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RESUMEN

La crisis climéatica actual es un desafio sin precedentes para la humanidad. Esta crisis viene dada por el
exponencial desarrollo de las actividades antropogénicas, las cuales han llevado a un aumento acelerado
de las emisiones de gases de efecto invernadero (GEI), como el didxido de carbono (CO-) y el metano
(CHy). El gradual aumento de la presencia de estos gases en la atmoésfera ha llevado al incremento
sustancial de la temperatura de la superficie global, produciendo el llamado cambio climatico. Una de
las principales fuentes antropogénicas de emisiones de CO» es la quema de combustibles fosiles
proveniente de industrias como la de generacion de energia, la cementera y la metalurgica. Varias
acciones han sido propuestas con la finalidad de impulsar la sostenibilidad ambiental de estos procesos
o directamente reemplazar el uso de combustibles fosiles. Entre estas alternativas estan el uso de
energias renovables, la eficiencia energética y la captura, almacenamiento y uso del CO, (CCUS por

sus siglas en inglés).

La absorcion quimica de CO; usando aminas constituye la tecnologia mas madura en el mercado entre
las tecnologias de captura de CO, que actualmente estan disponibles. Sin embargo, entre los aspectos a
mejorar se incluyen la baja eficiencia de captura (80 — 90 %) en comparacidn con otras tecnologias, la
alta demanda de energia en la etapa de regeneracién y la baja estabilidad del solvente a altas
temperaturas. En este sentido, el foco de la investigacion para la optimizacion de este proceso recae en
la busqueda de soluciones acuosas de una amina o la mezcla de varias que permitan alcanzar una alta
separacion del CO; y, a su vez, que la regeneracion del solvente se pueda realizar a temperaturas altas,
garantizando la estabilidad del mismo para su reutilizacion. La amina primaria monoetanolamina
(MEA) es sin dudas el solvente mas usado en el proceso de absorcion quimica por su rapida reactividad
con el CO,. No obstante, otros tipos de amina como las terciarias, ciclicas y las que presentan
impedimento estérico han demostrado que pueden alcanzar mayores porcentajes de remocion de CO»,
menores requerimientos energéticos en la etapa de regeneracion y una buena estabilidad frente a la
posible degradacion térmica y oxidativa a la que esta expuesto el solvente. A pesar de estas ventajas, la
reaccion con CO; de las aminas terciarias y las que presentan impedimento estérico suele ser lenta,
encareciendo el proceso de captura, y aunque las aminas ciclicas reaccionan rapidamente con el CO,,

su baja solubilidad en agua y alta viscosidad dificultan su comportamiento.

Como solucidn a esta problematica, investigadores del ambito han puesto sus esfuerzos en combinar
diferentes tipos de aminas, aprovechando las bondades que ofrece cada una para optimizar la captura.
Aunque estos trabajos de investigacion van ganando presencia en publicaciones cientificas, todavia es
necesaria la completa caracterizacion de las mezclas fluidas involucradas en la captura de CO; usando
soluciones acuosas de aminas. Esta caracterizacion viene dada por la precisa medida de propiedades

termofisicas como la densidad, la viscosidad y la capacidad calorifica, entre otras. En el presente trabajo



se ofrece una detallada descripcion de la influencia de estas propiedades en el mejoramiento del proceso
de captura. Se han estudiado diferentes sistemas liquidos binarios (amina + H,O), ternarios (amina +
H,O + CO») y cuaternarios (amina + amina + H,O + CO;). Como solventes objeto de estudio se han
escogido diferentes tipos de aminas, como monoetanolamina (MEA), dietanolamina (DEA), 2-
(etilamino)etanol (EAE), metildietanolamina (MDEA), 2-(dimetilamino)etanol (DMEA), 2-
dietilaminoetanol (DEAE), 2-amino-2-metil-1-propanol (AMP), 3-(methylamino)propylamine
(MAPA), 1-metilpiperazina (1-MPZ) y piperazina (PZ). Las condiciones de medida (temperatura,
presion y concentraciones) fueron establecidas como resultado de la rigurosa revision bibliografica
realizada con la finalidad de encontrar los rangos mas comunes de medida y carencia de datos

experimentales reportados.

En este sentido y con el objetivo principal de cubrir gran parte de la laguna existente en la bibliografia,
el presente estudio contribuye al campo de la captura de CO, mediante la generacion de un amplio
conjunto de datos experimentales precisos sobre las propiedades volumétricas, energéticas y de
transporte de mezclas binarias, ternarias y cuaternarias en las que intervienen soluciones de aminas,
ofreciendo explicaciones tedricas de los comportamientos identificados. Ademas, se propusieron
rigurosos modelos de correlacion optimizados usando los datos experimentales obtenidos como fruto
de este trabajo. Para el cumplimiento de este objetivo general, se plantearon varios objetivos especificos
a los cuales se les dio cumplimiento a lo largo de la tesis doctoral. A continuacion, se presenta un
resumen con los principales resultados obtenidos en este trabajo, los cuales estan explicados en detalle

en los capitulos que componen esta tesis doctoral.

