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Resumen
La captura y almacenamiento de carbono (CAC) ha sido una de las estrategias mas
estudiadas en la actualidad para mitigar las emisiones de CO., ya que es capaz de alcanzar
el conjunto de objetivos propuesto en el acuerdo de Paris en el 2015 de almacenar al
menos 1 Gt de CO; por afio hasta el 2030. En la cadena del proceso de CAC, la capturay
separacion de CO; es el proceso més importante debido al gran costo energético que este
representa. Entre las tecnologias de captura y separacion de CO2 disponibles, se encuentra
el proceso de adsorcidn, en el cual se utilizan adsorbentes solidos con el fin de separar el
CO- de los otros gases efluentes. Actualmente, los adsorbentes que se han investigado
son los MOFs, materiales mesoporosos de silice, carbdn activado, zeolitas, arcillas y
Oxidos metalicos. Muchos de estos adsorbentes solidos durante el proceso de separacién
del CO. han demostrado problemas en la resistencia mecanica o capacidad de adsorcion
ante la humedad y temperatura elevadas. Por esta razén, en el presente trabajo se
determinaron las propiedades mecénicas de un material alternativo en forma de pellas
preparado a partir de arcillas y arenas ecuatorianas con alto contenido de 6xidos metalicos
para captura de CO.. El material fue preparado a diferentes composiciones de arena
ferruginosa utilizando la arcilla como aglomerante y soporte. Se sometieron a las muestras
a la prueba de impacto de caida libre con el fin de obtener el nimero de caida en la cual
se rompe y al ensayo de compresion uniaxial para determinar la resistencia a la
compresion, el moédulo de elastico y la tenacidad. Para la prueba de impacto de caida
libre, se utilizaron muestras con porcentaje en peso de arena de 0 (muestra de control), 1,
5, 10, 15, 20, 25 y 50 % y se analizo la influencia del porcentaje de arena ante el impacto
a la caida. Adicionalmente, se evalu6 el comportamiento de pellas humedecidas a un
porcentaje en peso de arena de 0, 15 y 25%. Con respecto al ensayo de compresion
uniaxial, se sometieron a las muestras con contenido de arena en peso de 0, 15y 25% a
diferentes condiciones a la maquina universal de ensayos. Las condiciones utilizadas
fueron muestras mezcladas con arena tamizada, arena sin tamizar y humedecidas. Para
ambas pruebas se determind el tipo de rotura ocurrido. Las fases minerales que componen
las pellas fueron analizadas por difraccion de rayos X y se cuantificé el contenido mineral

mediante el método de refinamiento de ajuste del patrén completo de difraccién en polvo.

Palabras clave: Propiedades mecanicas, pellas de arcilla y arena, adsorcién de COx,

prueba de impacto de caida libre, ensayo de compresion uniaxial.
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Abstract

The Carbon Capture and Storage (CCS) has been one of the most strategies studied
nowadays to mitigate the CO, emissions, since it is capable of achieving the set of
objectives proposed in the Paris Agreement in 2015 of storing at least 1 Gt of CO> per
year until 2030. In the CCS process chain, the CO> capture and separation is the most
important process due to the high energy penalty which it represents. Among the available
CO> capture and separation technologies, there is the adsorption process, in which solid
adsorbents are used in order to separate the CO> from the other fluent gases. Currently,
the adsorbents that have been investigated are MOF’s, mesoporous silica, activated
carbon, zeolite, clays and metallic oxides. Many of these solid sorbents during the CO-
separation have shown problems in mechanical resistance or adsorption capacity against
of humidity and high temperature. For this reason, in the present work, the mechanical
properties of an alternative material in pellet form prepared from Ecuadorian clay and
sands with high metallic oxide content for CO> capture were determined. The material
was prepared with different ferruginous sand composition using clay as binder and
support. The samples were subjected to the free-fall drop impact test in order to obtain
the drop number in which they break and to the uniaxial compression test to determine
the compressive strength, elastic module, and toughness. For the free-fall drop impact
test, the samples with 0 (control sample), 1, 5, 10, 15, 20, 25 and 50 wt.% sand content
were used and the influence of the sand percentage was analyzed against the impact to
fall. Additionally, the behavior of the wet pellets was evaluated with a sand percentage
of 0, 15, and 25 wt.% sand content. Regarding the uniaxial compression test, the samples
with 0, 15, and 25 wt.% sand content were performed to the universal testing machine.
The conditions used for samples were specimens with sieved sand, sand without sieved
and under wet conditions. For both test, the type of fracture was determined. The mineral
phases that make up the pellets were determined by X-ray diffraction and the mineral
content was quantified using the whole powder pattern fitting.

Key words: Mechanical properties, clay/ sand pellets, CO2 adsorption, free-fall drop

impact test, uniaxial compression test.
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1. TITTLE

Study of the composition effect on the mechanical properties of a material made by

Ecuadorian clay and sand for CO- capture.

2. INTRODUCTION-JUSTIFICATION

Power generation and certain industries such as refineries, cement plants and steel
products are currently responsible for the high carbon dioxide (CO2) emissions of into the
atmosphere. Anthropogenic CO> is mainly the product of the burning of fossil fuels,
which consequently has increased its concentration in the atmosphere. In 2019, the CO»
concentration in the atmosphere was estimated to be approximately 410 ppm. CO>
emissions in that year were around 37 Gt, an increase of 6% compared to the
concentration in 2018%. The current CO, concentration in the atmosphere represents a
significant increase compared to its concentration at the time of the industrial revolution
(approximately 280 ppm)2 The increase in the CO, concentration has had negative
effects, such as global warming and damage to the biodiversity. According to the
Intergovernmental Panel on Climate Change (IPCC), if efficient mitigation measures are
not taken, the CO, concentration in the atmosphere will increase to a range of 600 - 1550
ppm by 20303. In the 21% session of the Conference of the Parties (COP) carried out in
Paris in 2015 and rectified in the 25" session of COP performed in Madrid in 2019 have
set as objectives that the temperature rise should be limited at a maximum of 1.5 °C and
the global temperature increase should be kept down 2 °C compared to pre-industrial
levels*. At present, the strategies that are in the development stage or are being applied
for CO. mitigation are the efficient use of energy and energy conservation, the use of
renewable energy (such as solar, wind, and hydroelectric energy as well as bioenergetics),
the use of low carbon-intensive energy resources (such as hydrogen, nuclear energy and
natural gas), the application of geoengineering initiatives (such as afforestation and
reforestation), and the application of carbon capture and storage (CCS) technologies >
CCS denotes a set of technologies to reduce atmospheric CO2 emissions generated by
different human activities, especially energy production. It involves the use of
technologies to capture and concentrate CO>, transport it to a suitable storage place that
does not affect the environment, and keep it isolated from the atmosphere for long

periods’. Of all the stages involved in CCS technology, CO; capture has the higher energy
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penalty associated with CO> separation, they represent about 70-80% of the total cost of
the CCS chain process®. The capture techniques can be divided into two main groups:
CCS technologies with CO. separation methods and CCS technologies that are not
combined with CO; separation methods. The first group includes, pre-combustion and
post-combustion while the second one comprises on oxy-fuel combustion and chemical
looping combustion °. Regarding the first group, in precombustion, the CO, separation is
produced before fuel burning. The main products that have to be separated are CO; and
H>. These gases are formed by gasification (coal) or steam reforming (fuel gas), followed
by a gas shift reaction. On the other hand, in postcombustion the CO> separation occurs
after fuel burning, resulting mainly in N2, CO2 and high parasitic load. An important
disadvantage of postcombustion is the low CO> concentration (< 12 vol.% CO>), low
pressure (1-3 bar) and water content (3-10 vol.%)°. On the contrary, in precombustion
there is more favorable separation conditions, the CO, concentration is higher, with a
quantity of approximately 40% CO., and the effluent pressure is higher, with a value of
approximately 35 bart. Concerning the separation process, there are some technologies
for isolating CO, over other flue gases, including chemical and physical absorption®?,
adsorption®®, cryogenic-*, membrane-°, and hydrate®-based separation methods.
Researches are increasingly developing and improving existing technologies in order to

overcome the adversities that they present in the pilot phase or in the industries.

