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ABSTRACT

Carbon capture and storage has become an alternative means of confronting global warming.
Further research and development into adequate and low-cost materials is required for CO, adsorption
technologies.

Samples of fly ash, bottom ash and their respective pellets, produced from wheat bran combustion,
were characterized and tested to assess their capacity for CO, adsorption at different temperatures.
Neither the ashes nor their pellets were subject to prior thermochemical activation.

The bottom ash sample and its pellets showed a higher adsorption capacity for the majority of
the temperatures studied. The pelletized bottom ash reached the maximum adsorption capacity (0,07
mmol CO,/g), followed by the non-pelletized bottom ash (0,06 mmol CO,/g); both at an adsorption
temperature of 25°C.

CO, adsorption of bottom ash, from the combustion of wheat bran (agricultural biomass), by a
physical adsorption mechanism was demonstrated whereas with the fly ash sample, CO, adsorption by
both physical and chemical adsorption mechanisms was identified.
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INTRODUCTION

The reduction of CO, emissions in order to stabilize global warming has become a contemporary
challenge (Hoyos Barreto et al. 2008, Da Gama et al. 2010, Wilcox 2012). Nowadays, research into
Carbon Capture and Storage (CCS) technologies is a topic of worldwide interest, as it can be used to
capture CO, emissions from fossil fuel power plants.
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The main carbon capture technologies are based on systems of absorption, adsorption and on
membrane separation and cryogenic distillation technologies. The process based on adsorption
phenomena is considered to be one of the most promising technologies in terms of capturing CO,
from combustion gases (Arenillas et al. 2005), giving rise to the possibility of an efficient separation
in diluted gas mixtures (Wilcox 2012). Within this context, it is important to note the study of new
low-cost adsorbents (Boumediene et al. 2015) which may hold significant CO, adsorption capacities.

Combustion coal and agricultural biomass ashes provide a viable alternative, are low-cost and have
the potential to capture the CO, produced by combustion gases because of these byproducts contain
significant amount of reactive metal oxides (Wilcox 2012).

The ashes produced from coal combustion are chemically heterogeneous amorphous solids. Their
physicochemical properties depend on the conditions of the combustion process itself and the type of
fuel being used (Amaya 2006). Ashes are common industrial-sourced alkaline byproduct (Gerdemann
et al. 2007, Wilcox 2012). They contain about 90% and 99% inorganic compounds and between 1%
and 9% organic compounds (Vassilev 2005). The main inorganic substances of coal combustion ashes
are silicon dioxide (SiO,), calcium oxide (CaO), iron oxide (Fe,0,), magnesium oxide (MgO) and
aluminium oxide (ALO,) (Hong et al. 2009, Malik and Thapliyal 2009, Wilcox 2012). Agricultural
biomass combustion ashes have not been thoroughly characterized, even though they may represent a
viable alternative for CCS applications.

In 2012 the United States produced approximately 52,1 million tonnes of fly ash, 14,1 million
tonnes of bottom ash and 1,7 million tonnes of slag (ACAA 2012) in coal-based energy generation
alone. In 2007, Eastern Europe produced 4,6 million tonnes of coal fly ash 5,7 million tonnes of coal
bottom ash and 1,5 million tonnes of boiler slag (ECOBA 2007). As a consequence of the increased
amount of ash generated over the last few decades (ACAA 2012), the search for new alternatives of
energy recovery has widened.

Moreover, new alternatives biomass fuels are widely used in combustion processes and biomass
ashes generated are becoming a burgeoning problem (Torres-Fuchslocher y Varas-Concha 2015). This
search is aimed at reducing the environmental impacts that stem from the inappropriate management
of these waste materials(Arenillas ef al. 2005, Maroto-Valer et al. 2005, Hong et al. 2009, Rios et al.
2009, Lopez-Anton ef al. 2011).

In this research work, two types of ash samples from the combustion of agricultural biomass (wheat
bran), in powder and pellet forms, were characterized and tested as CO, adsorbents. The ash samples
tested were the following: fly ash (FA), pelletized fly ash (PFA), bottom ash (BA) and pelletized
bottom ash (PBA). Their CO, adsorption capacity and degree of reversibility were evaluated, and their
physicochemical characterization enabled identification of the main CO, adsorption mechanisms.

MATERIALS AND METHODS

Fly ash (FA), bottom ash (BA) and their respective pellets were studied (PFA and PBA). FA and BA
samples of wheat bran combustion were obtained through an industrial biomass boiler (4000 kcal/h).
Pellets measuring Smm in diameter were prepared at 200 psi for all samples (Napoli NP-RD10A). The
samples tested were not subject to chemical or thermal activation.

The relative constituent oxides of the two ash samples were used to calculate their corresponding
chemical composition.