En el Capitulo 3, se agrupa todo lo concerniente al manejo y preparacion de las mezclas a estudiar.
Primeramente, se realizdo un profundo estudio de las hojas de datos de seguridad de cada sustancia
(MSDS por sus siglas en inglés) que se utilizd, identificando los principales riesgos a los que se esta
expuesto. Mediante la elaboracion del documento “Control de Sustancias Peligrosas para la Salud”
(COSHH por sus siglas en inglés) se identificaron a las aminas como las de mayor precaucion en su
manejo, siendo necesario el uso siempre de equipamiento de proteccion personal como batas de
laboratorio, guantes y gafas de seguridad, ademas de resultar imprescindible su manejo exclusivamente
debajo de la campana de seguridad por los efectos negativos que causan en el ser humano.
Posteriormente, se brindo una descripcion detallada del método de preparacion de las mezclas usadas
en el presente estudio. Las composiciones de las muestras binarias se determinaron mediante pesada
usando una precisa balanza analitica de la marca Radwag PS750/C/2 con 1 mg de resolucion. La carga
de CO; en las soluciones acuosas de aminas se realizé usando dos celdas de equilibrio, técnica que
posibilitd alcanzar una incertidumbre relativa expandida maxima de 0.4 % (para un nivel de confianza
del 95.5 %) en la carga. Las muestras fueron conservadas en frascos limpios de cristal sellados con su

tapa y film, y posteriormente almacenados dentro de armarios, evitando el contacto con la luz. La
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estabilidad de las muestras se logré mantener hasta un mes después de su preparacion; esto fue validado

con la monitorizacion de la densidad y del pH de las muestras.

En el Capitulo 4, se llevo a cabo una detallada descripcion del densimetro de tubo vibrante (V7D por
sus siglas en inglés) usado para las medidas experimentales de la densidad, ademas de la explicacion
tedrica de la técnica de oscilacion mecéanica en la que se basa su funcionamiento. Esta técnica,
comunmente usada, permitié obtener densidades en un amplio rango de temperaturas y presiones. El
principal componente del V7D es un tubo hueco con forma de “U”, el cual es excitado
electromagnéticamente. En las medidas, el interior del tubo se lleno con el fluido a estudiar. El principio
de operacion de este equipo permitio relacionar el periodo de resonancia con la densidad del fluido.
Otros aspectos fundamentales que integran el sistema del V'TD fueron explicados en detalle, como el
sistema termostatico, el de control de la presion y el sistema de vacio usado en la limpieza. Se presentd
en este capitulo una detallada descripcion del procedimiento de medida empleado y del método de
limpieza del equipo. En este capitulo se presentd un analisis detallado de los factores de riesgo al operar
con este equipo, los cuales vienen dados fundamentalmente por las altas condiciones de temperatura y
presion que se alcanzan en las medidas. A partir de ello se decidi6 instalar valvulas de alivio y discos
de ruptura como elementos de seguridad. Una vez tomadas todas las medidas de seguridad pertinentes,
se procedio a la calibracion del V'TD usando vacio y agua siguiendo el método de Lagourette, el cual se
explica en detalle en este capitulo. Se realizé también un exhaustivo analisis de la incertidumbre en la
medida de la densidad, obteniendo una incertidumbre relativa expandida maxima del 0.2 % para un
nivel de confianza del 95.5 %. Por altimo, para comprobar la correcta calibracion del equipo, se llevo
a cabo la medida de la densidad del tolueno, ya que este fluido estd muy bien caracterizado en la

literatura, facilitando la validacion de la densidad medida en nuestro equipo.

En el Capitulo S, se presentd una completa descripcion del calorimetro de flujo empleado para las
determinaciones experimentales de las capacidades calorificas isobaricas de los fluidos objeto de
estudio. Las principales partes de este equipo fueron descritas en detalle, como el sistema termostatico,
el de control de la presion, la bomba isocratica que permite el flujo constante y la celda calorimétrica
como elemento fundamental del calorimetro de flujo. Este equipo basa su funcionamiento en la medida
de la potencia neta de un fluido que circula a flujo constante por dentro de una celda calorimétrica. A
medida que la muestra fluye por dentro de la celda, un proceso simultdneo de calentamiento y
enfriamiento es llevado a cabo con el objetivo de mantener una diferencia fija de 0.5 K entre la
temperatura de salida y la de entrada. Se determino la contribucion de la disipacion viscosa en el término
de la potencia neta debido a la pérdida de presion causada por la friccion a lo largo del tubo. Ademas,
se detallé en este capitulo el procedimiento experimental seguido para la medida de la capacidad
calorifica isobarica. Se realizd6 una completa revision de la seguridad del equipo, identificando los

