UNIVERSIDAD DE INVESTIGACIÓN DE
TECNOLOGÍA EXPERIMENTAL YACHAY

Escuela de Ciencias Químicas e Ingeniería

HIGH-PRESSURE EXPERIMENTAL SYSTEM:
INSTALLATION, COMMISSIONING AND CO2
CAPTURE TESTING

Trabajo de integración curricular presentado como requisito para
la obtención del título de Petroquímico

Autor:
Villarroel Ayala Josselyne Arely

Tutor:
Ricaurte Marvin, PhD

Co-Tutor:
Viloria Alfredo, PhD

Urcuquí, Septiembre 2020

ACKNOWLEDGEMENTS

I thank God for life and all the blessings that he gives me every day. For his love and
mercy and for always being the fundamental basis in my life and my guide to doing things
in the best way.

I would like to thank my thesis tutor Dr. Marvin Ricaurte and co-tutor Dr. Alfredo Viloria,
for giving me this academic opportunity. Thank you for your patience and dedication,
your enthusiasm, encouragement, and commitment. Thanks to you, today a new path as
a professional begins for me. I have learned from you that science, beyond any effort,
must be born from the heart and deserves all our dedication, courage, and passion. They
are my example to follow in this new stage.

Thanks to all my teachers, for the hours dedicated to my preparation as a student, for the
wise advice and words of support always available.

To my classmates for their invaluable help whenever I needed it, and for making the
classroom a pleasant place.

To my whole family, grandparents, uncles, and cousins for always being by my side,
motivating me and encouraging me to keep going. For being my role model of
perseverance, effort, generosity, humility, and a good heart. For always filling me with
joy and smiles that encourage me especially in difficult moments. Thank you for all your
support.

There are people in life who I admire for many different reasons, their wisdom, their
optimism, their altruism, their goodness. I have been fortunate to meet many of them.
Now they are more than my friends are part of my family. One of them is my dear friend
Bryan who I thank for his patience, love, and support from the beginning of my university
life.

I especially thank my parents for all their love, trust, and unconditional support
throughout my life. For having shaped me into the person I am today, I owe many of my
achievements to you, including this one.
v

DEDICATION

To my parents who have been an example of dedication and perseverance. Their
unconditional love and support helped me to overcome many obstacles in my life.
To my sister who supported and encouraged me to continue, when it seemed I was going
to give up.
To my aunt Lili who has been one of the main foundations in the construction of my
professional life, she laid in me the bases of responsibility and desire to improve.
I am a persistent person thanks to all of you.

vi

RESUMEN

La captura y almacenamiento de dióxido de carbono es un conjunto de técnicas diseñadas
para capturar, transportar y almacenar CO2 proveniente de procesos de combustión de
combustibles fósiles o como producto de un proceso industrial. En el proceso de captura
de CO2, existen tres sistemas de captura: pre-combustión, post-combustión y oxicombustión. La absorción química con aminas es una de las tecnologías comerciales más
utilizadas para la captura de CO2 post-combustión. Sin embargo, este método presenta
algunos inconvenientes como: el alto consumo de energía asociado con la regeneración
del solvente, la degradación irreversible del solvente y el deterioro de equipos debido a
la corrosión. Actualmente, se llevan a cabo diversos estudios de captura de CO 2 a escala
de laboratorio para mejorar e identificar nuevos solventes. Sin embargo, muchos de estos
estudios son realizados en sistemas experimentales de baja presión y sus resultados
pueden diferir mucho de los obtenidos a elevadas presiones. Esto limita su aplicación en
procesos industriales que operan bajo condiciones extremas de presión y temperatura. En
este trabajo se presenta la instalación y puesta en marcha de un sistema experimental de
alta presión para pruebas de captura de CO2. Para la instalación, primero se realiza la
visualización y diseñó de un esquema del montaje a desarrollar junto con las
características operativas deseadas. Posteriormente, se realizó el ensamblaje, instalación
y puesta a punto del equipo. Para verificar la configuración experimental del sistema se
realizaron pruebas de solubilidad de CO2 en agua. Finalmente, se realizaron pruebas de
captura de CO2 con Etilendiamina (EDA) bajo dos modalidades: (i) condiciones de baja
presión empleando un regulador de flujo y (ii) condiciones de alta presión mediante un
regulador de presión para determinar la influencia de la presión en el proceso de absorción
de CO2. Los aspectos novedosos del equipo desarrollado en el presente trabajo radican en
los siguientes puntos: permite realizar pruebas de captura de CO 2 bajo condiciones de
operación extremas de presión y temperatura; y es un montaje experimental de utilidad
para el desarrollo y formulación de nuevos solventes aplicables en tratamientos de
corrosión, utilizando compuestos naturales (de fuentes no comestibles) como principios
activos.

Palabras claves: absorción, captura de CO2, sistema de alta presión, amina,
etilendiamina.
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ABSTRACT

Carbon dioxide (CO2) capture and storage is a set of techniques designed to capture,
transport, and store CO2 from fossil fuel combustion processes or as a product of an
industrial process. In the CO2 capture there are three capture systems: pre-combustion,
post-combustion, and oxyfuel combustion. Chemical absorption with amine solvent is
one of the most widely used commercial technology for post-combustion CO2. However,
the significant energy consumption associated with solvent regeneration, irreversible
solvent degradation, and process equipment deterioration due to corrosion is the biggest
drawback to this technique. Many studies of CO2 capture on a laboratory scale are carried
out to improve and identify new solvents. However, many of these studies are carried
out in low-pressure experimental systems, and its results can differ greatly from those
obtained at high pressures. This fact limits its application in industrial processes that
operate under pressure and temperature extreme conditions. In this work, a high-pressure
experimental system has been installed and commissioned for CO 2 capture tests. For the
installation, the visualization and design of the setup scheme to be developed is first
performed with the desired operational characteristics. Subsequently, the equipment was
assembled, installed, and commissioned. CO2 solubility tests in water were carried out to
verify the system's reliability. Finally, CO 2 capture tests were performed with
Ethylenediamine (EDA) under two operating modalities: (i) low-pressure conditions
with a flow regulator and (ii) high-pressure conditions with a pressure regulator for
determining to the influence of pressure on the CO2 absorption process. The novel aspects
of the equipment developed in this work lie in the following points: it allows CO 2 capture
tests to be carried out under operating pressure and temperature extreme conditions, and
it is an experimental setup useful for the development and formulation of new solvents
applicable in corrosion treatment, using natural compounds (from non-edible sources) as
active principles.

Keywords: absorption, CO2 capture, high-pressure system, amine, ethylenediamine.
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CHAPTER I

1. INTRODUCTION

From the industrial revolution, the global temperature has risen considerably by
increasing greenhouse gas (GHG) emissions. Gases such as methane (CH4), carbon
dioxide, and nitrous oxide (N2O) have increased significantly[1]. The main GHGs
produced by anthropogenic activities of combustion and fossil fuel production is CO 2[2].
The cumulative emissions of CO2 from the various anthropogenic sources must remain
under 3650 Gt CO2 to keep global warming below 2 °C until the year 2100, half of which
have already been issued until 2011[1]. CO2 capture and storage (CCS) is presented as the
best alternative to reduce CO2 levels[2].