2.1 Adsorption

Adsorption process consists of removing CO2 using a solid surface. The interaction
between the mixed gas and the solid takes place on the adsorbent surface, therefore
physical or chemical bonds are formed. The intermolecular forces are the driving force
of this process. Some characteristics such as pore size, temperature, pressure and surface
forces are important to the formation of a monolayer or multiple layers®. At industrial
levels, adsorption towers are used to separate CO» from the other flue gases using a
packing bed or fluidized bed in which the solid adsorbent interacts with the gas. The
process begins by filling the tower with the solid adsorbent. After this, the gas passes
through the packed bed, in which the gas which has more affinity with the adsorbent
interacts and adheres to the solid surface until it gets saturated. Once saturated, the solid
has to been regenerated by desorption to release the high concentrated CO, and reuse the
solid for another adsorption cycles. Four technologies are available to the regeneration
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cycle of the adsorbents such as pressure swing adsorption, temperature swing adsorption,
electrical swing adsorption and vacuum swing adsorption'’. Adsorption is considered
among the other processes a potential candidate owing to its advantages over other
separation methods, including the less-intensive energy consumption and economic
regeneration process compared with other methods, simple operation and maintenance,
satisfactory tolerance of moisture and impurities in the effluent, design flexibility for

different applications and the low production of toxic wastes and corrosion®®,

2.2 Materials commonly used for adsorption

The solid sorbents used for CO, separation have been synthesized or pre-treated for
achieving adequate porosity conditions for a better adsorption capacity'®. Before the
industrial use of these materials, certain requirements must be satisfied for optimal
operational conditions, such as hydrothermal, chemical and mechanical stability, low cost
of raw materials, regeneration capacity, selectivity, adsorption/desorption kinetics and
low heat capacity’®. The CO adsorption performance is associated to the chemical
surface and pore characteristics of the material. Also, the pressure conditions are related
to the pore size in terms of CO. adsorption capacity. Concerning high pressure, the
adsorption capacity is favored to porous materials which possess a higher surface area. In
contrast, low pressure performs a better adsorption capacity for small surface area. There
are 4 mechanisms for gas adsorption separation, for instance, molecular sieving effect,
thermodynamic equilibrium effect, the kinetic effect, and quantum sieving effect?. Some
typical porous materials for CO> adsorption process including MOFs, activated carbon,
mesoporous silica, zeolites, and clay minerals. The selection criteria of the adsorbent
depend on the best CO> adsorption capacity and selectivity. In fact, the nature of the
adsorbent has to take into account, such as the size and the shape of the adsorbate

molecule, the dipole moment, the quadrupole moment and the polarizability?®.

Table 1 summarizes some advantages and disadvantages of typical porous materials for
CO- capture. Currently, researchers have studied some modifications to overcome the
disadvantages of these materials. These modifications comprise in surface chemical
treatment or functionalization of pore structure, cation exchange, amine impregnation,

and nitrogen treatment?2-25,
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Table 1: Summary of typical porous materials for CO, separation.

Porous Definition Advantage Disadvantage Reference
material
MOFs MOFs compounds are formed by metal ions and organic ligands, | -Large CO2 adsorption capacity -Relatively low thermal and chemical [6, 27-30]
which contain N2 and O2. The porous structure could be one, two or | -Potential selectivity for CO2 stability due to weak coordination bonds
three-dimensional. Volume, size, and chemical conditions of pore | - Handling pore structure and pore surface -Undesirable perturbations on chemical or
depending on the design of it. This could be modified or changing by | properties structural properties.
organic ligands, altering the concentration on the reactants, the -Costly production at industrial scale
temperature reaction and reaction times, pH of the solution, the ratio
of metal/ligand.
Activated Activated carbon can be considered as any carbonaceous material | -Low water affinity -CO2/Nz2 low selectivity [31-34]
carbon which contains high carbon content. In order to enhance the pore | -High adsorption capacity -Hardly controllable structure in terms of
properties, a physical or chemical activation treatment is needed. The | -Low cost pore size.
physical activation consists of applying high temperature, followed | -Low energy requirement for regeneration -Non-uniformity structure
by oxidation, to leads the enhancement of pore characteristics. | -High stability -Weak COz binding
Chemical activation consists of undergoing the material with a | -Safe for local environment -Various precursors for activation.
dehydrating agent, for instance, bases, acids, or salts at about 600 °C | -High resistivity to alkaline and acidic conditions
and 800 °C.
Mesoporous | Mesoporous silica are materials synthesized from soluble silica and | -Controllable structure in terms of pore size. -Most porous silica shows relatively low [35-37]
silica self-organized aggregates of surfactants, which produce a pore size | -Ordered structure hydrothermal stability.
between 2 and 50 nm. MCM-14, MCM-48, HMS and SBA-15 are | -Fast adsorption kinetics -Presence of water usually decreases the
the most prominent silica materials which stand out since large adsorption capacity.
surface area, narrow pore size distribution and the ability to control
the pore. A remarkable property of this silica material is the
feasibility of surface modification to prepare materials with desirable
properties and applications
Zeolites Zeolites are porous crystal aluminosilicates mineral, either natural or | -Quicker adsorption of CO2 -Adsorption capacity reduced over time [26, 31, 38—
synthetic, which have a high surface area and molecular sieving | -Lower energy penalty in the process due to water vapor 40]
properties. Zeolites contain a three-dimensional framework formed | -Low cost -Reduces of adsorption capacity al low
by cavities and channels in which small molecules, ions and entities | -Safe for local environment temperature and wet conditions.
may penetrate reside which are the basis of their molecular | -CO2/N2 high selectivity
adsorption. -Well developed structural chemistry
Clay minerals | In a broader sense, clay minerals refer to any mineral which size is | -Low cost and abundant availability -Clays requires an extra treatment to [41, 42]

shorter than two micrometers. The soils and rocks weathering
process involves physical disaggregation and chemical
decomposition that change the original minerals from silicates to
clay minerals.

-Potential to synthesize other adsorbents
improving the CO2 adsorption capacity

-High mechanical and thermal stability.

achieve adsorption capacity.

-Relatively low CO: adsorption compared
to other porous material.

-Poor textural properties
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Additionally to the mentioned porous materials, exist other materials which are used for
CO. adsorption based on chemical adsorption. The mechanism of these materials
depending on the adsorbate, in general it leads to the carbonates and bicarbonates
formation. Metal oxides have been used as an adsorbent, the typical alkali earth metal is
Ca0, many studies determine that it has good properties for adsorption; however, the
regeneration step requires high energy demand (approximately 900 °C). Researches have
proposed alternative metal oxides to CO2 adsorption, for instance, titanium oxide nickel
oxide, silver oxide, lanthanum sesquioxide, cerium oxide, copper oxides, and iron

oxides®.