principales riesgos asociados a la actividad experimental y resultando sin cambios en la configuracion
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que ya esta establecida previamente. La calibracion del calorimetro de flujo fue realizada acorde al
procedimiento descrito en los anteriores trabajos de investigacion desarrollados en este equipo, usando
agua como sustancia para la calibracion. Un detallado analisis de incertidumbre en la medida arrojé un
resultado de incertidumbre relativa expandida del 1 % para un nivel de confianza del 95.5 %, viniendo
las principales contribuciones de la no linealidad de la potencia neta y la repetibilidad de la capacidad
calorifica isobarica. La verificacion de este procedimiento se realiz6 usando tolueno como fluido objeto
de estudio, ya que, al igual que con la densidad, la capacidad calorifica de esta sustancia estd

ampliamente reportada en la literatura.

En el Capitulo 6, se realizo una profunda descripcion del viscosimetro capilar Ubbelohde que fue usado
para las determinaciones de la viscosidad cinemadtica de las soluciones acuosas de amina (con y sin
carga de CO») estudiadas como parte de la estancia de investigacion realizada en el laboratorio de
termofisica del Imperial College London en Reino Unido. Se llevd a cabo una descripcion de las partes
que integran este equipo, como son el capilar de vidrio, el sistema termostatico y el crondmetro
electronico. Este ultimo dispositivo fue recientemente incorporado al equipo en sustitucion del
crondmetro manual, permitiendo mejorar la incertidumbre en la medida de la viscosidad,
disminuyéndola hasta una incertidumbre expandida relativa del 1 % para un nivel de confianza del 95.5
%. El exhaustivo analisis de la incertidumbre asociada a la medida revel6 que son medidas més precisas
que lo que se suele reportar en la literatura usando otros tipos de viscosimetros. El riesgo asociado a la
operacion del viscosimetro capilar fue identificado como bajo al trabajar solo a presion atmosférica y
temperaturas moderadas (hasta 353.15 K). El procedimiento experimental fue explicado, destacando
que este método no esta automatizado, por lo que no se considera que la adquisicion de datos sea rapida.
Este equipo fue calibrado usando agua desgasificada y desionizada y aceites certificados por Paragon
Scientific Ltd. para su uso como estandares de calibracion de viscosimetros. Determinaciones
experimentales de densidad fueron también realizadas usando un viscosimetro cinematico automatico
Anton Paar SVM 3001. Estos valores de densidad experimentales se usaron para calcular la viscosidad

dinamica de las muestras estudiadas.

En el Capitulo 7, se presentaron los resultados experimentales de las medidas de densidad de cinco
sistemas binarios (amina + H»O), cuatro ternarios (amina + H>O + CO,) y uno cuaternario (amina +
amina + H,O + CO,). Se proporcionaron datos de densidades experimentales en un amplio rango de
temperatura, presion y concentraciones. Se midieron seis isotermas de temperatura con valores desde
293.15 K hasta 393.15 K y presiones hasta 100 MPa. Para los sistemas binarios fueron estudiadas
fracciones masicas de amina de 0.1, 0.2, 0.3 y 0.4. La maxima carga de CO; en los sistemas ternarios
varid en funcidén de la mezcla estudiada, alcanzando valores de 0.6 mol-CO,/mol-amina en las
soluciones de MEA, 0.9 mol-CO,/mol-amina en las soluciones de MDEA, 0.5 mol-CO,/mol-amina en

las soluciones de AMP y 0.6 mol-CO»/mol-amina en las soluciones de DEA. Para la mezcla cuaternaria
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DMEA + MAPA+ H,0O + CO., la mayor carga de CO; que se alcanzo fue de 0.8 mol-CO,/mol-aminas.
La fraccion masica de amina en términos de solucidén acuosa de amina sin CO; para los sistemas
ternarios fue de 0.3, mientras que para el sistema cuaternario se estableci6 una fraccion masica de amina
de 0.4. Los resultados experimentales arrojaron que la densidad de la mayoria de los sistemas binarios
estudiados disminuye con el aumento de la fraccion masica de amina, excepto para las soluciones
acuosas de 1-MPZ en las que la tendencia de la densidad con la fraccion masica de amina depende de
las condiciones de temperatura de la medida, como fue explicado en este capitulo. Con respecto a las
mezclas ternarias y la cuaternaria, las cuales incluyen al CO, como componente, el aumento de la carga
de CO, trajo consigo un aumento en la densidad. La comparacion de los datos experimentales obtenidos
en este estudio con los pocos datos disponibles en la literatura arrojé desviaciones relativas acordes con
la incertidumbre experimental reportada. Se demostré que una versiéon modificada de la ecuacion de
Tammann-Tait, que incluye la dependencia de la molalidad, es adecuada para correlacionar los datos
experimentales de densidad en funcion de la presion, la temperatura y la molalidad, alcanzéndose
buenas desviaciones relativas absolutas promedio (AAD <0.03 %). Este modelo fue validado con datos
experimentales de densidad reportados en la literatura para condiciones de temperatura y fraccion

masica de amina o carga de CO; diferentes a las de medida, obteniendo buenos resultados.