CCS is a set of integrated technologies to CO 2 capture emitted from some industries
before it is released in the environment. The captured CO 2 can be transported to a
predetermined site by pipelines or trucks and injected into depleted oil and gas fields or
deep saline aquifers for permanent storage. In some industrial processes such as natural
gas processing and production of hydrogen-containing synthesis gas for the manufacture
of ammonia, the CO2 is separated to meet process demands and not especially for storage.
There are different procedures for CO2 capture, which can be divided into three groups
depending on the capture method and the point of the process where it is carried out
oxyfuel combustion, pre-combustion, and post-combustion[1].

Oxyfuel combustion uses high purity oxygen instead of air for combustion, producing a
ﬂue gas that is principally water and CO2 and easily captured. This system is still in the
demonstration phase. During the pre-combustion process, the primary fuel (coal, natural
gas, oil, or biomass) is processed in a reactor to produce separate streams of CO2 and H2.
These initial fuel conversion steps are costly. This process is widely applied in fertilizer
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manufacturing and hydrogen production. In the post-combustion, CO2 is separated from
the ﬂue gases produced by power plants and natural gas processing industry.

The post-combustion is the most used technique due to its low installation and
maintenance cost[3]. This technique allows the removal of CO2 emissions produced by
hydrocarbon combustion and other abundant CO2 sources, such as power stations and
industrial plants. Generally, commercial technologies available to CO 2 capture use
chemical solvents. The conventional process mainly involves an absorption column and
a stripping column. In the first unit, the gas stream containing CO 2 is brought into contact
with the chemical solvent. The CO2-rich solvent is then transported to the stripper, where
CO2 dissolved is liberated from the solvent by thermal treatment [4].

The most commonly used solvents are aqueous solutions of alkanolamine, such as
monoethanolamine (MEA), diethanolamine (DEA) and methyldiethanolamine (MDEA).
However, these compounds have several disadvantages, such as evaporation loss because
of high vapor pressure, equipment deterioration by corrosion, and significant costs
associated with their regeneration process[5].

Blended amines have been widely studied at laboratory scale and pilot plant tests to
improve the drawbacks of the individual amines and maximize the advantages of each [6].
Also, several different additives can be used to meet the specific requirements of the
blend. Biomass-easily based derived precursors will serve as suitable alternatives for
additives, as they are readily available, renewable, and leave no environmental foot
prints[7]. Residues from emblematic crops of Ecuador, such as African palm, banana,
cocoa, and sugar cane could be used to produce these additives, without compromising
the sources of human and animal food, generating beneficial waste management systems
for the environment. However, a significant challenge to the development of the
biorefinery industry in Ecuador is the lack of suitable technologies for converting its
agroindustrial waste or byproducts into value-added products.

Based on this, in the present work a high-pressure system has been designed and
assembled to carry out experimental studies of carbon dioxide capture and storage using
natural compounds (from non-edible sources) as active principles for developing of new
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solvents and corrosion inhibitors. First, CO2 solubility tests have been carried out to
validate the experimental setup and evaluate whether equilibrium conditions can be
achieved. Subsequently, to determine the influence of pressure on the absorption process,
CO2 absorption tests were carried out in aqueous ethylenediamine (EDA) solutions at
different concentrations and under two modalities. In the first, a flow regulator was used
to low-pressure tests, and in the second case, a pressure regulator was used to highpressure experiments. Peng-Robinson[8] equation of state and the CO2 solubility model
developed by Ricaurte et al.[9] were used to determine the number of moles removed.
Finally, the results obtained experimentally were compared with those available in the
literature to verify their precision. It was checked that the proposed experimental
methodology is reliable for CO2 capture tests using amines.

1.1. Problem Approach
The substantial economic growth in our society since the middle of the last century has been
associated with a notable increase in energy consumption. It is based on an energy model
focused on the use of fossil fuels, which has led to a rise in GHG emissions. The problems
generated as a result of the increase in CO2, the main gas responsible for the greenhouse
effect, require a multilateral response and collaboration. On 26 July 2017, Ecuador signed
the Paris Agreement under the United Nations Framework Convention Climate Change.
With this action, the Ecuadorian state joins the 175 countries in the world that have signed
this Agreement. Although, Ecuador is responsible for just 0.15% of global emissions[10],
with this agreement, the government has confirmed its commitment to reduce GHG
emissions from industrial activities such as steel, cement, agriculture, livestock, and energy
production.

There are several technological options to reduce GHG emissions: reduction of energy
consumption, effective use of energy, use of fuels with lower carbon contents, promotion of
natural sinks for CO2 (such as forests, soils or oceans), use of energy sources with low levels
of CO2 emissions (such as renewable or nuclear energy) and CO2 capture and storage. In
Ecuador, afforestation and reforestation projects have been developed to capture and store
carbon dioxide by ecosystems to mitigate the problem of climate change and improve air
quality[7].
3

However, it is necessary to recognize that this mechanism has limitations in the industrial
sector. Therefore, it is essential to consider additional measures for the reduction of GHG
emissions. International organizations such as the Intergovernmental Panel on Climate
Change (IPCC) and the International Energy Agency (IEA) identify CCS as the best largescale mitigation option available to meet CO2 emission reduction targets of the industrial
and power sector[11,12]. Chemical absorption is the most widely used process for capturing
CO2 post-combustion. Its main advantages over other methods are the high capture
efficiency and the high selectivity of CO2 at low partial pressure. However, corrosion is the
main problem encountered during chemical absorption that uses amines as solvents. The
installation and commissioning of a high-pressure system, is intended to lay a solid
foundation for implementing a formal line of research:
-

Chemical treatment of corrosion in different industrial sectors.

-

Corrosion inhibitor testing.

-

Development of new solvents for the corrosion treatment, using natural compounds
(from non-edible sources) as active principles.

The challenges for installing a high-pressure experimental system are frequently related
to the design phase, where it must be considered[13]:
-

Installation costs. In general, the high-pressure vessel is the most expensive part.

-

Satisfying all operating conditions.

-

Choice of construction materials of the components. They must be corrosionresistant materials or other deterioration.

-

Necessary utility connections.

-

All safety requirements.

At Yachat Tech University, technical efforts are being made to have the necessary
infrastructure and equipment to carry out studies in high-pressure systems. In the near
future, this type of system will allow carrying out basic and applied research activities in
strategic areas of Ecuador that require the evaluation of additives under high-pressure
conditions.

4

1.2. Objectives
1.2.1.

General Objective

Install and commission an experimental high-pressure CO2 capture system using a
pressure vessel without agitation.
1.2.2.


Specific Objectives
To visualize and design an experimental system capable of operating
under extreme pressure and temperature conditions.



To validate the experimental setup by CO 2 solubility tests in water under
elevated pressures up to 3500 KPa and a temperature of 303.15 K.



To determine the influence of pressure on CO2 capture through lowpressure tests (291.15 KPa) and high-pressure tests (3500 KPa) using
different EDA concentration (5, 10, 20, and 30 wt.%).

5

CHAPTER II

2. BACKGROUND AND LITERATURE REVIEW

2.1. Global Warming
Greenhouse gases (carbon dioxide, methane, nitrous oxide, among others) are found in
the atmosphere and retain part of the solar radiation that enters and generates heat inside
the planet. This natural phenomenon is known as the greenhouse effect and is responsible
for maintaining at 15 °C the global average temperature, suitable for life. However, due
to the increase in concentrations of these gases by anthropogenic activities, a phenomenon
known as global warming has occurred worldwide. The climatic variations associated
with global warming are known as climate change [14].