2.3 Clay and ferruginous sand in Ecuador

Ecuador is located in South America, with a surface area of 283.560 Km2. This country
has 24 Provinces, which are divided into four regions, including the coast, highlands,
amazon, and the insular region, resulting in a variety of geological scenarios.
Consequently, there are favorable geological conditions that allow the mineral formation,
for instance, metallic minerals, non-metallic minerals, and clay minerals**. Concerning
clay and non-metallic minerals, the exploitation of this sector is designated to
manufacture a variety of materials, either artisanal manufacturing or industrial
production. Depending on the mineral clay content and the process, the result product
could be ceramic, glass, cement refractories, and pieces of calcined clay. A study made
by Rafael Uribe* showed the distribution of some occurrences of raw materials. It is
important to remarkable the difference between minerals occurrences and mineral
reservoirs. On the one hand, minerals occurrences refer to a geological area of interest but
not in the economic interest, while mineral reserves evaluate the technological,
economical, and feasible to extract.

According to Uribe®, 44% of mineral clay occurrences are in the exploitation stage, while
54% are in the exploration phase. Regarding non-metallic mines, 47% of occurrences are
dedicated to artisanal manufacture of bricks and tiles to meet the demand in each province
in which it is developed, 14% is dedicated to the industrial sector to produce fine ceramic,
and the 39% remaining is in analyzing step to determine the feasibility of an industrial
ceramic application. Before the manufacture of materials is important to taking into
account the clay properties, such as adsorption and absorption capacity, swelling, ion

exchange, and plasticity*®.
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Figure 1 describes the non-metallic occurrences percentage per Ecuador Province. They
are divided into feldspars, kaolin, clay, and rest of non-metallic occurrences. Feldspars
comprise of clays formed mainly by feldspars mineral group while kaolin is constituted
principally of kaolinite. Clay refers to common primary clays with a variety of minerals.
Finally, the rest of the non-metallic occurrences include sand, limestone, mica, graphite,
and others which in this case is not of interest*. Additionally, Figure 1 does not include

Santa Elena, Santo Domingo, Galapagos and Orellana.
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Figure 1: Percentages of non-metallic mineral occurrences in Ecuadorian provinces. The Provinces’
nomenclature are the following: Azuay (A), Bolivar (B), Cafiar (U), Carchi (C), Cotopaxi (X), Chimborazo
(h), El Oro (O), Esmeraldas (E), Guayas (G), Imbabura (I), Loja (L), Los Rios (R), Manabi (M), Morona
Santiago (V), Napo (N), Pastaza (S), Pichincha (P), Tungurahua (T), Zamora (Z) *.

Concerning ferruginous sands, they are natural mixtures of iron oxides with metal traces
such as aluminum, titanium, and copper. The main ferruginous sand mining in Ecuador
is carried out in Esmeralda province, in the canton Muisne. The sand reservoir is
denominated Playa Negra, also known as Suspiro’s Beach. The exploitation area is known
as Ostional Bloque 1, which comprises a surface area of 22 hectares. Currently, the
cement industry is the main sector that uses the ferruginous sand, with the purpose of
increasing the iron percentage in the Portland cement to enhance the material resistance.
Other secondary ferruginous sand deposits are located in Manabi and Guayas Provinces
which are also used for fabricating Portland cement. In contrast, the deposit located in
Santa Elena Province is used to glass opaque, as a refractory or chemical product due to

the titanium dioxide separation from magnetite and other impurities*.
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2.4 Mechanical properties of a material®®

Characterizing a material by mechanical testing is an important step previous its use to
simulate the service conditions to which the material will be subjected. The tensile,
compression, flexure, and shear tests are assays in which a static load is applied over a
cross-section or surface. Concerning to compression, the load applied to the sample is
performed in a universal testing machine (UTM). The main goal of this test is to determine
the material resistance and the deformation against an applied compressive force. The
compression test is preferentially applied to fragile materials, for instance, concrete,
ceramic, and materials made of clay. In contrast, the tensile essay is carried out for ductile
materials such as steels, metals, and plastics. The testing material must be manufactured
following the norms dictated by American Society for Testing and Materials (ASTM).
The results thrown by the UTM, in general, are in terms of force (kN) vs. deformation
(mm) curve, this result depends on the specimen size. For this reason, it is necessary to
normalize to avoid this sample size dependent. When the parameters are normalized, the
result that they show are Stress versus Strain curve. To get the Stress parameter is

necessary to divide the force (F) by the initial area (Ao) of the sample (Ec. 1)
0=2 (Ec. 1)

Ao

The units of stress is MPa, resulting in the relation of force in kN and area in mm?.

On the other hand, the Stain (€ ) is defined as:

AL _ Lo—L;
L L,

€= (Ec. 2)

Where L, represents the initial length before the compression and Li denotes the
instantaneous length.
To analyze the behavior of the material through the compression is necessary to graphic

the curve strain in function of the stress.

Figure 2 shows two sections, the elastic region (blue color) and the elastic region (pink
color). The elastic region refers to the non-permanent deformation of the material, it
means that the initial length will be kept when removing the load at any point within this

region. Regarding the plastic region, when the load is removed, the deformation is
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permanent, therefore, the material will not recover its original shape. Besides, there are
five points: A, B, C, D, and E.
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Figure 2: Stress versus Strain diagram*°.

e Point A: The proportional limit indicates the final point of the lineal behavior;

above these values the stress is not proportional to the strain.

e Point B: The yield point is the transition between the elastic region and the

plastic region.

e Point C: Lower yield stress point.

e Point D: The breaking stress is the maximum stress that a material can stand

before it fractures. It is also known as compression strength for compressive

test. In general, it cannot be perceived by sight.

e Point E: The fracture point refers to the visibility of the fracture in the specimen.

From the stress vs. strains curve, some mechanical properties can be calculated, for

instance, the elastic module, the compressive strength, and toughness.

The elastic module is a parameter that characterizes the elastic behavior of a material.

From a molecular perspective, it can be seen as a measure of the atoms resistance

separation, that is, the interatomic bonding forces. If the elastic module shows a linear
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behavior in all the elastic zone, it follows the Hooke law and is known as the Young

modulus. The elastic module can be defined as the relation of stress and strain:

E=2 (Ec. 3)
Where E is the elastic modulus (E), € represents the stress (MPa), and 6 denotes the strain
(mm/mm).

To process a large amount of data, the Ec. 3 has to modify in order to obtain the equation

of the line, of the form:

y=ax+b (Ec. 4)
For this, it is necessary to clear from the equation the stress, by the following way:
0=E*¢E (Ec. 5)

In this way, the Ec. 4 and Ec. 5 have the same form, so it can be estimated the elastic
modulus by linear regression, where 8 represents y, € denotes x, and E refers a from the
equation of the line.

In some materials, the elastic behavior is not linear and cannot be calculated by the Young
Module, for this reason is necessary to use an alternative method, for instance, tangent or
secant modulus. The tangent modulus is taken as the slope of the stress-strain curve at
some specified level of stress, while secant modulus represents the slope of a secant drawn

from the origin to some given point (Figure 3).

Tangent modulus (at o)

Stress o

Ac _ Secant modulus
Ae (between origin and o)

Strain e

Figure 3: Non-linear behavior of some materials in the elastic region?®.
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The compressive strength represents the maximum load that a material can support under
compressive forces. From the force vs. elongation curve, this data can be estimated by
dividing the crushing force by the cross-sectional area (Ec. 6). In contrast, from the stress
vs. strains diagram, the compressive strength can obtain directly estimated the maximum
peak.
Rs =" (Ec. 6)

Where Rs is the compressive strength (MPa), Cs represents the crushing force (kN) and A
the cross-sectional area (mm?).
The mechanical properties associated with energy is the resilience and toughness (Figure
4). Resilience is the capacity of a material to absorb energy without any plastic
deformation. To quantify the resilience, it is necessary to integrate the elastic region of
stress vs. strain curve with the following equation:

Ur = [76.dg (Ec. 7)
Where Ur represents the resilience (J/m®or Pa), € is the strain at yielding (mm/mm), and
0 refers to stress (MPa).
Finally, the toughness is the total energy absorbed from material before its fracture due
to stress or impact. The toughness could be estimated by integrating the area under the

stress vs. strain curve. The equation which describes this behavior is:
T=["0.de (Ec. 8)

Where T is the toughness (J/m3 or Pa), € represents the strain at rupture point (mm/mm),
and 0 denotes the stress (MPa).

