict the ability of CO, to adsorb the surface of different
material. Shafeeyan [34] developed a mathematical model to predict fixed-bed carbon
dioxide adsorption to different materials. Li [35] investigated the utilization of metal-
organic frameworks for CO, capture through direct adsorption. Yong [36] conducted a
review on different materials for CO, adsorption including zeolites, activated carbon, and
other materials. They did not test fly ash in their experiments. Hassanpouryouzband [37]
researched an innovative method for flue gas and CO; storage in the form of solid hydrates
in oceans. This method relies on a natural phenomenon that occurs when water and a gas
are subjected to low temperature and high pressure, both of which are features of oceans.
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Many studies have investigated the use of fly ash in several applications due to its
low cost and advantageous properties. Panchal, S., and Debasis, D. [38] investigated the
use of fly ash as a cost-effective high-performance mine backfill material. Tosun, Y.I [39]
studied the use of fly ash as a construction material by testing the different strengths of
the material including tensile, compressive, and shear strength. Nyakilla, E. et al. [40]
applied a modified modeling method to determine the characteristics of fly-ash-reinforced
cement. The model is specific to the type of fly ash used since the fly ash varied significantly
depending on the source of the fly ash and its precursor material. Krstic, M. et al. [41]
researched the utilization of fly ash for soil stabilization especially for road construction.
The focus of the research was on fine-grained soil. Adewunmi, A., and Kamal, M [42]
performed one of the first studies on the application of fly ash as a demulsifying agent
for stable water—oil emulsion caused by asphaltene. Adjei, S. et al. [43] highlighted the
need for the utilization of novel material to prolong the setting time of the cement in deep
wells. The study mentioned that fly ash can be used as an effective extender material for
cement in oil and gas wells. Cella, P., and Taylor. S [44] developed a method to determine
corrosion in different materials including cement mortars. Different mortar samples were
prepared using conventional cement and fly ash with different concentrations. The electrical
method was then applied to determine the corrosion potential of different chemicals on
the cement mortar samples. Montemor, M. et al. [45] investigated the use of a thin film
fly ash cement protection on the surface of steel to prevent corrosion in the presence of
chlorine ions and CO;. The fly managed to inhibit the degradation of the steel under
both conditions. Cunningham, W. et al. [46] developed a novel cement referred to as
“permafrost” cement using a mixture of cementing material including fly ash. The cement
could be used effectively under extremely low temperature conditions.

Based on the aforementioned, many factors can impact the CO, storage capacity
in depleted underground reservoirs when using fly ash. It is therefore important to test
different fly ash samples to determine the applicability of fly ash with different compositions
in the long-term underground storage of CO,. This research studies the ability of a high-
metal-content fly ash obtained from a cement manufacturer to aid in the storage of CO; in
depleted underground reservoirs and investigates some of the main factors that can impact
the storage potential such as temperature, fly ash surface area, and gas injection rates. By
evaluating these factors, the main parameters impacting the ability of fly ash to capture
CO; can be identified. Also, the impact of each of these parameters is quantified. This can
help in the improvement of scalable projects using fly ash by optimizing the large-scale
model and by optimizing the selection of the proper location to apply the technology.

2. CO;, Storage Methods

One of the most important components of the CCUS initiative is the ability to store
the captured CO;. There are many methods by which this can be achieved. These include
storage in underground depleted reservoirs, most notably depleted hydrocarbon reservoirs,
storage in CO; sinks such as forests and oceans (most notably in the form of hydrates), stor-
age in cementing material such as CO; integrated cement, and storage through conversion
into other material such as calcium carbonate [36].

Many factors will impact the selection of the storage method. These depend on the
method itself and the properties of the captured CO,. These factors include the following:

s CO; Quality: The quality of the gas will affect its overall properties including flow
behavior, reactivity with other fluids and with solids such as rocks and cement, com-
pressibility and phase behavior, and environmental impact. An example of this is flue
gas which includes CO; along with other gases, some of which can be environmentally
damaging such as hydrogen sulfide and carbon monoxide. Depending on the quality
of the CO,, different methods of storage should be eliminated.

. CO; Phase and Availability: The CO, phase is a strong function of pressure and
temperature. Normally, the CO, will either be in liquid or gaseous phase until the
pressure exceeds 1071 psi and 31 °C at which the phase will become supercritical.
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The phase is important since it impacts the properties of the CO, including density,
viscosity, and flow behavior. The availability of CO, depends on the location of
storage and the available CO, capture technology.