The specific surface area of the two types of ash and their respective pellets was determined from
nitrogen adsorption isotherms at -196°C, using an ASAP 2010 Micrometrics sorptometer.
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The BET method (Brunauer ef al. 1938) was used to calculate the specific surface area (S.,).
Using data from the BET isotherm, both the pore and micropore volumes were established. The pore
volume ranging from 1,7 nm to 300 nm was determined by using the BJH method (Barrett ef al. 1951).
The micropore volume, on the other hand, was calculated using the t-plot method. By taking both the
specific surface area and the pore volume into account, the average pore size was calculated using the
equation 4V_ /S

total' ~BET"

CO, adsorption mechanisms on FA and BA were identified using data from the N, adsorption
isotherm at -196°C. Additionally, the research demonstrated whether or not these mechanisms were
modified by the pelletization process of both samples (PFA and PBA).

The general morphology and porous structure of the ash samples and their pellets were characterized
by means of scanning electron microscopy SEM (LEO VP 1400).

The adsorption capacity of the ashes and their pellets at different temperatures (25°C, 40°C, 60°C,
80°C and 100°C) was investigated using a TG Q500 thermogravimetric analyzer (TGA), with a sample
capacity of 20-25 mg.

To determine the initial conditions for the adsorption capacity of the ashes, a flow of N, (100%
w/w) was introduced at a rate of 100 mL/min and at a temperature of 100°C for 30 minutes. This was
subsequently adjusted to the required adsorption temperature, prior to the introduction of a CO, flow
(at 100% w/w concentration) at a rate of 100 mL/min. After adsorption, a new flow of N, at a rate of
100 mL/min was again introduced to initiate desorption of the sample at the same temperature. The
adsorption capacity was calculated from the results of gravimetric analyses.

RESULTS AND DISCUSSION

Table 1 shows the main alkaline oxides (K,O; CaO; MgO; SiO, Na,O; AlL,O,; Fe,0, and MnO)
of the ash samples studied. Also shows significant differences can be seen between the amount of the
principal metal oxides present in FA and BA samples. In addition, this table shows the notable presence

of volatile components (LOI, Loss on Ignition).

Table 1. Main components of FA and BA ash samples.

wt% |LOI |K,0 |[CaO [MgO (SiO, |Na,0 |ALO, (Fe,O, IMnO

2 2

FA 7,28 (38,72 |1,18 |2,54 (28,2 (0,32 0,09 |0,12 0,10
BA 1,48 (25,32 (2,02 |16,42 |15,19 |0,16 0,88 0,38 (0,32

The texture characterization results (Table 2), show that the BA sample presents greater specific
surface area than the FA. It can be noted that the pelletization process reduces the specific surface area
of both samples, to 34% for the FA and to 58,3% for the BA.
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Table 2. Texture properties of ash and pellet samples determined from N, adsorption isotherms.

Seer Areamim V iero Pore Size |PoreVolume
Sample
(m?%/g) (m%g) (cm?®/g) (nm) (cm?®/g)
FA 5,0 0,76 0,000242 |5,61 0,007
PFA 1,7 0,05 0,000030 (4,31 0,002
BA 12,0 4,24 0,002 3,1 0,009
PBA 7,0 2,43 0,001 3,8 0,006

By comparing the specific surface area of these ash samples with commercial adsorbents, activated
carbon with large pores was found to have a specific surface area in the range of 200-600 m?/g (Wilcox
2012), a value significantly higher than the samples studied here. However, there are commercial
adsorbents with similar specific surface areas to the mesoporous activated carbon, with values ranging
from 10-100 m*g (Sanz 2012), as well as resins, which have specific surface areas between 15 and 120
m?%g (Wilcox 2012). Such values coincide with the lower range of the specific surface area of both the
aforementioned commercial adsorbents.

The microporosity per unit of the pore volume ratio means that the BA consists of 22% micropores,
the PBA 17%, the FA 3,5% and the PFA 1,5%. Therefore, the specific surface area of the BA was
composed of 2,64 m?/g micropores and 9,36 m?/g mesopores. The PBA contained 1,19 m?/g of
micropores and 5,81 m?%g of mesopores. The specific surface area of the FA was composed of 0,18
m?/g micropores and 4,83 m?/g mesopores, while the PFA was 0,03 m*/g micropores and 1,70 m*/g
mesopores. These results provide evidence of a greater presence of micropores in the BA and PBA
samples.

Table 2 also shows that the pore size was not affected by the samples undergoing pelletization. For
the large-pore activated carbon, the resins, the activated alumina (Wilcox 2012), the mesocarbon and
the graphene (Chen - Hsiu. 2012), a pore size similar to the ash samples and their respective pellets
was documented.