E >
Figure 4: Resilience (green area) and toughness (yellow area) of stress vs. strain curve®,
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Several factors lead to uncertainties in measuring data, in consequence, the data may have
scattered for mechanical properties. This could be associated with factors such as the test
method, variation in sample preparation procedure, operator bias, inhomogeneous within
the same material lot, slightly different composition of materials in the same lot, and
apparatus calibration. Therefore, it is necessary to apply a statistical method to estimate
the dispersion degree. For this, the average and the standard deviation should be
calculated. The average value is calculated by dividing the sum of all measured values by
the number of measurements taken. The equation that describes the average is the

following:

n
— Zi=1Xi

n

X (Ec. 9)
Where x is the average, X is the value of a discrete measurement and n is the total samples
number.

Concerning standard deviation, it represents the error or degree dispersion of the data.

The expression which describes the standard deviation is the following:

X X2 1
S==—1"1 (Ec. 10)
Where x is the average, Xi is the value of a discrete measurement and n is the total samples

number.

3. PROBLEM STATEMENT

The increase of CO. concentration into the atmosphere since the industrial revolution is
approximately 45%, mainly caused by anthropogenic CO,  Several strategies are available
to mitigate the CO> emissions, however the Intergovernmental Panel on Climate Change
(IPCC) concluded that these strategies do not meet the requirements to mitigate the high
amounts of CO> produced into atmosphere. In fact, the cost of these strategies represents
a higher value of about 138% of the average of all the strategies, except for CCS®. The
CCS process represents a potential strategy for achieving the COP objective. Among the
CCS chain process, the CO> capture and separation are the most important due to the high
energy penalty of the process. Among all the existing technologies, adsorption
demonstrates important advantages over the other technologies. In the adsorption process,
porous materials commonly are used in the form of packed bed into adsorption towers

and have to accomplish some criteria for their use, one of them is the mechanical

11
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resistance during the operational conditions with the purpose of scaling up. For scaling
up these type of materials is important the study of mechanical properties due to
commonly suffer abrasion or crushing owing to the operational conditions causing by
volumetric flow rate, vibration, and temperature. The sorbents have to demonstrate
microstructure and morphological stability during the CO> adsorption and regeneration
steps?®. For this reason is important to determine the mechanical properties of a material
previous their industrial use due to the breakage of the adsorbents leads to problems in

the process, causing economic and environmental consequences.

4. GENERAL AND SPECIFICS OBJECTIVES

4.1 General objective

To determine the mechanical properties of an innovative material based on a mixture of

natural clay and ferruginous sand in pellets form for CO; capture.

4.2 Specific objectives

e To perform the pellets to the free-fall drop impact test in order to determine the
drop number of the samples.

e To evaluate the mechanical resistance of the samples by uniaxial compression
test with the purpose of determining the compressive strength, the elastic
module and the toughness.

e To characterize by X-ray diffraction the material with the aim of identify the

mineral composition of the samples.

12
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5. METHODOLOGY

5.1 Raw materials and initial treatment

The clay samples used were taken from Yantzaza, located in Zamora Chinchipe Province,
Ecuador. These samples were dried in an oven at 100 °C for 12 h as the initial treatment®.,
Ferruginous sands were taken from Ancon, located in Santa Elena Province, Ecuador.
The sand samples were previously dried at 100 °C for 8 h%?, and then a portion of the
samples was sieved. For the sieving process, 7 stainless steel sieves from Retsch in
Germany were used, and the sieves numbers were %%, 1, 4, 8, 16, 30 and 50. Finally, the

grain size obtained was 300 pm®’.

5.2 Sample preparation for mechanical testing

The pellet preparation was performed manually. First, clay was weighed and mixed with
different amounts of sieved sand (to promote their homogeneous dispersion in the
mixtures), with the purpose of obtaining samples with sand content of 0 (control sample),
1, 5, 10, 15, 20, 25 and 50 wt.%. Then, distilled water was added with a dropper
(approximately 8% of the total volume), and a 13 mm (diameter) spherical mold (Figure
5) was used to shape the pellets. Finally, the samples were calcined in a Boeco muffle

furnace with a temperature ramp of 5°C/ min until reaching 450 °C over 14 h.

Figure 5: Spherical mold used for shaping the pellets®.

The cylindrical specimens were done similar to pellets, the differences are stated on the
13x26 mm cylindrical mold used (Figure 6a and 6b) and the sand conditions. In these
samples, clay was mixed with different quantities of sieved sand and sand that had not
been sieved to obtain specimens 0, 15, and 25 wt.% sand content. To analyze the wet

conditions, all the samples were left to rest in distilled water for 6 days. The selected
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quantities of 15 and 25 wt. % of sand content is based on the commercial chemical
Sulfatreat-410 HP, in which the iron oxide concentration is in a range of 10-30 wt.%>,

Figure 6: Cylindrical mold used for shaping the specimens: (a) top perspective showing the diameter
measurement, (b) front perspective showing the length measurement®,

The prepared samples were labeled based on the clays and sands nomenclature worked a
in previous work®!. The samples were divided into three different groups:

e The first group was attributed to the samples mixed with sand that was not sieved
denominated CZY-304 / SYA-104 R X%. In order to facilitate the nomenclature,
the sample was named C304-104 R X%

e The second group refers to samples mixed with sieved sand denominated CZY -
304 / SYA-104 S X%. In order to facilitate the nomenclature, the sample was
labeled C304-104 S X%.

e The last group denotes for samples in wet conditions denominated CZY-304 /
SYA-104 S X%. In order to facilitate the nomenclature, the sample was called
C304-104 W X%.

For all the samples, X% represents the sand content by weight expressed in a percentage.

5.3 Mechanical property determination

Before the mechanical properties determination, it is important to measure the relative
porosity and determine the height and diameter of the samples. The relative porosity
percentage was estimated once the pellets were prepared and calcined to contain 0, 15,
and 25 wt.% sand. First, three samples were weighed 3 times with an analytical balance.

Then, they were allowed to rest in distilled water for 6 days. Finally, samples were

14
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removed from distilled water and weighed again on an analytical balance. The Ec. 11 was

used for calculating the relative porosity percentage.
% Porosity = % * 100 (Ec. 11)
f

Where my is the mass after 6 days of resting in water and m; is the initial mass.

To measure the height and the diameter of the samples a gauge ruler was used. Concerning
the diameter, the specimens were measured at the top, in the middle, and at the bottom.
To estimate the height of the specimens there was measured from 3 different perspectives.
Finally, for both measurements, the average was calculated.

5.3.1 Free-fall drop impact test

The free-fall drop impact test and the uniaxial compression test were used to determine
the mechanical properties of the pellets. The free-fall drop impact test was performed by
dropping the pellets from a height of 1.5 m on a tile surface (Figure 7). With the help of
a Nikon camera, the falls were filmed to obtain the number of rebounds and the height of
each rebound. At least 7 tests were performed for each pellet, and each trial had a
minimum of 7 repetitions or until the pellet broke. At the moment in which the pellet
showed a rupture, the drop number was reported.