= Method Selectivity: Although many CO, storage methods are available, each method
has advantages and limitations. This depends on the mechanism of each method, in-
teractions and materials, and technological requirements in the target implementation
location.

. Safety and Environment: The main criteria for CO, storage applications methods
are safety and environmental impact. Although many methods have been proposed,
several of these methods lack long-term stability. This includes storage in under-
ground reservoirs, or in other materials such as cement. It is imperative that the
long-term stability of CO, be tested before implementation of the storage method to
avoid leakages over time.

s Economic Feasibility: One of the drawbacks of many CO, storage methods is the
overall cost of application. This can cause several institutions to avoid venturing into
CO, storage operations. It is important to test the economic feasibility of the CO,
storage method before implementation.

3. Experimental Description

The material, setup, and procedure used to conduct all the experiments is presented
in this section.

3.1. Experimental Material

The material was selected based on availability and cost. This was to ensure that a
continuous supply could be obtained when needed. Also, the low cost of the material
is imperative for the scalability of the project since reduction in cost is one of the key
advantages using fly ash for CO, capture compared to other methods. The material used
to conduct the experiment in this study are as follows:

e COjy: The CO, was provided in a pressurized cylinder with an initial pressure of
1200 psi. The cylinder was connected to a pressure regulator.

o  Helium: The helium was provided in a pressurized cylinder with an initial pressure
of 2400 psi. The cylinder was connected to a pressure regulator and connected to the
setup via high-pressure tubing.

e  Fly Ash: The fly ash used was purchased from a cement factory as a light-grey power
with small traces of metals and impurities.

e  Heat Jacket: The heat jack was internally imbedded within the adsorption vessel with
a maximum temperature of 70 °C.

e  Pressure Transducers: The pressure transducers were allocated across the setup for
pressure reading and logging.

3.2. Experimental Setup

The setup used to conduct all experiments is shown in Figure 1. The setup is composed
of an adsorption cell which houses the fly ash. CO, and helium cylinders provide a
continuous source of the gasses for the adsorption and desorption cycles, respectively. A
temperature regulator is attached to the setup panel controller which is also connected to a
computer for data acquisition and logging.
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Figure 1. CO; adsorption experimental setup.

3.3. Experimental Procedure
The procedure followed to conduct all the experiments in this research are as follows:

1. The adsorption cell was disconnected from the setup and filled with fly ash. It was
important to ensure that the cell was well packed to avoid disturbance of the infrared
readings during the experiment. Packing of the cell was conducted in a manner that
would also leave space for the temperature thermocouples in order to record the
temperature at different locations in the cell.

2. The cell was then sealed and reconnected to the setup. Sealing of the cell was per-
formed using metal bolts and a rubber seal to avoid leakage during the experiments.
The valves were maintained closed until the experiment was ready.

3. For experiments conducted at temperatures above room temperature (25 °C), the
temperature regulator was adjusted to the design temperature and left for 12 h,
or overnight, to ensure that the temperature was constant across the setup. The
temperature was monitored using four thermocouples allocated across the setup.

4. The CO; was then injected into the setup at a design flowrate and the experiment
began. Once the adsorption percentage stabilized, desorption occurred using helium.
CO; and helium were connected to the setup via high-pressure tubing, each with its
own pathway to avoid gas crossflow.

5. The experiment was concluded when the CO, adsorption percentage reached zero.
The adsorption cell was completely evacuated and then disconnected and opened to
replace the fly ash sample.

3.4. Fly Ash Cube Synthesis

The fly ash powder used to run all the experiments was shaped into uniform cubes
with a surface area of 18.2 cm?. In order to shape the fly ash into a solid cube, an alkaline
activator is usually used. In most cases, a mixed solution of sodium hydroxide and sodium
silicate is used. In this research, the alkaline activator used was sodium metasilicate. This
is a single binder with the properties of the sodium hydroxide/sodium silicate mixture.
Water was used as the solution for the sodium metasilicate. The fly ash was mixed with
the alkaline activator solution using an electric blender. The solution was then placed in
the cubic molds and was left to solidify overnight. The cubes were then extracted from
the molds. Any cubes with non-uniform edges or broken sections were rejected. A total of
20 cubes were used in the setup with the total contact surface area for CO, being 364 cm?.
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4. Results and Analysis