According to the pore size result, all the FA, BA, PFA and PBA are mesoporous solids, given that
their registered pore sizes ranged from between 2 nm and 50 nm. All the samples studied fell into the
lower range of pore size according to IUPAC (International Union of Pure and Applied Chemistry)
classification (Table 2). It is important to note that the kinetic diameter of CO, (0,33 nm) is smaller than
the diameter of FA, PFA, BA and PBA pores.

The kinetic diameter of CO, is similar to most of the gas species present in the gas mixture of
interest (typical gas- mixture components include N, O, and CH,), and consequently CO, tends to be
more reactive than these species due to its stronger quadrupole moment, making it an easier target for
selective capture (Wilcox 2012).

Given the pore size, the predominant mechanism of internal transport for the FA, BA, PFA and
PBA was the Knudsen diffusion. This is instead of free molecular diffusion and surface diffusion, in
which the free motion of the molecules in the gaseous phase is greater than the pore diameter. Here,
conditions can lead to molecules colliding with the internal pore walls rather than collisions occurring
between the gas molecules. This type of internal diffusion mechanism is typical of mesoporous and
microporous solids (Castafieda 2012).

The porous structure highlighted by SEM analysis shows that the FA (Figure 1) and the BA (Figure
3) can be considered amorphous and heterogeneous solids. The SEM analysis shows changes to the
structure of the PFA pellet (Figure 2) compared to the FA, and likewise the PBA pellet (Figure 4)
compared to the BA. Nevertheless, they retain their amorphous and heterogeneous solid condition.
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Figure 1. SEM image of FA sample (3KX).  Figure 2. SEM image of PFA sample (3KX).

Figure 3. SEM image of BA sample (3KX). Figure 4. SEM image of PBA sample (3KX).

According to IUPAC classification, the N, adsorption isotherm at -196°C for the BA and PBA
samples, corresponds to isotherm type IV (Figure 5). This type of isotherm is common in mesoporous
solids, in which multilayer physical adsorption mechanisms predominate. The type 4 isotherm is similar
in form to that of type II at low pressures. A distinctive feature of this type of isotherm is its hysteresis
loop. The isotherm for the FA and PFA samples corresponds to a type Il isotherm (Figure 6). This type
of isotherm is present in macroporous solids in which multilayer adsorption mechanisms predominate.

Figure 5 indicates that the volume of adsorbed N, on the BA sample is greater than that of the PBA
sample. In addition, the BA and PBA isotherms show a hysteresis loop under medium relative pressures
(p/p, =0,45). This confirms the presence of mesopores in both ash types.

Both the BA and PBA samples showed a rapid increase of nitrogen adsorption under very low
relative pressures (p/p, < 0,01). This process is typical of molecular-sized pores and indicates the
existence of micropores. This latter point confirms, once more, the presence of micropores in both
samples.

In the region of relative pressures, between p/p, = 0,01-0,45 the amount of adsorbed nitrogen on
the BA and PBA samples (Figure 5) and the FA sample (Figure 6), increases slowly and progressively.
This type of surface adsorption process indicates a monolayer formation.

In the region of elevated relative pressures (p/p, > 0,45) the BA and PBA isotherms are characterized
by the presence of hysteresis loop. The hysteresis loop arises because of the process whereby the
mesopores in these samples are filled. This is controlled by the phenomenon of capillary condensation
(an irregular size of capillaries) as well as by the percolation properties of the solid.
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Figure 5. N, adsorption isotherm at -196 °C for BA and PBA.
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Figure 6. N, adsorption isotherm at -196 °C for FA and PFA.

The adsorption capacity of the four different samples of wheat bran ash tested in this research is
presented in Figures 7 and 8 at five different temperatures. In powder form, the BA sample exhibits the
greatest CO, adsorption capacity at an adsorption temperature of 25°C, reaching 0,06 mmol of CO,/g
(Figure 7), whereas the FA sample displays the greatest CO, adsorption capacity at the adsorption
temperature of 100°C, capturing 0,024 mmol of CO,/g (Figure 8). Furthermore, the BA sample exhibits
a greater CO, adsorption capacity in the majority of the adsorption temperatures investigated. Only at
a temperature of 100°C did the FA display a greater capacity than the BA.
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Figure 7. CO, adsorption capacity of BA and PBA at different temperatures.
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Figure 8. CO, adsorption capacity of FA and PFA at different temperatures.