TRy-4F

Figure 7: Free-fall drop impact test.
From the free-fall drop impact test, the coefficient of restitution (COR) can be estimated.
The COR describes the energy conservation degree in a collision between classical

particles. In the case of a collision between a particle and a fixed body, the case is
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considered as one dimension rebound. The equation which describes this behavior is the

COR = \/E (Ec. 12)
hg
Where ho is the initial height (1.5 m) and h is the height reached in the rebound. Values

following:

nearly to 0 express an inelastic collision, while values near to 1 state an elastic collision.

The coefficient of restitution is dimensionless.

5.3.2 Uniaxial compression test

The uniaxial compression test was performed with a United DSTM electro-mechanical
series universal testing machine (UTM). The compression was performed at a constant
velocity of 10.9 um/s. This test follows the ASTM D2166 standard. At least 7 specimens
were tested with the UTM. The information provided by the UTM gave the diagram force
versus elongation relationship, hence it was normalized using Ec. 1 and Ec. 2.

Several data were estimated by the uniaxial compression test using the equations
describes previously, for instance the compressive strength (Ec. 6), the elastic module by
linear regression (Ec. 5), toughness (Ec. 8), and the crushing strength (maximum peak
from the force vs deformation diagram). Additionally, in order to analyze the data

dispersions degree, the main (Ec. 9) and the standard deviation (Ec.10) were calculated.

5.4 Sample characterization powder by X-ray diffraction

The crystalline phase identification is very important in solid materials characterization
owing to the mineral composition influences on the mechanical, physical and chemical
properties. To carry out this characterization the samples were ground up in an agate
mortar to a fine powder. After that, each sample was mounted in an aluminum sample
holder on a multipurpose stage with 8-positions. The X-ray diffraction (XRD) analysis
was carried out by a powder diffractometer Mini-flex-600, from Rigaku, with D/tex ultra
2 detectors. The measurement conditions were 40 kV and 15 mA for the X-ray generator
in a sealed tube with a CuKq > radiation source. For collecting data, the selected angular
region was 20 = 5-90° with a step width of 0.005°. The data treatment was carried out
using Qualx 2.8> and SmartLab Studio 4.3 programs. In both cases, the crystallography
open data (COD) base was used as the powder diffraction database®®. The data reduction
(the smoothing, background and zero-point corrections, and peak search) of powders

diffraction was possible in each program. In this case, it was necessary to employ the
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search-match methodology®’ to obtain the list of the possible candidates as a constituent
of the crystalline phases present in clay, sand and mixtures. With the purpose of
quantifying the crystalline phases of the samples, the whole powder pattern fitting
methodology (WPPF) was applied®®. This method allows us to find more appropriately
the relative abundance percentage of the crystalline phases present in samples. The
samples analyzed were pellets with sand content of 0, 15, and 25 wt.%. Also, sieved
ferruginous sand (SYA-104) was analyzed, but in this case, it was carried out in two
different ways. The first method used the sieved sand content in its natural state, and the
other method used magnetically separated sand. For the magnetically separated sand, the
metallic oxides that possessed magnetic properties were isolated with a magnet (2 Tesla)
from the sand. Therefore, two different samples were obtained, one that was separated by
the magnet labeled enriched metallic ferruginous sand (E.M. ferruginous sand) and the

remaining part labeled non-magnetic ferruginous sand (N.M. ferruginous sand).
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6. RESULTS, INTERPRETATION AND DISCUSSION

6.1 Mechanical properties

The evaluation of the mechanical properties of the prepared pellets is necessary for its
industrial scale-up for CO2 capture purposes. An adequate mechanical resistance is
required to evaluate the filling behavior of the pellets in an adsorption tower and stability
of the packed bed during the operation to avoid breakage of pellets. Besides, if the pellets
production plant is far from the plant of interest, the transport process implies the
necessity of a good mechanical resistance. The pellet quality was assessed as a function
of the sand content quantity in the pellets by free-fall drop impact test. In contrast, the
uniaxial compression test was used to analyze the influence of mineral composition,

porosity, and humidity by compressive forces in the samples.

6.1.1 Free-fall drop impact test
The free-fall drop impact test is intended to provide information about the response of
pellets to a collisions that occurs during handling, for instance, adsorption tower filling
activities. Concerning to dry samples, the behavior of the drop number in function of sand
content in pellets is shown in Figure 8.
Clay content

100% 99% 95% 90% 85% 80% 75% 50%

12+ T m C304-104 S X%

10 | L

Drop number

0% 1% 5% 10% 15% 20% 25% 50%
Sand content

Figure 8: Drop number in function of sand content for dry samples.
Regarding the control sample (C304), it exhibited an average of 10 drops. The sand

content in pellets affected the drop number significantly, due to it was added sand to the

samples, the drop number decreases. It was evidenced since C304-104 S 1% the drop
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number decreases one unit compared to C304. The drop number suffered a drastic drop
from C304-104 S 1% (9 drops) to C304-104 S 5% (3 drops) and remained almost constant
with a drop number of 4 until C304-104 S 25%. This suggests that the sand content in
pellets for the free-fall drop impact test does not have a linear behavior, this means that
the sand addition to the samples is not proportional to the drop number.

Regarding the wet samples, pellets with sand content of 0, 15 and 25 wt.% were
performed to the free-fall drop impact test. The drop number showed the same behavior
compared to samples at dry conditions, for instance the control sample (C304) and C304-
104 S 25% (overlapped in Figure 9). The difference marked the pellets C304-104 S 15%,
which at wet conditions exhibited a slight increment in their drop number with 5 drops
compared with the same sample in dry condition. The results suggests that the wetting

samples does not affect the drop number of the pellets.
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Figure 9: Comparison of the drop number for dry and wet samples at 0, 15 and 25 wt.% sand content
According to Tavares & de Almeida®®, the drop number for meeting the handling
requirement of dry pellets should be at least 4, therefore all the samples in this study can
be considered suitable for handling, except the samples C304-104 S 5% and C304-104 S
50%, which barely resisted 3 and 2 drops respectively. Some factors influence the pellets
behavior, causing variations in their physical and mechanical properties such as the drop
number. Gul et al.®> mentioned some of these factors, for instance, the type of clays used
as a binder, moisture, surface area, pellet size, and pelletizing condition. In this case, the
grains uniformity is not the same owing to the particle size difference between clay and

sand. Thus, it can be deduced that the particle size uniformity due to the increase of sand
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content influences the mechanical resistance of the pellets against free-fall drop impact
test.

After the free-fall drop test, it was analyzed the type of breakage which pellets
experimented. The pellet fracture showed two behaviors, a superficial rupture and a pellet
body breakage (Figure 10). The superficial or surface rupture refers to a break in which
the pellets remain intact and small cracks occur causing a slight mass loss in the form of
finer chips, this type of rupture is also called attrition, abrasion, wear, or chipping. In

contrast, the body breakage comprises a loss of the original pellet integrity, in which a

representative mass loss is evidenced in different particles size®.

—

(a)

Figure 10: Pellets breakage after free-fall drop impact test: (a) surface breakage with low mass loss®?,
(b) body breakage with approximately 50% mass loss.