The sources of GHG emissions from human activities can be classified depending on the
type of source in mobile and fixed[15] and by sector: agriculture, bunker fuels, energy,
industrial processes, land-use change, and forestry, and waste[16]. Mobile sources include
vehicles, engines, and equipment; and are classified as mobile highway sources (for
example cars, buses, motorcycles, and trucks) or non-road mobile sources (trains, ships,
planes, construction equipment, etc.). Fixed sources are divided into two categories: point
and area sources. Point sources are facilities located in a specific geographic space to
carry out industrial, commercial, or service processes, such as power plants, oil refineries,
chemical industries, and factories. On the other hand, area sources are related to activities
and processes, such as agricultural activities, wastewater treatment, sanitary landfills,
distribution, and liquefied petroleum gas storage.

As mentioned above, global GHG emissions can also be classified by sector. In 2016,
71% of GHG emissions were released by the energy sector, 11% by the agricultural
sector, 6% (net emissions) by land-use change and forestry (LUCF), 5% by the industrial
6

process, 3% by the waste sector, and 2% by bunker fuels sector. The energy sector refers
primarily, but not exclusively, to the production of electricity and heat. The agricultural
sector includes emissions from enteric fermentation, manure management, rice
cultivation, agricultural soils, and other agricultural sources. The LUCF sector covers
emissions generated by forest land, farmland, grassland, and biomass burning. The
industrial process sector includes emissions generated during cement manufacturing,
adipic acid, and nitric acid production and emissions from other industrial products (nonagricultural). The waste is related to sanitary landfills (solid waste), wastewater treatment,
sewerage, and other non-agricultural sources. By last, the bunker fuel sector includes
emissions from aviation bunkers and marine bunkers.

According to IPCC, climate change's environmental impact could cause more frequent
and severe external meteorological phenomena (heatwaves, storms, floods, and droughts),
rising sea levels, and acidification of the oceans, among others. These impacts of climate
change affect biodiversity and ecosystems and negatively affect many human activities
and needs.

2.2. CO2 Emissions
In 2016, GHG emissions increased by approximately 35% since the beginning of the XXI
century[17]. CO2 is the principal anthropogenic greenhouse gas since it represents 75% of
total GHG emissions (Figure 1). Its annual emissions increased by around 39% between
2001 and 2016[17]. The increase of global CO2 concentration is mainly due to the
combustion of fossil fuels: coal, oil, and gas, as well as the manufacture of cement, steel,
chemicals, and urea. Agriculture, deforestation and other land uses have been the second
contributors. In the same year, the leading CO2 emitters were China, the United States,
the European Union, India, Russia, and Japan[2].
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CH4
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Figure 1: Global greenhouse gas emissions by gas in 2016
(Source: [18])

The total CO2 emissions in Ecuador reached 72.59 Mt of CO2-eq, in 2016. The most
significant contribution comes from the energy sector with 38.75 Mt of CO2-eq (53%).
For its part, the LUCF sector contributed 33.84 CO2-eq, which represents 46% of total
emissions. The agriculture and waste sector do not have CO 2 emissions in significant
quantities[18], as seen in Figure 2.

Land-UseChange and
Forestry
46%

Agriculture
0%
Oil
46%

Energy
54%
Gas
4%
Gas flaring
1%

Waste
0%

Cement
3%

Figure 2: Ecuador CO2 emissions by sector in 2016
(Source: [18])

According to the IPCC, the increase of CO2 concentrations in the atmosphere in recent
years is an indication that the alternatives developed so far to mitigate the effects of
climate change have been insufficient. In 2014, IPCC presented carbon dioxide capture
and storage as a feasible mitigation strategy for climate change.
8

2.3. Carbon Dioxide Capture and Storage
Carbon Dioxide Capture and Storage is a technology that captures CO2 emissions
produced by the use of fossil fuels in the generation of electricity and industrial processes,
preventing CO2 from entering the atmosphere. The process consists of three main stages:
1. CO2 capture at the source, separating it from other gasses generated in power
plants or industrial plants.
2. Transport the CO2 captured to an appropriate storage location (usually
compressed).
3. CO2 is stored for an extended period outside the atmosphere, either in
underground geological formations, in the ocean's depths, or within certain
mineral compounds.

The first stage is carried out mainly in CO 2 large point sources such as power plants, oil
and gas processing, cement production, iron and steel plants. There are four basic systems
for capturing CO2: industrial processes streams, post-combustion, pre-combustion, and
oxyfuel combustion capture (Figure 3). The choice of the capture system depends mainly
on the concentration of CO2 in the gas flow, pressure gas flow, and fuel type, as well as
economic factors and equipment availability[12].

Figure 3: CO2 Capture system
(Source: [19])
9

The CO2 captured from the gas streams emitted by power plants, chemical and
petrochemical plants can have several applications, such as [20]:


Creation of protective atmospheres for arc welding.



In factories, it can be used as a hardening agent for molds and sand.



In the food industry, can be used to:
-

Carbonation of beverages, mineral waters, etc.

-

Protection of wines, beers, and fruit juices against oxidation by contact with
air.

-

Analgesic before killing animals.

-

In product canning.

-

Its inert characteristics are also used in fire extinguishers and the handling,
transportation, and manufacturing processes of flammable materials.

2.4. CO2 Capture Systems
In industrial processes like natural gas sweetening and manufacturing of ammonia,
alcohol, and synthetic liquid fuels, the CO2 must be removed to achieve required
specifications require. Other industrial process streams which are a source of CO 2 include
cement and steel production. These industries require large quantities of fuel to drive high
temperature, energy-intensive reactions. The concentration of CO2 in the flue gases is
high, making the process amenable to CO2 capture. CO2 could be captured from these
industries using techniques that are common to oxyfuel combustion capture, precombustion capture, and post-combustion capture[12].

In the oxyfuel process, pure oxygen is used as an oxidizer instead of air. In this way, the
combustion gases are mainly composed of CO2 and water vapor; and then CO2 is
separated from the combustion gas by dehydration and purification processes at low
temperatures[12].
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In a pre-combustion capture, CO2 is separated from fossil fuel before combustion by
gasification or gas reforming. This process first generates a gas mixture consisting mainly
of CO and H2 (synthesis gas). Subsequently, this synthesis gas reacts with steam to
produce a mixture of CO2 and H2. Finally, CO2 is stored, and H2 is available to generate
electricity or heat[4].

Post-combustion capture consists of removing CO2 from the gas mixture generated at the
end of the combustion process, using gas separation techniques such as membranes,
cryogenic separation, mineral carbonation, and physical adsorption, chemical absorption,
etc[21]. Capture by post-combustion of CO2 is considered one of the most mature
technological alternatives currently proposed.

At the first stage of CCS, CO2 capture systems (oxyfuel combustion, pre-combustion and
post-combustion) use many known technologies for gas separation. A summary of these
separation methods is given below.

2.4.1.

Separation Membranes

Gas separation by membranes separates gas components by selective permeability. The
gases are dissolved in the membrane materials and pass through the membrane barrier
under a partial pressure gradient. The gradient is established by maintaining a high supply
pressure on one side of the membrane while maintaining a low pressure in the
permeate[21]. Many types of layers have been developed for gas separation on an industrial
scale. However, for CO2 removal, cellulose acetate-based membranes are commonly
used[21].