Figure 2 shows a general plot that will be used to show the results for all the exper-
iments. The same colors and axis will be used to explain all the results. The green data
points indicate the adsorption phase of the experiment. The adsorption is measured via
the infrared sensor which records it as a percentage. The percentage indicates the volume
of CO, adsorbed on all available sites for adsorption in the experimental setup. Once
adsorption reaches a stable value, desorption will be conducted; this is represented by
the orange data points. The desorption is also detected via the infrared sensor and is
represented as a percentage. The volume of adsorbed CO; is represented by the black line.
This is calculated using the known volume of CO; injected via a flowmeter.
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Figure 2. General plot for trend clarification.

4.1. COy Injection Rate

The impact of varying CO; injection rate on the adsorption capacity of the fly ash was
investigated using a 0.05, 0.1, 0.15, and 0.2 slpm CO, injection rate, shown in Figure 3. All
experiments were conducted at 30 °C using the same volume and contact surface area of fly
ash and a helium desorption rate of 3 slpm. For all experiments, CO, adsorption occupied
more than 90% of the available adsorption sites. At the lowest CO, injection rate, 0.05 slpm,
the lowest CO; adsorption volume occurred. When the injection rate increased, the average
adsorption volume increased significantly. At the highest injection rate of 0.2 slpm, an
opposite trend was observed, where the adsorption rate decreased significantly. This shows
a significant phenomenon, where increasing the CO, injection rate will not necessarily
be positive. A threshold injection rate signifies this point. When the rate is too low, the
CO, cannot extrude through all the available adsorption sites due to the equivalent low
pressure. When the rate is too high, beyond the threshold rate, the CO, flows too quickly
over the surface of the fly ash. As mentioned previously, the type of adsorption taking
place is physical adsorption, which is low energy. When the rate is too high, the bond
energy between the adsorbent and the adsorbate is too weak compared to the rate at which
the CO; is flowing, hence reducing the adsorption potential. The adsorption time for all
experiments was averaged at around 16 min, except for the highest rate which occurred
very quickly due to the low adsorption volume.
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Figure 3. CO, adsorption/desorption at 30 °C using a 3 slpm helium desorption rate and using a
CO; injection rate of (a) 0.05 slpm, (b) 0.1 slpm, (c) 0.15 slpm, and (d) 0.2 slpm.

It is important to note that increasing the CO, injection rate will also result in an
increase in the pressure. Although all experiments conducted were in low-pressure condi-
tions, increasing the pressure will result in several key variations. These include a change in
CO; phase to supercritical if the temperature exceeds 31 °C. This can result in a significant
change in the properties of the CO;, since supercritical CO, will have a different density and
viscosity compared to gaseous CO,. The increase in pressure will also result in significant
compression of the fly ash. This can result in a smaller void space capacity, measured using
helium. This will also impact the multi-layered CO, adsorption due to the decrease in the
overall adsorption sites. Finally, an increase in pressure will impact the flow of the CO,
molecules in the confined volume, especially if the pressure becomes too high to the point
where the CO, molecules begin repelling each other. High-pressure and high-temperature
experiments are currently being conducted to evaluate the difference in results.

4.2. Helium Injection Rate

After adsorption, the CO, stored can be desorbed for utilization in different industries.
One of the main advantages of CO, adsorption to fly ash is that it occurs via physical
adsorption and thus the CO, can be easily released. This research investigates the impact of
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the injection flowrate of helium as a desorbing gas after CO, adsorption. Figure 4 presents
the impact of the helium rate on the desorption of the CO, using rates of 0.5, 2, 3, and
4 slpm. Increasing the helium injection rate resulted in a decrease in the time required
for desorption. This is advantageous when quick CO, desorption is required in order for
a new adsorption cycle to take place. When the helium rate exceeded 3 slpm, however,
the adsorption capacity of the CO, was reduced, and the overall adsorption/desorption
hysteresis cycle was prolonged. This is an important observation especially for physical
adsorption, since it emphasizes the importance of observing the adsorption and desorption
as a cycle rather than two separate processes. This also emphasized by the presence of an
optimum point at which adsorption and desorption should take place as was the case for
the CO; injection rate experiments as well.
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Figure 4. CO, adsorption/desorption at 30 °C using a 0.15 slpm CO; injection rate and using a
helium desorption/injection rate of (a) 0.5 slpm, (b) 2 slpm, (c) 3 slpm, and (d) 4 slpm.