Tavares & King® stated that the probability of pellets breakage is proportional to the
repeated impact and the stress in which the pellets are subjected. At lower impact energy
or stress, the surface breakage probability is dominant over a pellet body breakage, also
the pellets strength decrease for each impact. On the contrary, at moderate impact energy
or stress, the pellets suffer a transition from surface breakage to body breakage. Finally,
at higher impact energy or stress, the pellets have a higher probability of body breakage.
In this work, it was evidenced that although the height (1.50 m) for the free-fall drop
impact test was the same for all samples, the pellets have experimented surface and body
breakage, this suggests that the sand content in pellets affected the breakage mechanism.
It was evidenced that the dry control samples showed a surface rupture and even
withstood at least one extra fall before a body breakage (for most of control samples).
This behavior was evidenced also for the sample C304-104 S 1%. On the contrary, for
the most of the samples with 5, 10, 15, 20, and 25 wt.% sand content demonstrated a
surface rupture, but in this case the pellets suffered a body breakage after an extra fall.
The sample C304-104 S 50% showed a body breakage, which means lower pellet
resistance. Concerning the wet samples, the rupture mechanism was surface breakage for

all the pellets. The wet control samples showed a surface rupture, in contrast to the dry
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control sample they did not resist an extra fall after a surface rupture. The wet samples
C304-104 S 15% and C304-104 S 25% showed the same behavior compared to the dry

samples.

It is important the study of the type of pellets breakage and the mechanical impact
resistance, due to it involves economic and environmental implications. The fines and
particle size generation due to the pellets body breakage may lead to an extra removing
treatment, owing to these particles could fill the void spaces among the pellets that make
up the packed bed, causing a reduce of the porosity into the adsorption tower, therefore
the gas flow could be disturbed and also causing a drop pressure. Concerning
environmental implication, the fines represent a problem owing to the dust generation
during pellets transportation®. According to Sivrikaya & Arol®® the dust generation from
pellets is related with the surface roughness. The authors argue that pellets with smooth
surface and low strength generate lower dust compared with the pellets with high strength
and rough surfaces. The mechanism of the dust generation is based on the attrition and
impact forces during the pellets handling. In this case, the breakage mechanism of pellets
which contained 1, 5, 10, 15, 20, and 25 wt.% sand content favors the filling process of
the adsorption tower. This is because in the case of a rupture, the pellets will not

experiment a mass loss, therefore it would not affect the packed bed porosity.

Commonly in the free-fall drop impact test, the pellet does not break in the first drop due
to the particle orientation during the impact and the absence of defects causing by a
previous impact®. Instead of this, the particle impacted the surface and conserved a part
of the energy in the form of rebound. The degree of energy conservation can be related to
the coefficient of restitution estimated with Ec. 12 (Table 2 and Table 3). On the other
hand, the part of energy which does not transform into rebound leads to the formation of
microfractures into pellets. As the pellets experimented more impacts, the microfractures

propagate at the point of a rupture of the samples®’.
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Table 2: Coefficient of restitution values for dry samples performed to the free-fall drop impact test on
a tile surface.

Coefficient of restitution

Sample code +0.0305
C304 0.4680
C304-104 S 5% 0.3380
C304-104 S 10% 0.4286
C304-104 S 15% 0.4193
C304-104 S 20% 0.3695
C304-104 S 25% 0.4083
C304-104 S 50% 0.1507

Table 3: Coefficient of restitution values for wet samples performed to the free-fall drop impact test on a

tile surface.
Coefficient of
Sample code restitution
+0.0256
C304 W 0.3910
C304-104 W 15% 0.3523
C304-104 W 25% 0.3086

Table 2 shows the coefficient of restitution of dry samples performed to the free-fall drop
impact test. The results are values around in the range of 0.3300 to 0.4700 for all samples,
except for C304-104 S 50% which showed lower values of about 0.1507. These results
express inelastic collision behavior, especially the sample C304-104 S 50%, this means
that most of the energy was transformed in fracture propagation than in rebound, which
lead to a quicker rupture®®. This can be related to the lower values of the drop number.
Also, the sample C304-104 S 5% showed a slight low value compared to the other
samples, however in this case the samples could have fallen in the same orientation,
making the pellets rupture more easily. The samples C304-104 1% cannot be reported
because technical issues, however it was expected that the results should be similar than
the control samples.

Table 3 indicates the coefficient of restitution of wet samples that contained 0, 15 and 25
wt.% sand. The results showed lower values compared to dry samples at the same sand
content, which means that moisture in the samples could affect the rebound; however the

drop number was the same in both conditions.

6.1.2 Uniaxial compression test
The uniaxial compression test gives important data to estimate some mechanical
properties such as the elastic module, the compression strength, and the toughness of the
samples. The compressive strength could provide an idea of the pellets behavior which
make up the packed bed under the operational conditions in adsorption towers and also
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in pellets transportation. The mineral composition, humidity, and porosity play important
roles in the behavior of the samples under compression forces, in fact this could be
evidenced in the 3 different conditions of specimens. The results showed different
tendencies of the specimens with regard to the mechanical properties. It is important to
clarify that certain samples showed failures during compression, so they were not taken
into account.

The relative porosity percentage of pellets decreases as the amount of sand increases for
samples of 0, 15 and 25 wt.% sand content (Table 4). This could be related to the sand

content which filling the void spaces.

Table 4: Relative porosity percentage of pellets performed to uniaxial compression test.
C304 C304-104 S 15% C304-104 S 25%

17.99 16.83 14.54

Relative porosity
(%)

The highest values of compressive strength were for the samples C304-104 S 15%,
followed by C304-104 R 15% (Figure 11). Concerning the control sample (C304), it has
demonstrated lesser compressive strength compared to samples with sand content (Figure
11a and 11b). There was expected that the control sample showed higher compressive
strength because the non-presence of sand; nevertheless, samples with 15 wt.% sand
content demonstrated higher values. This could be related to the relative porosity, due to
the compressive strength is inversely proportional to the porosity. According to Howarth
& Rowlands® the high porosity is the reason why micro-facture networks are created and
the tension distribution through the samples under the effect of compressive forces.
Although the samples C304-104 S 25% showed the lesser porosity percentage, the
compressive strength values were not higher. This could be attributed to the mineral
composition, because under compressive forces, minerals with higher hardness such as
hematite, quartz and ilmenite showed breakage at lower stress due to the contact with
other soft mineral phases. The control sample at wet condition, C304-104 W 15%, and
C304-104 W 25 % demonstrated the least compressive resistance compared to their same
concentrations in dry conditions. Different behaviors were observed under wet conditions
than under dry conditions, for instance the compressive strength values decrease as the

quantity of sand increases as showed Figure 11.
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Figure 11: Compressive strength for specimens: (a) dry and wet control sample specimens, (b) specimens
with sand content at the 3 different conditions: sand without sieving (R), sieving sand (S), and wet
conditions (W).

The crushing force is an important parameter to determine the binder effectiveness, either
organic or inorganic binder. According to Kawatra & Ripke®®, the criteria for choosing
an adequate binder should meet at least 22.5 N per pellet under the dry state. In this work
the crushing force values were considerably higher than the minimum value based on the
principle for an acceptable quality of a blinder so, the 3 conditions are suitable even for
wet scenarios as post-combustion (Table 5). In addition to this requirement, an
appropriate binder must meet other criteria such as a good resistance during drying and
adequate nucleation during the palletization. The pellets resistance during drying and
heating must accomplish a good resistance due to the water evaporation leads to a
pressure buildup inside the pellet in which the outer layers could flake off, causing a
thermal spalling™. In this case, the pellets dried at 450 °C showed a good drying and
heating resistance owing to no pellets had any failure. This is also related to the thermal
ramp used, which does not allow a sudden change in temperature to avoid the pellet
breakage. On the other hand, the pelletizing process normally is carried out into
pelletizing disc or pelletizing drum, in which the function of the binder is to agglomerate
the particle grains, as a results a “green pellet” is formed. However in this work, the pellet
elaboration method was different, therefore the quality of the natural clay as a binder in
the palletization process cannot be analyzed. The most useful binder is bentonite due to
the its features such as the water absorb ability, the mechanical resistance and the
reasonable price’. The used binder in this work was natural clay without any refining

treatment, which gives an extra economic value.
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Table 5: Summary of mechanical properties of different samples under the uniaxial compression test.