En el Capitulo 8, se mostraron los resultados experimentales de la medida de la capacidad calorifica
isobarica de cinco sistemas binarios (amina + H,O) y tres ternarios (amina + H,O + CO). Las
mediciones abarcaron un intervalo de presiones de hasta 25 MPa para las soluciones binarias y de 20
MPa para las ternarias, con cuatro puntos de temperatura entre 293.15 K y 353.15 K. En las soluciones
acuosas de aminas sin CO; estudiadas se cubri6 un rango de fraccion masica de amina de 0.1 hasta 0.4,
excepto para AMP, que solo fue medida a fraccion masica de amina de 0.3. En las mezclas ternarias, el
rango de carga de CO; dependio de las caracteristicas del sistema estudiado, identificando en la mayoria
de los casos la presencia del efecto de Le Chatelier a altas cargas de CO, cuando se aumentaban las
condiciones de temperatura por encima de 333.15 K. Como resultado fundamental de las tendencias en
las medidas experimentales, se encontr6 que la capacidad calorifica isobarica disminuye con el aumento
de la fraccién masica de amina en las mezclas binarias y también con la carga de CO; en las mezclas
ternarias. Las capacidades calorificas experimentales obtenidas en este capitulo demostraron una buena
concordancia con las limitadas referencias que se encuentran en la bibliografia, teniendo en cuenta las
incertidumbres asociadas. Una ecuacion empirica fue utilizada para correlacionar la capacidad
calorifica isobdrica de los sistemas binarios en funcion de la temperatura y la fraccion masica de amina.
Se empled un programa de regresion simbolica TuringBot para encontrar el modelo que mejor
describiera el comportamiento de la capacidad calorifica isobarica de los sistemas cargados con CO; en
funcion de la temperatura y la carga de CO,. Como resultado de la aplicacion de ambos modelos, los
parametros estadisticos obtenidos estuvieron en correspondencia con la incertidumbre experimental.

Estos modelos fueron validados con los escasos datos experimentales de capacidad calorifica isobarica



reportados en la literatura para condiciones de temperatura y fraccion masica de amina o carga de CO,

diferentes a las de medida, obteniendo buenos resultados.

En el Capitulo 9, se presentaron los resultados obtenidos como fruto de la estancia de investigacion
realizada por la doctoranda en el laboratorio de termofisica del Imperial College London en Reino
Unido. Fueron llevadas a cabo medidas experimentales de viscosidad de los sistemas 30 %wt. MDEA
+ H,O + CO3, 30 %wt. AMP + H,O + CO», 35 %wt. MDEA + 5 %wt. PZ + H,O + CO,, 35 %wt.
MDEA + 5 %wt. AMP + H,O + CO,, y 20 %wt. MDEA + 10 %wt. PZ + H,O + CO,. También se
midieron densidades de los sistemas 35 %wt. MDEA + 5 %wt. PZ + H,O + CO», 35 %wt. MDEA + 5
%wt. AMP + H,O + CO», y 20 %wt. MDEA + 10 %wt. PZ + H,O + CO.. Estos datos experimentales
fueron obtenidos a presion atmosférica, en un rango de temperaturas desde 293.15 K hasta 353.15 K y
a varias cargas de CO;. Se detectd que a altas temperaturas y cargas de CO, aparecian burbujas dentro
del viscosimetro capilar de vidrio y también dentro del tubo vibrante del densimetro. Esto conllevo una
pérdida del CO, disuelto en la solucién, por lo que fue imposible medir a estas condiciones. La
viscosidad resultd ser muy sensible al cambio de la temperatura; al aumentar la temperatura, la
viscosidad disminuy6 drasticamente. Por otro lado, un aumento en la carga de CO, llevo consigo un
aumento de la viscosidad. Solo se encontraron datos de viscosidad experimentales disponibles en la
literatura para los sistemas 30 %wt. MDEA + H,O + CO, y 30 %wt. AMP + H,O + CO,. Como resultado
de esta comparacion se encontraron desviaciones relativas con valores hasta el 9 %, evidenciando la
dificultad de la medida de la viscosidad y las altas incertidumbres experimentales usualmente reportadas
en estos trabajos. Se generaron adecuados modelos basados en la ecuacion de Vogel-Fulcher-Tammann
(VFT) usando un programa de regresion simbolica TuringBot para describir el comportamiento de la
viscosidad dinamica en funcion de la temperatura y la carga de CO,. La densidad también fue
correlacionada como funcion de la temperatura y la carga de CO; usando una ecuacion empirica,

alcanzando resultados adecuados.