4.3. Fly Ash Temperature

The impact of the porous media temperature on CO, adsorption was investigated using
30, 40, and 50 °C. All experiments were conducted using a 0.15 slpm CO; injection rate using
the same fly ash volume and identical CO, adsorption sites” availability. The results for the
30 °C experiments are presented in Figure 5. Similar to the previous experiment using the
same conditions, the maximum adsorption capacity of the CO, for the 30 °C experiment was
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Figure 5. CO, adsorption/desorption at 30 °C using a 0.15 slpm injection rate and 3 slpm helium
desorption rate.

The CO; adsorption capacity values using 40 °C and 50 °C are presented in Figure 6.
As the temperature increased, the CO; adsorption capacity also increased. The 40 °C
experiment reached a maximum adsorption capacity of 0.32 CO, per pound of fly ash, while
the 50 °C experiment reached 0.58 CO, per pound of fly ash. When further investigated, it
was found that the increase in temperature resulted in the expansion of the fly ash particles
which in turn resulted in an increase in the overall contact surface area between the fly ash
and the CO,. This resulted in an increase in the potential adsorption sites available and
thus an increase in the adsorption capacity. Another important observation is the sudden
decrease in adsorption observed in the 40 °C and 50 °C experiments. This is due to the
motion of the fly ash particles at elevated temperature which plugged the outlet of the
setup thus impacting the readings of the detector.
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Figure 6. CO, adsorption/desorption at (a) 40 °C and (b) 50 °C using a 0.15 slpm CO; injection rate
and 3 slpm helium desorption rate.
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4.4. Contact Surface Area between Fly Ash and CO,

The final parameter studied in this research is the impact of increasing the fly ash
contact surface area with the CO,. It can easily be deduced that this will result in an increase
in the increase in the CO, adsorption capacity; however, it was important to investigate the
extent of this increase. The CO, adsorption capacity using a 708 cm? surface area is shown
in Figure 7, whereas the CO, adsorption capacity using a 364 cm? surface area is shown in
Figure 8. The 364 cm? surface area reached a maximum adsorption of 0.08 CO, per pound
of fly ash, while increasing the surface area to 708 cm? resulted in an adsorption capacity of
0.25 CO, per pound of fly ash. This shows that by almost doubling the contact surface area
between the CO, and the fly ash, the adsorption capacity increased by more than three
times. This shows that a higher surface area is much better for a higher CO, adsorption
capacity for the same volume of fly ash and CO,.
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Figure 7. CO, adsorption/desorption at 30 °C using 0.15 slpm rate and 708 cm? surface area.
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Figure 8. CO, adsorption/desorption at 30 °C using a 0.15 slpm rate and 364 cm? surface area.
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5. Discussion

The CCUS initiative entails not only the capture of CO; but also includes utilization of
the fluid in different industries. In order for this occur, the CO, must adsorb and desorb in
a timely manner. The desorption process should be extremely quick to allow for another
hysteresis cycle to initiate. Therefore, the ratio between the time to adsorption and the
time to desorption, (AD/DS) should be as large as possible since this is an indication
that the desorption time was minimal. The AD/DS ratio is calculated and plotted for all
experiments conducted including the CO, injection rate, the helium injection rate, and
the temperature.

The adsorption time, desorption time, and the AD/DS ratio for the different CO,
injection rate experiments are presented in Figure 9. The highest adsorption time was
for the 0.1 slpm experiment, whereas the lowest time was for the 0.2 slpm experiment.
When observing the AD/DS ratio, however, the largest ratio was obtained for the 0.15 slpm
experiment. This indicates that for all rate experiments conducted, this is the optimum. This
can also be backed by the adsorption capacity of all rate experiments, where the 0.15 slpm
had the highest CO, adsorption volume. In comparison, the 0.2 slpm rate experiment had
the lowest AD /DS ratio and also the lowest adsorption volume compared to the other rates.
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20
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16
14
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S N B N

0.05 0.1 0.15 0.2
CO, Injection Rate, slpm

Figure 9. Adsorption to desorption ratio at different CO; injection rates.