Compressive Elastic Compressive .

S | strength modulus toughness ?rushllr\}g

amples (MPa) (MPa) (MPa) oree (53)

+0.66 +53.51 +0.0172 o

C304 Dry 5.01 283.04 0.0861 625.76
C304 Wet 3.82 166.20 0.0846 457.36
C304-104 R 15% 5.60 205.56 0.1344 683.21
C304-104 R 25% 3.18 168.42 0.0771 395.00
C304-104 S 15% 6.08 292.56 0.1335 743.67
C304-104 S 25% 5.02 299.53 0.0894 616.25
C304-104 W 15% 2.70 139.72 0.0670 331.89
C304-104 W 25% 2.05 89.04 0.0515 238.21

Table 5 summarizes the mechanical properties of the control samples and clay/sand
pellets at 15 and 25 wt.% for the 3 conditions: samples mixed with sieved sand, sand that
was not sieved, and wet conditions. The high standard deviation values could be related
to the handmade elaboration method used to elaborate the specimens; therefore, the
compaction pressure was not uniform causing higher fluctuations in the mechanical
properties results. The standard deviations values were averaged in Table 5, in contrast to

figures which show the individual standard deviation values.

The elastic module showed the highest value for samples C304-104 S 25%, and it
exceeded the results of C304-104 15 % and C304 samples with a minimum difference
(Figure 12a and 12b). The standard deviation in these samples are very notable mainly
caused by the elaboration method, however the results are according to the literature.
Several authors proved that the porosity is inversely related to the elastic module for
porous brittle materials; in fact, they reported that a higher porosity, the lower the elastic
module values’*"3. Samples mixed with sand that was sieved exhibited lower values than
samples mixed with sieved sand. The wetting samples decreases the elastic modulus
considerably. It is important to point out that the results of the averaged elastic modulus
were achieved from the best linear fit, such that the values were greater than 0.9855.

In general, the elastic module demonstrated relatively lower values than other materials
such as stainless steel (189.60 GPa), nickel alloys (206.80 GPa), and cupper (120 GPa)’.
Although ceramics are considered brittle materials, they exhibit slight higher values than
metals; for instance, aluminum oxide, silicon carbide and nitride ceramic show the higher
elastic module values of about of 393 GPa, 345 GPa and 304 GPa respectively. The higher
values are related to the higher temperatures (in a range of 900 and 1400 °C) that these
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materials are subjected, therefore the pore volume is reduced causing an improvement in

the mechanical properties®.
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Figure 12: Elastic modulus for specimens: (a) dry and wet control samples specimens, (b) specimens with
15 and 25 wt. % of sand content at the 3 different conditions: sand without sieving (R), sieving sand (S),
and wet conditions (W).

Regarding toughness, the control samples showed similar values under dry and wet
conditions (Figure 13a); nonetheless, the standard deviation was higher for wet
conditions. Moreover, the toughness showed similar values for C304-104 S 15% and
C304-104 R 15%, however for samples with 25 wt.% sand content, the toughness
decreased (Figure 13b). On the other hand, samples with 15 wt.% sand content have
higher toughness values than the control samples due to they have lower porosity,
therefore they have more superficial area which allow to accumulate more energy before
their rupture’. The high compressive forces produce the energy required to crack the
material; consequently, this energy disperses through the samples and leads to the surface
cracks formation. Thus, the crack propagation causing the sample rupture due to the pore.
The pores are considered void spaces that reduce the surface area of the material, therefore
lead to a lower compression strength and lesser breakage strength. In general, the

toughness values were low, which could be attributed to the brittle behavior.
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Figure 13: Toughness for specimens: (a) dry and wet control samples specimens, (b) specimens with sand
content at the 3 different conditions: sand without sieving, sieving sand and wet conditions.

In general, the wet samples demonstrated the lower mechanical resistance over all
conditions against uniaxial compression test. It is argued by Erguler & Ulusay’®, who
demonstrated that the higher the water content in clays is, the more notable the decrease
in mechanical properties. The reduction in mechanical properties may related to the
development of hydraulic pressure in the pores filled with water, thus affecting the stress
among grains during compression. Additionally, the minerals alteration that comprising
the pellets under wet conditions can affect the mechanical properties. In this case, the
samples were kept in distilled water for 6 days for analysis under extreme conditions. In
this way, they were saturated with water, the reason why the noteworthy decrease in their
mechanical properties under compression forces. The study of samples under wet
conditions is important because during CO> adsorption processes at the industrial-scale,
water can be present in the system. The water is either contained in the gas stream (Steam
water or condensed water) or it is a reaction product between CO, and iron oxides; hence

the mechanical properties of the adsorbent could be affected.

Concerning samples mixed with sand that was not sieved demonstrated lower mechanical
resistance than samples mixed with sieved sand. These results could be attributed to the
higher size and quartz content in the samples. According to Sousa’’, at higher quartz
contents, the compressive strength decreases due to an increase in quartz-quartz, which
reduces to accommodate the deformation. A similar behavior could be attributed to the

ferruginous sand because the magnetite and ilmenite have higher hardness values (around
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6 in Mohs scale)’®. Consequently, at higher sand contents, the contact among the metallic
oxides and other minerals increases, thus it can lead to an easier fracture. Minerals that
contain hydroxyl and water molecules (kaolinite and muscovite) have lower hardness,
meaning that they are easier to break when they come into contact with other minerals

with higher hardness under compressive forces.

The samples were analyzed after the fracture during the uniaxial compression test (Figure
14). It was notable that appeared longitudinal lines, which mean a brittle fracture because
the crack perpendicular motion direction of the applied compressive stress*. The sand
addition do not affect the brittle behavior of pellets, due to the same longitudinal fracture
showed up (Figure 14b). Omrani et al.”, reported in their work similar behavior for their
clay and sand samples without fibers. In contrast, the addition of a plant fiber led the

material to a ductile behavior.

Longitudinal
fracture

Longitudinal
fracture

Figure 14: Specimen shapes after failure under uniaxial compression test: (a) control sample, (b)
sample C304-104 S 25%.

6.2 Sample characterization of the powder by X-ray diffraction (XRD)

The diffractograms patterns for the different samples analyzed by XRD showed in Figure
15. The XRD patterns exhibited the mineral phases of the control sample, C304-104 S
15%, C304-104 S 25%, N.M. ferruginous sand, E.M. ferruginous sand and sieved

ferruginous sand.
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Figure 15: Diffractograms patterns of C304, C304-104 S 15%, C304-104 S 25%, N.M. ferruginous sand,
E.M. ferruginous sand, and ferruginous sand. The nomenclature for the mineral phases is as follows: quartz (Q),
orthoclase/microcline (O), muscovite (M), aragonite (A), magnetite (N), ilmenite (1), labradorite (L), and calcite (C).