Figure 7 also shows that the CO, adsorption capacity of the BA decreased when the adsorption
temperature was increased. Therefore, this confirms that the dominant adsorption mechanism in the BA
sample was one of physical adsorption (Maroto-Valer et al. 2005). In relation to FA, Figure 8 shows
that an increment in temperature increases CO, adsorption capacity, suggesting that not only physical
adsorption but also chemical adsorption could be occurring (Maroto-Valer ef al. 2005). Alkaline metal
oxide (such as K,O) might react with CO, and produce K,CO, at higher temperatures (Yong et al.
2002). It is probable that the existence of some kind of alkaline functional group on the surface, such
as the K O corresponding to the FA, could explain the increased CO, adsorption capacity when the
adsorption temperature is raised. This could be confirmed by research with amine impregnated adsorbent
(polyethylenimine or PEI). This would indicate whether, by raising the adsorption temperature from
25°C to 75°C, it would be possible to increase CO, adsorption capacity (Chen - Hsiu. 2012). When
an adsorbent presents alkaline compounds on the surface, a part of this material is accumulated inside
the pore at low temperatures, limiting the CO, diffusion process. At high temperatures, the alkaline
functional groups may not accumulate in the pores, allowing for a high diffusion rate of CO,. This
increases the reaction rate of CO, with the alkaline compounds distributed into the interior of the pores,
resulting in an increase of the CO, adsorption capacity (Sayari 2010).

Regarding the pellets, the adsorption capacity decreased in the PFA compared to that of the FA.
In addition, it behaved differently to the FA following the increase of the adsorption temperature. The
pelletization of the FA seems to have changed the structure of the pores, which affected access to the
active adsorption sites and, therefore, its CO, adsorption capacity.

Just as with the BA, the PBA registered a decrease in its CO, adsorption capacity following the
increase of the adsorption temperature. However, in contrast to the FA, the CO, adsorption capacity
of the PBA rose slightly compared to that of the BA. The decrease in adsorption capacity following
a temperature increase corresponds to a classic physical adsorption mechanism. Here, an increase in
temperature disturbs the surface stability of the CO, molecule, causing its liberation by increasing
surface adsorption energy and the molecular diffusion rate (Maroto-Valer et al. 2005). Adsorbents
like zeolites, activated carbons (Xu et al. 2002) and anthracites (Maroto-Valer et al. 2005) have also
demonstrated such behaviour.

The maximum CO, adsorption capacities registered by the BA and PBA are comparable (0,06
and 0,07 mmol of CO /g respectively) with that of other solids at the adsorption temperature of 25°C.
Both samples exhibit an adsorption capacity of 0,09 mmol of CO /g (Arenillas et al. 2005), similar to
that of raw coal. Furthermore, this is greater than the adsorption capacity of commercial adsorbents
like mesoporous silica (MCM-41), which can reach a capacity of 0,04 mmol of CO,/g (Yue et al.
2006). Activated carbon has an adsorption capacity of 1,66 mmol CO,/g (Pevida et al. 2008), which is
substantially higher than that of the samples studied in this research work. Given that they require no
activation, unlike other commercial absorbents, the BA and PBA could have future potential as low-
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cost adsorbents.

The adsorption capacity of fly ash with a high content of partially combusted coal has generated
values between 0,39 and 0,915 mmol CO,/g (Maroto-Valer et al. 2008) at an adsorption temperature
of 30°C. These are higher than the BA and PBA values, given the high content of uncombusted carbon
in the latter.

As mentioned previously, BA (12 m’g) and PBA (7 m*g) have small specific surface areas
compared to certain commercial adsorbents. Solids such as anthracite, with a small specific surface
area and high CO, adsorption capacity, present a specific surface area of 1,34 m*g and an adsorption
capacity of 0,868 mmol of CO,/g (Maroto-Valer et al. 2008).

CONCLUSIONS

Fly ash and bottom ash samples produced by an industrial process of wheat bran agricultural
biomass combustion, in unprocessed powder and pelletized forms, have been physically and chemically
characterized.

The study of N, adsorption at -196°C has shown that the BA and PBA samples are mainly composed
of mesoporous solids (with pores sizes of 2 - 50 nm), while the FA and PFA samples are primarily
macroporous solids (with pores greater than 50 nm).

The BA presented the largest specific surface area (12 m?/g), followed by the PBA pelletized form
(7 m¥/g).

CO, adsorption on BA involves a physical adsorption mechanism, given that its CO, adsorption
capacity decreased following an increase of the adsorption temperature. This mechanism was also
displayed by the PBA sample. On the other hand, the FA samples showed the presence of both physical
and chemical adsorption mechanisms. As a result of the pelletization process, the CO, adsorption
capacity of the PFA sample was reduced significantly.

The greatest CO, adsorption capacity was obtained with the PBA sample, reaching 0,07 mmol
of CO,/g at 25 °C. A similar CO, adsorption capacity was obtained by the BA at 25°C (0,06 mmol of
CO,/g).

The PBA pelletized form of the bottom ash from the wheat bran agricultural biomass combustion
therefore showed characteristics which could result in its use as an efficient and low-cost adsorbent for
the capture of CO,.
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