Esta investigacion proporciona valiosos datos experimentales y correlaciones solidas para las
propiedades termodinamicas de los absorbentes de CO; usando aminas, lo que contribuye al avance de

tecnologias de captura de CO, mas eficientes y sostenibles.
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ABSTRACT

The current climate crisis is an unprecedented challenge for humanity. This crisis is caused by the
exponential development of anthropogenic activities, which have led to a rapid increase in greenhouse
gas (GHG) emissions, such as carbon dioxide (CO,) and methane (CH4). The gradual increase in the
presence of these gases in the atmosphere has led to a substantial rise in global surface temperature,
producing what is known as climate change. One of the main anthropogenic sources of CO; emissions
is the burning of fossil fuels from industries such as energy generation, cement, and metallurgy. Several
actions have been proposed to promote the environmental sustainability of these processes or directly
replace fossil fuels. Among these alternatives are renewable energies, energy efficiency, and carbon

capture, utilisation and storage (CCUS).

Chemical absorption of CO; using amines is the most mature technology among the CO, capture
technologies currently available. However, the aspects to be improved are the low capture efficiency
(80 — 90 %) compared to other technologies, the high energy demand in the regeneration stage, and the
low stability of the solvent at high temperatures. In this sense, the focus of the research for the
optimisation of this process lies in searching aqueous solutions of a single amine or the mixture of
several that allow for high CO, separation and, at the same time, enable the solvent regeneration to be
carried out at high temperatures, ensuring its stability for reuse. The primary amine monoethanolamine
(MEA) is undoubtedly the most used solvent in chemical absorption due to its rapid reactivity with CO,.
However, other types of amines such as tertiary, cyclic, and those with steric hindrance have shown that
higher percentages of CO, removal can be achieved, lower energy requirements in the regeneration
stage, and good stability against solvent thermal and oxidative degradation. Despite these advantages,
the reaction of tertiary amines and those with steric hindrance with CO; is usually slow, increasing the
cost of the capture process, and although cyclic amines react quickly with CO,, their low solubility in

water and high viscosity restrict their performance.

Researchers in the field have focused on combining different types of amines, taking advantage of the
benefits each one offers to optimise capture. Although these research works are gaining presence in
scientific publications, a complete characterisation of the fluid mixtures involved in CO; capture using
aqueous amine solutions is still necessary. This characterisation is provided by the precise measurement
of thermophysical properties such as density, viscosity, and isobaric heat capacity, among others. In the
present work, a detailed description is provided of why measuring these properties influences the
improvement of the capture process. Various binary liquid systems (amine + H»Q), ternary systems
(amine + H,O + CO,) and quaternary systems (amine + amine + H,O + CO,) have been studied.
Different types of amines have been chosen as solvents under study, such as monoethanolamine (MEA),

diethanolamine (DEA), 2-(ethylamino)ethanol (EAE), methyldiethanolamine (MDEA), 2-
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(dimethylamino)ethanol (DMEA), 2-diethylaminoethanol (DEAE), 2-amino-2-methyl-1-propanol
(AMP), 3-(methylamino)propylamine (MAPA), 1-methylpiperazine (1-MPZ), and piperazine (PZ).
The measurement conditions (temperature, pressure, and concentrations) were established as a result of
a rigorous literature review conducted to find the most common measurement ranges and the lack of

reported experimental data.

To cover a significant gap in the existing literature, the present study contributes to the field of CO;
capture by generating a comprehensive set of precise experimental data on the volumetric, energetic,
and transport properties of binary, ternary, and quaternary mixtures involving amine solutions, offering
theoretical explanations for the identified behaviours. Additionally, rigorous correlation models were
proposed and optimised using the experimental data obtained as a result of this work. To achieve this
general objective, several specific objectives were proposed, which were fulfilled throughout the
doctoral thesis. A summary of the main results obtained in this work is shown below, which are

explained in detail in the chapters that make up this doctoral thesis.

In Chapter 3, the aspects related to the handling and mixture preparation to be studied are explained.
First, a thorough study of the material safety data sheets (MSDS) for each substance handled was
conducted, identifying the main risks to which one is exposed. Through the preparation of the “Control
of Substances Hazardous to Health” (COSHH) report, amines were identified as the most hazardous to
handle, making the use of personal protective equipment such as lab coats, gloves, and safety goggles
always necessary. Additionally, it is essential to handle them exclusively under the safety hood due to
the negative effects they cause on humans. Subsequently, a detailed description of the method for
preparing the mixtures used in the present study was provided. The compositions of the binary samples
were determined by weighing using a precise analytical balance from the brand Radwag PS750/C/2
with a resolution of 1 mg. The loading of CO- in the aqueous amine solutions was carried out using two
equilibrium cells. This technique made it possible to achieve a maximum expanded relative uncertainty
of 0.4 % (for a 95.5 % confidence level) in the CO; loading. The samples were stored in clean glass
bottles sealed with their lids and film and successively stored inside cabinets, avoiding contact with
light. The stability of the samples was maintained for up to a month after their preparation; this was

validated by monitoring the density and pH of the samples.