Microcline and orthoclase were unified in a unique phase because their phases are similar.
It can be observed that the strongest diffraction peak for all samples (except for E.M.
ferruginous sand) came from quartz. The control sample exhibited minerals such as
orthoclase/microcline (O), muscovite (M), and quartz (Q). The same mineral phases
remained in the sample C304-104 S 15%, which also had at a slight peak for magnetite
(N) and a stronger peak for aragonite (A). For C304-104 S 25% magnetite (N) peak was
stronger, and a slight peak appeared for ilmenite (1) and labradorite (L). Regarding N.M.
ferruginous sand, quartz remained as the dominant phase. It can be observed small peaks
for calcite (C), and aragonite (A). Another peak attributed to labradorite (L) showed a
stronger intensity than the other phases. There was not evidenced the presence of
muscovite (M) from the peak at approximately 20 26, which confirmed that phase came
from clay. In contrast, E.M. ferruginous sand showed the highest peak for magnetite and
ilmenite (N, I) and medium-sized peaks for quartz (Q), therefore it indicated the magnetic
phases were magnetite and ilmenite (N, I). The ferruginous sand showed the combination
of the N.M. ferruginous sand and E.M. ferruginous sand, this was evidenced since the
peaks agree with the same positions. The components which exhibited a percentage lower
than 5% were not labeled in Figure 15.
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The quantitative and qualitative analysis results are shown in table 6, the data provided
there, confirmed the peaks presence in the XRD diffraction patterns (Figure 15). A large
variety of mineral phases were observed due to the non-purification treatment of clay.
The same peaks which appeared in the XRD patterns agree with the
orthoclase/microcline, muscovite, and quartz values; so, it confirms that these mineral
phases mainly make up the clay. It was also identified less content mineral phases such
as albite, kaolinite, guidottiite, hematite and brookite. The addition of 15 wt.%
ferruginous sand, lead to the identification of magnetite, ilmenite, calcite, aragonite,
labradorite and anorthite in a minor content. Regarding C-304 S 25%, metallic oxides
increased in a low percentage, however the orthoclase/microcline, muscovite, kaolinite
and albite content decreases since their minerals come from clay. In contrast, quartz
content remained almost constant for all the samples, except for M.E. ferruginous sand.
Concerning the N.M. ferruginous sand, the non-magnetic mineral phases as shown Fig.
15 were quartz, aragonite, labradorite and calcite. Among them, calcite showed less
quantity and quartz the higher. On the other hand, the E.M. ferruginous sand showed iron
and ilmenite oxides, the ilmenite content represented more than half of the amount of the
magnetic separation sample. Finally, ferruginous sand showed that quartz, aragonite and
labradorite are the predominant phases. The metallic oxides content were relatively low,
compared to the other mineral phases.

Table 6: Qualitative and quantitative analysis results of C304, C304-104 S 15%, C304-104 S 25%,
ferruginous sand, N.M. Ferruginous sand and E.M. Ferruginous sand.

| Relative abundance (%)

Compound Clay C304- | C304- N.M. EM. Ferrugi
N° Name COD Card C304 104 S 104 S | Ferrugin | Ferrugin nous
15% 25% | oussand | oussand sand
1 Quartz 00-900-9666 | 44.70 37.40 | 37.20 48.60 13.60 38.50
2 | Orthoclasel | g 1011205 | 2390 | 2230 | 18.40 : : :
microcline
3 Muscovite | 00-100-0042 20.40 10.70 5.10 - - -
4 Albite 00-900-0702 4.50 4.40 3.70 - - -
5 Kaolinite | 00-900-9230 3.00 4.00 2.90 - - -
6 | Guidottiite | 00-901-4441 2.30 1.20 0.90 - - -
7 Hematite | 00-210-8028 0.90 0.20 0.14 - - -
8 Brookite 00-900-4137 0.30 - - - - -
9 Magnetite | 00-101-1496 - 0.25 0.31 - 27.70 1.80
10 IImenite 00-901-0915 - 3.20 4.15 - 58.70 5.30
11 Calcite 00-101-0962 - 0.84 1.20 3.60 - 7.40
12 | Aragonite | 02-103-1192 - 6.10 12.00 15.90 - 23.00
13 | Labradorite | 00-900-0744 - 7.70 11.80 31.90 - 20.30
14 | Anorthite | 00-900-1260 - 1.71 2.20 - - 3.70

(-): not present
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7. CONCLUSION AND RECOMMENDATIONS

7.1 Conclusions

This work analyzed some mechanical properties of an innovative adsorbent prepared from
Ecuadorian raw materials in pellet form for CO2 capture. The values exhibited from the
free-fall drop impact and uniaxial compression tests suggested that the porosity, sand
content and humidity affected the mechanical properties of this material. The results had

a remarkable data dispersion associated by the handmade elaboration method.

The free-fall drop impact test demonstrated that the sand content decreased the drop
number of the samples for wet and dry conditions. The dry samples showed a sharp drop
between samples C304-104 1% and C304-104 5%, which indicates that the sand addition
is not proportional to the drop number, it means that the samples do not behave a linear
approach. Besides, the samples C304-104 S 5% and C304-104 S 50% had drop number
values lower than the minimum requirement, so that pellets composition are not suitable
for scaling-up. Regarding wet conditions, the drop number was the same compared to the
dry samples, except for pellets with 15 wt.% sand content which demonstrated a slight
increase. Thus, it can be concluded that water content in pellets do not affect the drop
number, but the increase of sand content do it. Also, it was observed that the type of
pellets breakage was surface fracture and a body breakage.

The mechanical properties estimated by the uniaxial compression test presented different
tendencies for compressive strength, elastic module and toughness based on the porosity,
the mineral composition and wet conditions. The higher values for compressive strength
were attributed to samples with lesser porosity and mixed with sieved sand, in fact the
sample C304-104 S 15% shower the highest compressive strength. A similar behavior
was observed for elastic module; however, the sample C304-104 S 25% exhibited the
highest elastic module with a minimum difference compared to C304-104 S 15%.
Concerning toughness, the values were low and the results did not vary significantly, this
is due to these materials are consider brittle. For all the samples the wet condition
exhibited the lower mechanical resistance, however they meet the minimum requirement
for their use based on the crushing force criteria. Longitudinal cracks appeared on the

specimens’ surface, which indicated the brittle rupture.

31



SCHOOL OF
CHEMICAL SCIENCES
AND ENGINEERING

The XRD and the qualitative analysis revealed that as the ferruginous sand increased,
oxides minerals augment. This data confirms that the ferruginous sand contains high iron
and titanium oxides. In fact, the E.M. Ferruginous sand demonstrated that ilmenite

predominates over magnetite.

5.2 Recommendations

Based on the experimental experience and the results, it is suggested that for further
investigations take into account the following recommendations:
e To mix the sand and clay with movements from the bottom to up instead of
stirrings movements.
e To elaborate the specimens using a hydraulic pressure with the respective mold in
order to compact uniformly the samples and avoid the data dispersion results.
e To perform the free-fall drop impact test on surfaces more similar to the industry
such as steel and also over a plate made of the same material as the binder.
e To execute the uniaxial compressive test with the samples of 1, 5, 10, 20 and 50
wt.% in order to have a broader perspective of the sand content into the samples

behavior.
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9. Annex

1. Appendix 1: Stress vs. Strains graphics
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Figure 16: Stress vs. strain curve of samples C304.
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Figure 17: Stress vs. strain curve of samples C304 W.
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Figure 18: Stress vs. strain of samples C304-104 R 15%
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Figure 19: Stress vs. strain curve of samples C304-104 R 15%

41



UNIVERSIDAD SCHOOL OF
YACHAY & CHEMICAL SCIENCES
TECH AND ENGINEERING
7 4
6 4
© -
o
=3
w 47
wn
o
n 3-
—— C304-104 S 15% -1
2 1 —— C304-104 S 15% -2
—— C304-104 S 15% -3
14 —— C304-104 S 15% -4
D 1 1 1 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05
Strain (mm/mm)
Figure 20: Stress vs. strain curve of samples C304-104 S 15%
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Figure 21: Stress vs. strain curve of samples C304-104 S 25%.
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Figure 22: Stress vs. strain curve of samples C304-104 W 15%
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Figure 23: Stress vs. strain curve of samples C304-104 W 25%
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