These membranes are of the diffuse solution type, consisting of a thin layer (0.1 to 0.5
μm) of cellulose acetate placed on a thicker layer of porous support material. Membranes
are thin layers to maximize mass transfer, thereby surface area and cost are reduced. A
backing layer is used to ensure the necessary mechanical resistance. In this way, the
smallest and most soluble permeable compounds dissolve in the membrane, diffuse
through it and then travel through the inactive material, leaving behind the least soluble
components[22]. Generally, the layers do not have a high separation capacity. Therefore,
several stages of smoke recirculation are necessary for adequate separation of the gases.
11

2.4.2.

Cryogenic Separation

The cryogenic separation consists of cold the acid gases to a shallow temperature so that
the CO2 can liquefy and then be distilled. It is widely used for streams with high CO2
concentrations (typically > 90%) and high-pressure gases. This technology requires
pretreatment and dehydration of the feed gas to remove components capable of forming
hydrates and freezing CO2 in the refrigeration unit. Cryogenic separation is applied in
pre-combustion capture processes and oxyfuel combustion. In typical natural gas plants,
cryogenic separation of CO2, H2S, and hydrocarbons requires several fractionation steps,
including extensive cooling and heating. This step causes high energy consumption [22].

2.4.3.

Separation with sorbents/ solvents

The CO2-containing gas is put in contact with a solid sorbent or liquid absorbent to
capture the CO2. Adsorption is a superficial phenomenon where the adsorbed compounds
(adsorbates) are selectively attaching to the surface of the adsorbent solid (such as zeolites
and activated carbon) to separate one or more components from a liquid or gaseous
mixture. Depending on the forces that act on adsorption, it may be physical or chemical.
Weak interaction forces such as van der Waals act in physical adsorption, while chemical
adsorption is governed by the formation of chemical bonds between the solid and the
adsorbed molecules[23]. When the flue gas is contacted with a liquid absorbent (or
solvent), the CO2 is absorbed by this solvent. In the industry, there are two main types of
absorption for removing acid gases: physical absorption and chemical absorption.


Physical Absorption

Physical absorption depends on the solubility of the gas in the solvent, since it increases
linearly with the partial pressure of the gas (Henry's law). When the partial pressure is
high, the absorption capacity of physical absorbents is greater than that of chemical
absorbents. Thus, physical solvents are more used than chemical solvents to treat highpressure gases with high CO2 content. On the other hand, the solubility of gases in liquids
is higher at a lower temperature. Physical absorption uses organic compounds with high
boiling points and low vapor pressures. Physical solvents can be regenerated by reducing
solvent pressure, and therefore less energy consumption is required [22].
12



Chemical Absorption

In post-combustion processes, capture by chemical absorption is the most widely used
technique for capturing CO2 at an industrial level. In the chemical and petroleum
industries, alkaline compounds are used that selectively react chemically with acid gases.
However, many of the commercial solvents used in this process have a series of
disadvantages, such as high rate of loss because of degradation and evaporation, high
costs associated with their regeneration, and equipment deterioration caused by
corrosion[4].

Alkanolamine solvents

Alkanes amines are the most widely used solvents in gas treatment where the acid gas
partial pressures are medium or high concentrations of the same are required in the treated
gas[21]. The alkalinity of their amino group allows them to absorb acid gas, while their
hydroxyl group reduces vapor pressure and increases solubility in water. The pressure
and temperature conditions must be taken into account to determine the appropriate amine
solution for the purification process and the purification levels to be achieved [21]. Amines
are organic compounds derived from ammonia (NH3) in which one or more alkyl or aryl
groups are attached to the nitrogen atom. They are classified into primary, secondary, and
tertiary depending on the number of substituents linked to nitrogen.

In 1930, the application of alkanolamines as solvents for CO2 separation and gas
sweetening began. Initially, primary amines such as monoethanolamine (MEA) were
widely used for their low cost and for their high ability to remove acid gases, such as CO 2,
at moderate solution concentrations (15-20 wt.%)[22]. However, MEA has a high
corrosion rate when exceeding a solution concentration of 20 wt.%. Since 1970,
diglycolamine (DGA) has been used due different features such as a low vapor pressure,
less tendency to corrosion, and ability to operate at higher concentrations (60 wt.%) than
MEA, resulting in low circulation rates and energy consumption [22].

Later, secondary amines such as DEA and diisopropanolamine (DIPA) were used
commercially since their reactivity, corrosivity, vapor pressure, and heat reaction are
lower of the primary amines. Both DEA and DIPA are commonly used to remove H2S
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and CO2 in refineries. Although they can partially eliminate COS and CS 2, the reaction
rate with these gases is lower than with MEA. Usually, the DEA solution's concentration
is 25-30 wt.%, and DIPA has a typical concentration of 30-40 wt.%[22].

On the other hand, it should be noted that methyldiethanolamine (MDEA), a tertiary
amine, is the most widely used gas treatment solvent. Unlike primary and secondary
amines, this amine cannot react rapidly with CO 2 through the formation of carbamates
allowing greater solvent availability to remove H2S from gas streams containing H2S and
CO2 selectively. Its normal concentration in solution is 35-50 wt.%[22]. Some advantages
of tertiary amines are their low vapor pressure, low volatility, high thermal stability, lower
regeneration energy, and less corrosive. However, their COS and CS2 removal capacity
are minimal. By adding primary, secondary amines or proprietary additives, your
selectivity can be reduced. In this way, the requirements for removal of both H2S and CO2
can be met while taking advantage of low energy requirements[24]. Some of the most
widely used proprietary additives are aMDEA (by BASF), ADIP X (by Shell), AdvAmine
(by Prosernat), GAS/SPEC (by Ineos), Jefftreat (by Huntsman) and UCARSOL (by Dow
Chemical Company)[22].

The ideal chemical solvent for the CO 2 capture process must have the following
characteristics:
-

High reactivity with CO2 would reduce the absorber's height requirements and the
circulation flow rates of the solvent.

-

Low regeneration costs (based on low reaction heat with CO2.

-

High absorption capacity, which directly influences the circulation flow
requirements of the solvent.

-

High thermal stability to reduce solvent degradation and reduce solvent residues
due to thermal and chemical deterioration.

-

Have a little impact on the environment.

-

Have low costs, and its production must be easy and cheap.
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2.5. CO2 Capture with EDA at Laboratory Scale
Alkanolamines such as MEA, DEA and MDEA are the most widely used for removal
processes of CO2 and H2S in natural gas streams[21] According to Li et al.[25], Bui et al.[26],
and Zhou et al.[27] EDA could be a good substitute for MEA. EDA is a secondary amine
with a linear structure. Because it has more amine groups, it reacts with CO2 faster than
MEA and potentially has a greater CO2 capacity absorption. Most studies have been
carried out at low pressure[4,25-27]. Therefore, CO2 capture tests using EDA at high
pressures needs further research to verify if it is possible to obtain the same performance
under the typical operational conditions of the oil and gas processing facilities.