In Chapter 4, a detailed description of the vibrating tube densimeter (VTD) used for experimental
density measurements was provided, along with the theoretical explanation of the mechanical
oscillation technique on which its operation is based. This commonly used technique allowed for
density measurements over a wide range of temperatures and pressures. The main component of the
VTD is a hollow tube in the shape of a “U”, which is excited electromagnetically. In the measurements,

the interior of the tube was filled with the fluid to be studied. The operating principle of this equipment
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allowed the relationship between the resonance period and the fluid density to be established. Other
fundamental aspects that integrate the VTD system were explained in detail, such as the thermostatic
system, the pressure control system, and the vacuum system used in the cleaning process. A detailed
description of the measurement procedure used, and the equipment cleaning method was presented. In
this chapter, a detailed analysis of the risk factors when operating this equipment was presented, which
are fundamentally given by the high temperature and pressure conditions reached during the
measurements. From this, it was decided to install relief valves and rupture discs as safety elements.
Once all the pertinent safety measures were taken, the VTD was calibrated using vacuum and water
following the Lagourette method, which is explained in detail in this chapter. A thorough analysis of
the uncertainty in the density measurement was also conducted, obtaining a maximum expanded relative
uncertainty of 0.2 % for a 95.5 % confidence level. Finally, to verify the correct calibration of the
equipment, the density of toluene was measured, as this fluid is well characterised in the literature,

facilitating the validation of the density measured with our equipment.

In Chapter 5, a complete description of the flow calorimeter used for the isobaric heat capacity
experimental determinations of the fluids under study was presented. This equipment operates based on
the measurement of the net power of a fluid that circulates at a constant flow rate through a calorimetric
cell. As the sample flows through the cell, a simultaneous process of heating and cooling is carried out
to maintain a fixed difference of 0.5 K between the outlet and inlet temperatures. The contribution of
viscous dissipation to the net power term due to the pressure drop caused by friction along the tube was
determined. The main parts of this equipment were described in detail, such as the thermostatic system,
the pressure control system, the isocratic pump that allows for constant flow, and the calorimetric cell
as the fundamental element of the flow calorimeter. Additionally, this chapter details the experimental
procedure followed for measuring the isobaric heat capacity. A complete review of the equipment’s
safety was conducted, identifying the main risks associated with the experimental activity and resulting
in no changes to the previously established configuration. The calibration of the flow calorimeter was
carried out according to the procedure described in previous research works developed with this
equipment, using water as the calibration chemical. A detailed uncertainty analysis of the measurement
yielded an expanded relative uncertainty result of 1 % for a 95.5 % confidence level, with the main
contributions coming from the non-linearity of the net power and the repeatability of the isobaric heat
capacity. The verification of this procedure was carried out using toluene as the fluid under study since,

like with density, the isobaric heat capacity of this chemical is widely reported in the literature.

In Chapter 6, a detailed description of the Ubbelohde capillary viscometer was provided, which was
used for the determinations of the kinematic viscosity of aqueous amine solutions (with and without
CO:; loading) studied as part of the research stay conducted in the Thermophysics laboratory at Imperial
College London in the United Kingdom. A description of the components that make up this equipment
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was carried out, such as the glass capillary, the thermostatic system, and the electronic stopwatch. This
last device was recently incorporated into the equipment in place of the manual stopwatch, allowing for
improved uncertainty in the viscosity measurement, reducing it to an expanded relative uncertainty of
1 % for a confidence level of 95.5 %. The exhaustive analysis of the uncertainty associated with the
measurement revealed that they are more precise measurements than what is usually reported in the
literature using other types of viscometers. The risk associated with the operation of the capillary
viscometer was identified as low when working only at atmospheric pressure and moderate
temperatures (up to 353.15 K). The experimental procedure was explained, highlighting that this
method is not automated, so the data acquisition is not considered fast. This equipment was calibrated
using degassed and deionised water and oils certified by Paragon Scientific Ltd. for use as viscometer
calibration standards. Experimental determinations of density were also carried out using an automatic
kinematic viscometer Anton Paar SVM 3001. These experimental density values were used to calculate

the dynamic viscosity of the studied samples.