Figure 10 shows the adsorption time, desorption time, and the AD/DS ratio for the
different helium injection rates experiments. The lowest ratio value was for the lowest
helium injection rate. This also corresponded to the lowest CO; adsorption capacity.
The highest value for the AD/DS ratio was at the 3 slpm helium injection rate, which
corresponds to the highest adsorption volume of all the helium injection rate experiments.
This indicates that exceeding the 3 slpm helium injection rate for this type of fly ash under
the experimental conditions specified will result in a decrease in the adsorption capacity.
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Figure 10. Adsorption to desorption ratio at different helium injection rates.

The adsorption time, desorption time, and AD/DS ratio for all three temperatures
including 30, 40, and 50 °C are presented in Figure 11. Based on the results, the highest
AD/DS ratio was for 40 °C, whereas the lowest value was for 50 °C. This shows no clear
trend, since the highest CO, adsorption volume was for 50 °C and thus should have
corresponded to the highest AD/DS ratio. This could be explained through the analysis of
the fly ash samples in the setup after the experiments. At elevated temperatures, some of
the cubes began to break which resulted in a larger contact surface area for the CO; and
thus corresponded to a larger adsorption capacity. Due to the variation in the samples
during the experiment, the adsorption time and the desorption time were inconsistent. This
was evident from the abrupt decrease in the adsorption capacity during the 40 and 50 °C
experiments due to blockage of the experimental setup.
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Figure 11. Adsorption to desorption ratio at different temperatures.
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6. Feasibility and Scalability of Fly-Ash-Based CO, Capture

Fly ash is an extremely low-cost material that is produced as a byproduct of combus-
tion. Therefore, utilizing fly ash in different applications is both highly feasible and also
environmentally friendly since it incorporates the usage of a waste-material for benefi-
cial applications. Fly ash has not yet been fully utilized as a carbon-capture material in
large-scale applications due to several challenges. These include the following:

. Compositional Variation in Fly Ash: Different fly ash will have different compositions
depending on its origin. Based on this, the properties of the ash will vary, thus
impacting the ability of the ash to adsorb CO,. This will, in turn, impact the CO,
capture capacity and capability of the fly ash.

= Shaping of Fly Ash Particles: In order to shape the fly ash particle, geopolymerization
is required. This involves an alkaline activator and water. The addition of these
chemicals may impact the ability of the ash to adsorb CO,. Also, since different
alkaline activators can be used, it is important to assess the impact of each separately.

. Interaction with Water: Since fly ash is a pozzolanic material, it reacts with water to
form a solid. This reaction impacts the available sites for adsorption on the surface of
the ash, and thus impacts the overall CO, adsorption capacity.

= Selective Adsorption: One of the key points for any material that is used for CO,
adsorption is its ability to selectively adsorb CO, in the presence of other gases. This
requires extensive study due to the variable nature of fly ash and the chemicals used
to treat it.

7. Limitations and Future Research Directions

This research focuses on low-pressure low-temperature CO, capture using fly ash. The
main limitations of this research include the usage of only one type of fly ash. Since different
fly ash will vary in composition and structure depending on its origin, it is important to
evaluate the performance of a variety of fly ash. Future directions for this research will
therefore focus on testing multiple fly ash samples to determine the impact of several
compounds and their concentration on the performance of fly ash. Another major direction
is to test the performance of fly ash on CO, adsorption in the presence of multiple gasses to
assess the selectivity of fly ash to CO,.

8. Conclusions

This research studies the ability to improve CO; storage in depleted underground
reservoirs using fly ash via adsorption. The impact of the CO; injection rate, temperature,
and contact surface area between the CO; and the fly ash on CO, adsorption was studied.
The main findings from this research are as follows:

e Increasing the CO; injection rate resulted in an increase in the adsorption capacity of
the gas to the fly ash. The increase increased more than three-fold when comparing
the lowest to the highest injection rates.

e Increasing the temperature caused the fly ash to expand which resulted in an increase
in the available adsorption sites. This in turn resulted in an increase in the CO,
adsorption capacity.

e  Decreasing the helium injection rate not only impacted the desorption, but also the
adsorption capacity. At lower helium injection rates, the desorption process was
extremely lengthy, while the adsorption capacity decreased significantly.

e Doubling the contact surface area between the CO, and the fly ash resulted in an
increase in the CO; adsorption capacity by more than three times, which indicated the
significance of this factor on the overall CO, storage capacity.
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