2.6. Absorption Process
The absorption process is presented in Figure 4, and it is mainly made up of an absorber
tower and a regenerative tower. The equipment that make up the absorption plant are[21],
[22]

:
o Filter separator: it is responsible for separating the pollutants that reach the gas
treatment plant, such as solid particles, liquid hydrocarbons, etc. that may generate
problems foam, corrosion, among others.
o Amine contactor: it is one of the main equipment of the plant together with the
tower regenerative. It is a tower of gas-liquid exchange trays. The acid gas enters
through the lower part of the tower and the lean amine (amine without CO 2)
through the upper part of the tower. In each tray, an equilibrium reaction between
occurred, and the gas leaves the top with a low percentage of CO 2. In the oil
industry, this tower works at high pressures and low temperatures; this is since the
gas is taken directly from the gas pipeline, being transported at a pressure of 7000
KPa and 305 K. The poor amine when leaving the tower is called "rich amine"
because it has increased its concentration in acid components. This amine leaves
the bottom of the unit at temperatures near 413.15 K.
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o Flash tank: it is used to recover the hydrocarbons dissolved in the solution since
they cause the generation of foam in the following equipment (regenerating
tower). This equipment works at low pressures (390 KPa); this decrease in
pressure causes the dissolved hydrocarbons to vaporize and drag a small amount
of CO2. The rich amine then passes through a heat exchanger and enters the
solvent regenerator at temperatures in the range of 450 to 490 K.
o Amine regenerator: this tower, like the contact tower, works in countercurrent;
in it, the CO2 is eliminated from the amine, regenerating it to use it again. It is
made up of gas-liquid contact trays, an overhead product condenser, and a
reboiler. The acid solution enters through the top of the tower, and it comes into
contact with a stream of water vapor, which is generated in the bottom reboiler
vaporizing part of the water contained in the rich amine solution. As the amount
of steam rises, the amount of CO2 stripped increases. The condenser acts as a gasliquid separator, the vapor, which consists mostly of acid gases and water vapor,
is generally processed for sulfur recovery. The lean amine exits the bottom of the
regenerator at about 500 K and is s cooled in the lean/rich exchanger and lean
amine cooler and filtered before returning to the amine absorber.
o Storage tank: in this tank, the recovered poor amine is stored, and the small losses
that may have been generated in the process are replaced. Care must be taken that
the solution, when added, maintain the amine/water ratio; otherwise, the plant will
work inefficiently. The amine in the tank must be prevented from coming into
contact with the air as it will react to losing its absorption property, to avoid this
situation, an inert gas cushion is placed in the tank.
o Filters: before the amine returns to the process, it is circulated through filters to
remove solid pollutants from corrosion. These devices must be replaced or
cleaned periodically to avoid saturation by dirt. Saturation of a filter can be
observed by increasing the pressure drop across the filter.
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Figure 4: Typical flow schematic of an amine treating unit
(Source: [22])

2.7. High-Pressure Experimental Systems
For the development of new products, it is convenient to develop laboratory-scale
equipment that allows investigating the physical properties of reagents, intermediate
products, and final products together with the kinetics of the reaction and the effect of
impurities on the course of the same. Allowing to develop a solid knowledge of support
to the industries. Laboratory-scale technologies help estimate certain industrial-scale
operating conditions that allow the observation of failures that have no impact in the
laboratory, but which can be significant on a larger scale (e.g., foaming, corrosion
problems, etc.).

The installation and commissioning of a high-pressure system constitute a research and
development process in which correct planning is required. Knowledge of the process to
be carried out and the use of a good instrumentation level play a fundamental role. Several
factors determine the construction of a laboratory-scale high-pressure system. The ones
considered for this work are exposed below, which are:
-

A preliminary conception of the industrial model to which it is aimed.

-

Knowledge and definition of the process steps that require experimental research.
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-

Selection of appropriate building materials.

-

Measures to ensure operational stability.

-

Acquisition of samples without the need to stop the process operation.

-

Facilities for feeding and handling products.

-

Ensure a quick shutdown of the system in the event of system failures.

-

Security requirements.

-

Availability of means for the preparation of installations and eventual
connections.

-

Availability of personnel with experience and ability to operate high-pressure
equipment.

-

Installation costs: The cost of a high-pressure experimental system is extremely
variable. Its magnitude depends not only on the technological equipment but also
on the type of reagents required for a certain process. Often, the equipment to be
used does not meet the required specifications, so it is necessary to redesign and
adjust them to the investigation's needs. It is done in the company of the supplier
to guarantee its correct operation.

By way of illustration, two high-pressure experimental systems existing in the literature
will be mentioned. In Figure 5, one can see an experimental system that allows us to
measure the solubility of CO2 in a closed container at high-pressure[9]. Equipment, such
as the one represented in Figure 6, allows evaluating the behavior of gas hydrates at high
pressure and low temperatures, using CO2 and CH4[28]. It should be noted that all these
experimental systems were tested and validated with good agreement with literature data.

Figure 5: Schematic diagram of the experimental devices: experimental rig used to
measure gas solubility
(Source: [9])
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Figure 6: High-pressure equipment scheme
(Source: [28])

Systems like these where tests are carried out under pressure and temperature extreme
conditions have not been widely developed on a laboratory scale. It is because meeting
all the factors mentioned above is not an easy task. However, at Yachay Tech University,
an experimental high-pressure system for CO2 capture has been implemented. Having a
laboratory equipped with this type of system allows responding to the country's needs in
terms of research and training of future scientists and engineers.

One of the motivations of this work is to provide students and professors of the Yachay
Tech University with a research tool that allows them to understand and visualize the
process of capturing acid gases using amines. Also, this kind of project allows students
to develop skills such as decision making, teamwork, management and manipulation of
variables, understanding processes, problem resolution, proactivity, time control,
interdisciplinary, and creativity. By last, it allows students to know on-site how specialists
in high-pressure equipment manage this kind of projects.
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CHAPTER III

3.

HIGH-PRESSURE EXPERIMENTAL SYSTEM: INSTALLATION AND
COMMISSIONING

3.1. Visualization and Design
Previous to the installation and commissioning of a high-pressure system (HPS), an initial
model was drawn to have an idea of its assembly. This design shows equipment,
accessories and instruments that may be used (Figure 7). Then, factors like price,
operating pressure ranges for the inlet and outlet, capacity, nature of the gas transmitted,
material selection, accuracy, simplicity, and safety must be determined. For the
components' acquisition, the research team worked closely with the suppliers to ensure
that the pieces of equipment met operational features. After technical advice, the
operating conditions of the pressure regulator and the size of the pipes and connectors
were reestablished. Still, the initial design was not modified.

Figure 7: HPS - visualization and design diagram
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3.2. Installation
The high-pressure system is mainly composed of a non-stirred pressure vessel with a
heater system. The equipment has a series of sensors, such as pressure gauges and
thermometers, to control and regulate operating conditions. It can be coupled with both a
flow regulator to low-pressure tests and a pressure regulator to high-pressure tests. The
connecting tube between the vessel and the flow regulator or pressure regulator is
seamless steel capable of withstanding high pressure. A 20 lb storage cylinder has been
used to inject CO2 into the equipment. The data acquisition is made using a Spec View
interface.

3.2.1.

Installation Components

The system is equipped with the following equipment and accessories:


Non-stirred Pressure Vessel

The non-stirred pressure vessel is a Parr brand and is made of an alloy C-276 (Figure 8).
This material has excellent corrosion resistance in a variety of adverse environments. This
feature allows the vessel to operate in extreme pressure (up to 20685 KPa) and
temperature (up to 500 K) conditions in acidic mediums.