In Chapter 7, the experimental results of the density measurements were presented for five binary
systems (amine + H,O), four ternary systems (amine + H,O + CO,) and one quaternary system (amine
+ amine + H,O + CO,). Experimental density data were provided over a wide range of temperature,
pressure, and concentrations. Six temperature isotherms were measured with values ranging from
293.15 K to 393.15 K and pressures up to 100 MPa. For the binary systems, amine mass fractions of
0.1, 0.2, 0.3, and 0.4 were studied. The maximum CO; loading in the ternary systems varied depending
on the mixture studied, reaching values of 0.6 mol-CO,/mol-amine in MEA solutions, 0.9 mol-
COy/mol-amine in MDEA solutions, 0.5 mol-CO,/mol-amine in AMP solutions, and 0.6 mol-CO,/mol-
amine in DEA solutions. For the quaternary mixture DMEA + MAPA + H,O + CO,, the highest CO,
loading achieved was 0.8 mol-CO,/mol-amines. The mass fraction of amine in terms of aqueous amine
solution without CO; for the ternary systems was 0.3, while for the quaternary system, a mass fraction
of amine of 0.4 was established. The experimental results showed that the density of most of the binary
systems studied decreases with the increase in the mass fraction of amine, except for the aqueous
solutions of 1-MPZ where the trend of the density with the mass fraction of amine depends on the
temperature conditions of the measurement as explained in this chapter. Regarding the ternary and
quaternary mixtures that include CO, as a component, the increase in CO; load brought about an
increase in density. The comparison of the experimental data obtained in this study with the few data
available in the literature showed relative deviations in line with the reported uncertainty for these
measurements. It was demonstrated that a modified version of the Tammann-Tait equation, which
includes molality dependence, is suitable for correlating experimental density data as a function of
pressure, temperature, and molality, achieving good average absolute relative deviations (AAD < 0.03

%). This model was validated using experimental density data reported in the literature for temperature



and amine mass fraction or CO; loading conditions different from those measured, obtaining good

results.

In Chapter 8, the experimental results of the isobaric heat capacity measurement of five binary systems
(amine + H,O) and three ternary systems (amine + H>O + CO,) were presented. The measurements
covered a pressure range of up to 25 MPa for the binary solutions and 20 MPa for ternary ones, with
four temperature points between 293.15 K and 353.15 K. In the CO;-unloaded aqueous amine solutions
studied, a mass fraction range of amine from 0.1 to 0.4 was covered, except for AMP, which was only
measured at a mass fraction of amine of 0.3. In ternary mixtures, the range of CO» loading depended on
the characteristics of the studied system, identifying in most cases the presence of the Le Chatelier effect
at high CO, loadings when the temperature conditions were increased above 333.15 K. As a
fundamental result of the trends in the experimental measurements, it was found that the isobaric heat
capacity decreases with the increase in the amine mass fraction in binary mixtures and the CO, loading
in ternary mixtures. The experimental isobaric heat capacities obtained in this chapter showed good
agreement with the limited references found in the literature, considering the associated uncertainties.
An empirical equation was used to correlate the isobaric heat capacity of the binary systems as a
function of temperature and amine mass fraction. A symbolic regression program TuringBot was used
to find the model that best described the behaviour of the isobaric heat capacity of the CO»-loaded
systems as a function of temperature and CO; loading. As a result of the application of both models, the
obtained statistical parameters were under experimental uncertainty. These models were validated with
the limited experimental data of isobaric heat capacity reported in the literature for temperature and

mass fraction of amine or CO; loading conditions different from those measured, obtaining good results.

In Chapter 9, the results obtained as a result of the PhD student’s research visit at the Thermophysics
laboratory of Imperial College London in the United Kingdom were presented. Experimental viscosity
measurements were carried out for the systems 30 %wt. MDEA + H,O + CO, 30 %wt. AMP + H,O +
COy, 35 %wt. MDEA + 5 %wt. PZ + H,O + CO,, 35 %wt. MDEA + 5 %wt. AMP + H,O + CO», and
20 %wt. MDEA + 10 %wt. PZ + H,O + CO,. Densities of the systems 35 %wt. MDEA + 5 %wt. PZ +
H,0 + CO», 35 %wt. MDEA + 5 %wt. AMP + H,0 + CO,, and 20 %wt. MDEA + 10 %wt. PZ + H,O
+ CO, were also measured. These experimental data were obtained at atmospheric pressure, in a
temperature range from 293.15 K to 353.15 K, and at various CO; loads. It was detected that at high
temperatures and high CO, loads, bubbles appeared inside the glass capillary viscometer and the
vibrating tube of the densimeter. This led to a loss of dissolved CO; in the solution, making it impossible
to measure under these conditions. The viscosity turned out to be very sensitive to temperature changes;
as the temperature increased, the viscosity decreased drastically. On the other hand, an increase in the
CO:; loading led to an increase in viscosity. Only experimental viscosity data were found in the literature

for the systems MDEA + H,O and AMP + H,O. As a result of this comparison, relative deviations of
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up to 9 % were found, highlighting the difficulty of measuring viscosity and the high experimental
uncertainty usually reported in these studies. Adequate models based on the Vogel-Fulcher-Tammann
(VFT) equation were generated using a TuringBot symbolic regression program to describe the dynamic
viscosity behaviour as a function of temperature and CO, loading. Density was also correlated as a

function of temperature and CO, loading using an empirical equation, achieving adequate results.