The vessel is a batch type reactor where there is no inflow or outflow, and it is essentially
a non-stirred pressure vessel with gas injection into a liquid phase that homogenizes the
mixture. It consists of a moveable head and a cylinder with a capacity of 100 ml. The
head fittings include a differential pressure gauge, a thermocouple to monitor the pressure
and temperature inside the vessel, and a three valves that allow: (i) gas release, (ii) liquid
sampling and (iii) gas injection into liquid phase to ensure homogeneous contact between
the solution and the gas. The head is clamped to the cylinder by a split-ring with cap
screws. The two ring sections must be removed from their place to load the liquid phase
into the container. To close it, the head is slid into place and is locked with an encircling
drop band.
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Subsequently, the set of compression bolts in the rings must be tightened to seal the
gasket. Compression bolts are simply tightened or loosened; they are never completely
removed from the split-ring. It saves time both in opening or closing the vessel and in
searching for lost parts. On the other hand, the equipment has a stand assembly with a
heater that increases temperatures up to 500 K. The connecting tube between the vessel
and the flow/pressure regulator is stainless steel with an internal diameter and a length of
1/8 in and 20 ft.

This small pressure vessel is an excellent choice for working with materials and reactants
that are only available in small quantities and/or are very expensive. It minimizes the risks
associated with hazardous reactions or materials by limiting the reactants or products to
a minimum. On the other hand, it reduces the quantities of waste products, which may
require special disposal procedures. Such as[29]:
-

Halogenated solvents (dichloromethane, trichloromethane, acetyl chloride, etc.)

-

Non-halogenated solvents (alcohols, aldehydes, amines, ketones, glycols, etc.)

-

Acidic solutions (hydrochloric acid, sulfuric acid, nitric acid) and basic solutions
(sodium hydroxide and potassium hydroxide) very concentrated.

-

Very toxic compounds: (osmium tetroxide, chromic mixture, cyanides, sulfides,
etc.)

Figure 8: HPS - model 4793-100 ml vessel, with benchtop stand and heater
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Temperature Controller

The 4838 vessel controller (Figure 9) contains a primary temperature control module, a
pressure display module, a high/low power heater switch, and a lockout relay and resets
for over-temperature protection.

Figure 9: HPS - Parr 4838 Vessel controller



Flow Regulator

Flow regulator incorporates a regulator and flowmeter in a compact unit. It is designed to
reduce the CO2 cylinder pressure and to secure a constant outlet working pressure. This
type of flowmeter measures the flow rate through a tapered tube and float. Its operation
is based on the variable area principle: fluid flow raises the float, increasing the area for
fluid passage. The float is raised to the point where its weight balances the pushing force.
The higher the flow, the higher the float rose and pulled down by gravity as fluid flow
decreases. Thus, the float has a linear response to changes in flow and shows the flow rate
value.

Among the main applications is a gas measurement for chromatography, gas control in
manufacturing processes, laboratories, and pilot facilities[30]. The flow regulator is widely
used due to its low cost, linear flow reading that can be quickly done at the foot of the
installation, constant and minimal pressure drop, and minimum flows.
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It is simple to install and maintain. However, it has some limitations as not suitable for
high pressures, precision is not very high, must be mounted vertically, has a limited
capacity for very high flow rates, and dirt on the glass makes reading difficult.

Specifications of the employed regulator (Figure 10):
-

It has a CGA-320 connection for CO2 bottles.

-

The output flow is adjustable from 0- to 25 lpm.

-

The material of the body is full copper.

Figure 10: HPS - flow regulator



Pressure Regulator

Pressure regulators are valves designed to control the pressure of liquids or gases by
reducing high pressure from a cylinder or compressor, to lower and safe outlet pressure.
They have a gauge to monitor the outlet pressure and gauge the inlet pressure from the
cylinder. The pressure regulator controls output pressure by balancing an adjustable
spring force against the forces caused by input and output pressures. The spring force is
adjusted by turning the handle, which fixes the desired output pressure. As input pressure
declines, the force balance changes. The output pressure will rise to compensate [31].

These devices are used in many home and industrial applications, like in-home heating
furnaces, in gas grills to regulate propane, in dental and medical equipment to regulate
anesthesia, and oxygen gases, in engines to regulate fuel and in air compressors.
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The TPR250-500-580 regulator (Figure 11) is a light-duty purging regulator made of
forged brass with a single-stage design. It has a stem-type seat mechanism and a neoprene
diaphragm. This regulator has an input gauge range 0-28000 KPa, output pressure gauge
range 0-4000 KPa, and a built-in relief valve. The inlet connection was adapted to the
CO2 cylinder (CG320) and had an outlet connection of 1/4" - 37° Flare". To ensure proper
fit, stainless steel nut and ferrule set, and a stainless steel seamless tubing of 1/8 were
used.

Figure 11: HPS - TPR250-500-580 regulator pressure



CO2 Storage Cylinder

In the gas cylinder, the CO2 is in a liquid state. The pressure in the cylinder is
approximately 5700 KPa at 293.15 K. When the CO2 leaves the cylinder through a
regulator set at an outlet pressure of less than 520 KPa, gaseous CO2 is produced: 1 kg of
liquid expands to 550 liters of gas at atmospheric pressure. Under certain conditions, it is
also possible to remove CO2 from the bottle in liquid form[32].

Figure 12: HPS - CO2 cylinder
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Software

SpecView Software is used to provide bidirectional communication between the
controller and the PC. All data gathered by the modules are transferred to the computer
for display and logging. It can be operated remotely from a PC. The software allows us
to plot multiple charts in real-time. It can log any controller parameter, not just the process
variable. Also, it will enable us to customize the user interface to a given application
easily.

3.2.2.

Assembly

Once all the components have been acquired and taken into account the available space,
the system's assembly is carried out. It begins with the placement of the main equipment
(batch vessel) inside the gas extraction hood. Subsequently, the gas cylinder is coupled to
a flow regulator or pressure regulator connected to one of the vessel's valves through a
high-pressure steel tube. Swagelok brand sockets, nut sets, and ferrules are used for the
different connections inside the system to avoid leaks. Figure 13 shows the assembled
system.

Figure 13: HPS - final result of the experimental equipment after assembly
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This system has been designed to operate safely and without risks within the installations.
For this, the operating conditions that each component is within the design value of the
system. The equipment contains pressurized parts. Therefore, any maintenance or
operation activities should be carried out only by trained and qualified personnel aware
of the precautions that must be taken. Before opening any part of the system, ensure that
the pressure has been fully relieved.

3.2.3.

Schematic Diagram

A schematic diagram was made where the components, devices, or other objects used are
represented using symbols and lines to facilitate understanding of the implemented
system. As can be seen in Figure 14, the equipment can be coupled to two regulation
equipment. For capture tests at low pressures, a flow regulator is used (Case A), while for
high-pressure experiments a pressure regulator is used (Case B).

Figure 14: HPS - schematic diagram of the high-pressure experimental system
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3.3. Commissioning
The commissioning process is a way to verify that the system has been assembled as
intended. It takes place when the installation is complete. Commissioning is divided into
two main activities:

3.3.1.

Commissioning Preparation

During this step, compliance with the following points must be checked:
-

The staff in charge of the activity must be trained and familiar with this type of
system.

-

Inspect the system. Check if the drives and instruments have some physical
damage.

-

Check that the drives, instruments, and lines are correctly connected.

3.3.2.

Commissioning Execution

Before releasing gas into the system, check the following:
-

Use soapy water to verify that there are no leaks at the connections.

-

Check that the upstream and downstream isolating valves are closed.

-

Check that all gauges pointers are at zero.

Putting the system into service:
(i) At low-pressure conditions (Case A):
-

Open the cylinder valve slowly, check that the cylinder pressure is shown on the
contents gauge.

-

Open the downstream valve (vessel valve) and set the working pressure by
rotating the pressure adjusting wheel clockwise up to the required gas flow using
the flow regulator.

(ii) At high-pressure conditions (Case B):
-

Before opening the cylinder valve, the regulator must be closed. Never pressurize
it without doing this step.

-

Open cylinder valve slowly, allowing the pressure to increase gradually in the
regulator.
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-

Turn the adjusting handle counterclockwise and establish the required pressure.

-

When the high-pressure gauge of pressure regulator indicates the required
pressure, open the vessel valve fully.

Attention
-

Always close the cylinder valve when injecting gas into the system is not needed.

-

If it is suspected that the cylinder pressure regulator is not functioning correctly,
or is found to have any leakage, close the cylinder valve and remove it from
service.

As soon as the operation is either over:
-

Depressurize the system. Turn the adjusting handle of the gas release valve
clockwise so that no pressure is trapped inside the vessel.

-

Open the gas injection valve of the vessel to release the gas contained in the
pipeline between the vessel and the regulator.

-

(i) Release the gas in the flow regulator by turning the adjusting handle clockwise
up. Then, close it turning the adjusting handle counterclockwise as far as it will
go.

-

(ii) Release the gas in the pressure regulator by turning the adjusting handle
counterclockwise. Then, close it turning the adjusting handle clockwise as far as
it will go.

-

After relieving all the gas pressure, disconnect the high-pressure vessel, and clean
it.

Various parameters determine the design of an experimental system. The most important
in this work were the temperature, pressure, and components material. Before assembling
the system, it was checked that all drives and instruments are functioning correctly. Once
it was assembled, it was checked that lines and accessories are correctly connected. CO2
solubility tests were conducted to determine if the system, as-built, works as expected.
With the results obtained, it is guaranteed that the experimental system designed in this
study was successfully installed and commissioned. When the validation phase ended,
CO2 capture tests were performed at low and high pressures.
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CHAPTER IV

4. METHODOLOGY

Several tests of solubility were carried out to validate the experimental setup of the highpressure system. Also, to determine the influence of pressure on the CO2 absorption
process using amines, two methodologies were developed. In the first, a flow regulator
was used to low-pressure tests (Case A). In the second, for high-pressure experiments, a
pressure regulator was used (Case B). Figure 15 shows a schematic representation of the
methodology developed in this study.

Figure 15: Methodology diagram
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4.1. Materials Used
The gas used is carbon dioxide (purity > 99.995%) from Oxicomercial. The additive used
in this study is ethylenediamine (purity > 98%), supplied from Novachem, and was used
based on the purity values given by the provider. The aqueous amine solutions were
prepared using an electronic balance, with distilled water produced in the laboratory.

4.2. Experimental Method

4.1.1.

CO2 Solubility Tests

Several tests for CO2 solubility in water were carried out to validate the system's
experimental configuration at high-pressure. The objective of this test was to measure the
equilibrium pressure reached by the system at various pressures and verify your accuracy
with data available in the literature[9]. The experimental procedure is as follows: In each
experiment, the initial temperature is fixed at 303.15 K, and the vessel is pressurized at
700, 2100, and 3500 KPa, respectively. After, the vessel is loading with 30 ml of distilled
water, and the equipment is wholly closed (batch system). The pressure and temperature
records were kept for 24 h. The initial quantity of gas is determined by using the
Peng−Robinson equation of state (PR-EoS). For each pressure studied, the final pressure
reached by the system was considered as the solubilization equilibrium pressure (P eq).

4.1.2.

CO2 Capture (Case A)

Aqueous ethylenediamine solutions were prepared at a different concentration by adding
the appropriate mass of amine in distilled water while stirring for 1 minute. The total
weight of each solution was adjusted to 32 g. Subsequently, the high-pressure vessel is
charged with 30 ml of the aqueous solution using a graduated cylinder.

The container is completely closed and connects to the rest of the equipment. Once the
temperature is established at the desired value (303.15 K), the CO 2 is injected directly into
the aqueous solution to guarantee homogeneous contact. Up to this point, the procedure
is the same in both cases.
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In this case, the amine concentration is 30 wt.%, and a flow regulator is used to pressurize
by cycles of the system. The pressure and temperature data inside the vessel were
recorded for about four hours.

4.1.3.

CO2 Capture (Case B)

In this case, CO2 absorption tests were carried out using aqueous ethylenediamine
solutions of 0, 5, 10, and 20 wt.%. The equipment is pressurized using a pressure regulator
until the desired pressure is reached, 3500 KPa. The pressure and temperature data inside
the vessel were recorded for about twelve hours.

4.1.4.

Data Processing

This section presents the CO2 solubility model available in the literature [9] used to convert
the raw experimental data: the pressure and temperature measured in the system until
equilibrium conditions are reached, into solubility data. This model also predicts the
equilibrium pressure and the final gas composition after the solubilization of CO 2 into the
solution, knowing the initial vessel loading conditions (pressure, temperature, volume,
and gas composition).

Since the measuring vessel is entirely closed, the initial amount of gas can be determined
using the Peng−Robinson equation of state. This equation represents the relation between
temperature, pressure, and phase compositions in pure compounds and multicomponent
systems[8]. It is one of the most used and applied equations of state for thermodynamic
and volumetric calculations in both academic and industrial fields[33]. To use PR-EoS for
any mixture, the user has to know related constants of each component.

They are molar mass, acentric factor, critical constants (temperature, pressure, volume),
interaction parameter, and coefficients of isobaric specific heat equation at ideal gas
state[9]. The CO2 removed is the amount of gas that disappears from the gas phase with
respect to the initial amount. It is calculated from the difference between the amount of
CO2 initially present in the gas phase and the amount of CO2 absorbed during the
absorption process, Equation (1). The Z value was found using the PR-EoS (Appendix 1)
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Equation (2) is used to determine CO2 loading: the amount of CO2 removed from the gas
phase per mole of liquid (amine + water) initially introduced into the reactor. It is not
taken into account for the possible evaporation of amine and water evaporation during the
experiment.
𝑐𝑜

𝑐𝑜2
|
𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔
𝑡=𝑡

=

2
|𝑡=𝑡
𝑛𝑟𝑒𝑚𝑜𝑣𝑒𝑑

𝑛𝑙𝑖𝑞𝑢𝑖𝑑

(2)

33

CHAPTER V

5. RESULTS

Below are the results and analysis of the data obtained after the high-pressure system's
installation and commissioning. The initial tests validated the experimental setup of the
equipment, and then CO2 capture tests were performed at low and high pressures. For the
first low-pressure modality (Case A), a flow regulator was used, and the second highpressure modality (Case B), a pressure regulator was used.

5.1. CO2 Solubility Tests
First, the CO2 solubility in pure water at 303.15 K and in the pressure range between 700
and 3500 KPa was studied in order to validate both the system and experimental
procedure, through comparison with literature data available in different references.
Equilibrium pressure was determined at three initial pressures, 700, 2100, and 3500 KPa.
Figure 16a shows experimental equilibrium pressure with the theoretical equilibrium
pressure (black point). The values obtained are reported in Table 1. Percentage errors are
less than 10% in each experiment. These results mean that we are close to theoretical
value[9]. Therefore, we can validate the reliability of our operating procedure and analysis.
Usually, in non-agitated systems, reaching equilibrium conditions can take days or even
weeks to ensure full saturation[34-36]. In this study, equilibrium is reached in approximately
4 h, this value is similar to previous studies that report equilibration time between 2-4 h
in agitated systems[37-39]. It indicates that the bubbling CO2 directly into solution
significantly reduces the evaluation time. Figure 16b shows the effect of initial pressure
on CO2 absorption. With increasing pressure, the CO2 moles removed increased due to a
rise in the driving force. This phenomenon occurs because it increases the mobility of
ions or molecules that form both solute and solvent, thus promote absorption[40].
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Figure 16: CO2 solubility test: (a) Pressure versus time, (b) CO2

Table 1: Experimental pressure versus theoretical pressure
Po(KPa)
700
2100
3500

Pressure (KPa)
Experimental
Theoretical
623
580
1774
1727
3007
2985

Error
(%)
6.90
2.65
0.73

5.2. CO2 Capture (Case A)
For the CO2 capture tests at low-pressure conditions (Case A), the system was coupled to
a flow regulator, and 14 pressurization cycles were run at a pressure of 291.5 KPa. As
given in Figure 17, during the first cycles, there is a rapid gas consumption that gradually
decreases due to the solution saturation. Although a high amine concentration (30 wt.%)
was used, the maximum amount of CO2 removed was approximately 11 mmol in each
cycle. With this number of cycles, it was not possible to reach equilibrium conditions
within the evaluation time. According to our calculations, a minimum of 45 cycles would
be required. They were not carried out because this methodology turned out to be
impractical for this type of study. Since the operator must remain on-site opening and
closing valves, it is challenging to achieve the same pressurization time in each cycle.
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Based on this, a new methodology was proposed (Case B). It was sought to achieve a
higher initial pressure that would allow reaching equilibrium conditions in less time and
without the need to perform several cycles.
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Figure 17: CO2 removed cycles

5.3. CO2 Capture (Case B)
After investigating the low-pressure absorption performance of EDA at a 30 wt.%
concentration, the system was coupled to a pressure regulator to carry out CO 2 capture
tests at high-pressure conditions (Case B). The EDA concentration was varied as 0, 5, 10,
and 20 wt.%. to observe the effect of concentration on absorption behavior. CO 2 capture
tests were performed at 303.15 K and 3500 KPa. From a record of “PCO2 vs. t” data
(Figure 18a), it is assumed that the thermodynamic equilibrium has been achieved when
there is no change in pressure. The pressure value recorded after almost 10-11 h is termed
as equilibrium pressure. As expected, the pressure drops gradually increase because of
the presence of the amine. Figure 18b indicated a significant increment of CO2 removed
from the gas phase at 20 wt.% EDA concentration in solution than other EDA
concentrations. The CO2 removed was 21.25 mmol, 41.63 mmol, 51.81 mmol, and 69.72
mmol for EDA concentrations of 0, 5, 10, and 20 wt.%, respectively.
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This increase might be attributed to the fact that the rise in the concentration of solvent
increase the quantity of amine in the liquid phase, which significantly increases the CO2
absorption capacity.

A summary of experimental high-pressure results is tabulated Table 2. Looking at the
snapshots of aqueous amine solutions at the end of experiments in Figure 18c, color
intensity increases as the amount of CO2 removed is increased. At a concentration of
20wt.%, the solution has a more intense color due to its higher absorption capacity.

Figure 18:CO2 capture using EDA: (a) Pressure versus time, (b) CO2 removed versus
time, (c) snapshots of aqueous amine solutions at the end of experiments.
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Table 2: High-pressure CO2 capture results
EDA concentration Pressure drop CO2 removed
(wt.%)
(KPa)
(mmol)
493
21.25
0
1050
41.63
5
1305
51.81
10
1860
69.72
20

CO2 loading
(mmol CO2/ mol Sol)
12.82
26.03
33.66
49.03

At the moment, a group of researchers from the Technological University of Yachay is
carrying out complementary analyzes to understand the reaction mechanisms that occur
between CO2 and amine. On the other hand, studies are proposed to identify natural
compounds from agribusiness capable of promoting the capture of CO2 at high pressure.
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CONCLUSIONS AND PERSPECTIVES

A high-pressure experimental system was designed, installed, commissioned, validated,
and successfully used to study the effect of pressure on the CO2 capture using EDA. The
system is mainly composed of a non-stirred pressure vessel with a heater system. It is
designed to be operated by batches and under extreme conditions of pressure (up to
20,685 KP) and temperature (up to 500 KPa). The entire system is connected to a data
acquisition interface, which records temperature and pressure measurements every
second on a computer.

Experimental studies of CO2 solubility in water were carried out to validate the
experimental setup. The experimental data obtained were processed using a solubility
model developed by Ricaurte et al.[9]. The high similarity obtained between our results
with those available in the literature allows us to validate and support the experimental
setup.

The CO2 capture tests were performed under low-pressure (Case A) and high-pressure
(Case B) conditions. In the first case, a flow regulator was used, and the system reached
a maximum pressure of 291.5 KPa. According to our calculations for this pressure,
approximately 45 pressurization cycles would be needed to achieve the solution's
saturation. However, only 14 cycles were carried out since this methodology was very
tedious for the operator, and there was no guarantee of reaching equilibrium conditions
in the evaluation time. In response to this operational problem, case B was raised where
a pressure regulator was used to achieve 3500 KPa.

Experimental results showed:


It is possible to achieve the industrial operating conditions of CO 2 absorption
processes at laboratory scale.



Equilibrium conditions are reached in short times when the gas is injected directly
into the liquid.
39



When the equipment operates at low pressures, the amount of CO 2 removed is
minimal despite working at 30% EDA. However, it was observed that at high
pressures and lower concentrations (5, 10, and 20wt.% EDA), the capture of CO2
increases considerably. Based on these results, it was concluded that increased
pressure positively affects the absorption process of capturing gases. Due to
increased pressure, the more number of molecules of gases are diffused in a
solvent, and as a result, its loading capacity increases. Also, the increase in EDA
concentration enhances absorption performance of the solution.

To future research, the system developed in this work can be used to develop corrosion
inhibitors and new solvents using natural compounds (from non-edible sources) as active
principles.
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APPENDIX:
General Equations for
(PR-EoS)

46

The Peng−Robinson equation of state (PR-EoS)[8] can be expressed easily using the
compressibility factor Z as:

𝑍 3 − (1 − 𝐵)𝑍 2 + (𝐴 − 3𝐵2 − 2𝐵)𝑍 − (𝐴𝐵 − 𝐵2 − 𝐵3 ) =0

(A.1)

where:
𝑎𝑃
𝑅2𝑇 2
𝑏𝑃
𝐵=
𝑅𝑇
𝑃𝑣
𝑍=
𝑅𝑇
𝐴=

𝑅2𝑇 2
𝑎𝑖 (𝑇𝑐 ) = 0.45724 (
)
𝑃𝑐
𝑏𝑖 (𝑇𝑐 ) = 0.07780 (

𝑅𝑇𝑐
)
𝑃𝑐
1⁄

2

∝𝑖 (𝑇𝑟 ) = [1 + 𝑘 (1 − 𝑇𝑟 2 )]
𝑘𝑖 = 0.37464 + 1.54226𝜔 − 0.26992𝜔2
𝑎𝑖 = 𝑎𝑖 (𝑇𝑐 ) ∝𝑖 (𝑇𝑟 )
𝑏𝑖 = 𝑏𝑖 (𝑇𝑐 )
The following expression is the fugacity of a pure component
𝑓
𝐴
𝑍 + 2.414𝐵
]
ln ( ) = 𝑍 − 1 − ln(𝑍 − 𝐵) −
ln [
𝑝
𝑍 − 0.414𝐵
2√2𝐵

(A.2)
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