This research provides valuable experimental data and robust correlations for the thermodynamic
properties of amine-based CO, absorbents, contributing to the advancement of more efficient and

sustainable CO; capture technologies.
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CHAPTER 1: INTRODUCTION AND OBJECTIVES

1. Introduction and Objectives
1.1. Climate Change and Carbon Dioxide Emissions

Climate change, caused by both natural and anthropogenic processes and agents, is the result of
disparities in the Earth’s energy balance. Particularly, anthropogenic or human activities like transport,
agriculture, power and heat generation, and industrial processes have led to a substantial increase in
greenhouse gases (GHGs) emissions over the last 200 years (Figure 1.1), resulting in a constant increase

in the world’s surface temperature at a rate not seen in the previous 2000 years (Figure 1.2) [1,2].

Greenhouse gas (GHG) emissions resulting
from human activities continue to increase
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Figure 1.1. Greenhouse gas emissions from 1850 to 2019 (Source: IPCC [2]).
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Figure 1.2. Changes in global surface temperature observed from 1900 to 2020 and future projected
(2021-2100) relative to 1850 — 1900 (Source: IPCC [2]).
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The concentrations of the primary GHGs in the atmosphere have increased over the last ten years,
reaching record highs in 2024. The average annual concentrations of carbon dioxide (CO,), methane
(CHy), and nitrous oxide (N,O) are 422 parts per million (ppm), 1936 parts per billion (ppb), and 338
ppb, respectively [3,4]. Even though the CH4 is the GHG with the highest global warming potential
(GWP) is less abundant than CO.. In this sense, it is a matter of concern that the atmospheric CO; is 50
% higher than 1750 levels with an increase of more than 2 ppm per year since 2014 according to

NOAA’s monitoring records [3,4], as shown in Figure 1.3.
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Figure 1.3. Global monthly means of CO, concentration in ppm from 1980 to 2024 (Source: Lan et al.
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To tackle climate change, the Paris Agreement was approved by the 195 members of the United Nations
Framework Convention on Climate Change (UNFCCC) on December 12" 2015 [5]. It guarantees the
continuation of the efforts made with the Kyoto Protocol beyond 2020. Furthermore, the Paris
Agreement establishes a global goal to keep average surface temperatures above pre-industrial levels
to “well below 2 °C” and net zero emissions over the coming decades [5]. To achieve this agreement,
the European Union aims to reduce GHG emissions by at least 55 % in 2030, compared to 1990 levels

[6] by means of mitigation strategies and climate action.

Consequently, last [IPCC scenarios [2] include Carbon Capture, Utilisation and Storage (CCUS) from
industry (e.g.: power plants, natural gas sweetening, steel mills, cement plants, and refineries) and
negative emissions technologies like Direct Air Capture (DAC) and Bioenergy with Carbon Capture
and Storage (BECCS) [7-10] as mitigation strategies (see Figure 1.4) required to achieve Net Zero
targets. DAC process allows for the capture of CO; directly from the atmosphere, while BECCS is
based on the capture and geological storage of CO; emissions from the burning of biomass for power
plants; this biomass previously absorbed CO; from the atmosphere [11]. On the other hand, CCUS is
also a technology to reduce the emissions of CO; before they enter the atmosphere in hard-to- abate
industrial sectors like iron, steel, cement and chemicals [9,12,13]. In this Chapter, a review of the
principles and challenges of the CO, capture processes will be delivered, specifically the chemical

absorption using amines.
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CCUS & Net Zero

Carbon Capture, Utilisation and Storage (CCUS) enables the production of low-carbon power, decarbonised
heating and industry, and carbon dioxide removal (CDR) technologies, to prevent/remove CO, from the
atmosphere and transport it to safe and secure storage sites, ensuring a smooth transition to Net Zero by 2050.
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Figure 1.4. Carbon Capture, Utilisation and Storage (CCUS) explanation (Credit: Dr. Mathew Dennis
Wilkes in [14]).

1.1.1. Carbon Dioxide Capture Technologies
There are three main methods [7] for capturing CO» from the flue gas emitted from an industrial process:

1. Pre-combustion.
2. Oxyfuel combustion.

3. Post-combustion.

Pre-combustion capture, as the name implies, removes CO> from the fuel before combustion occurs.
The fuel is reacted with oxygen, air, and/or steam to produce a synthesis gas (syngas), mainly consisting
of hydrogen and CO». The CO: is subsequently separated from the syngas. Almost pure hydrogen is
also generated through this process called “blue hydrogen”, in contrast to “green hydrogen” which is

produced in electrolysers using renewable electricity [15,16].

In contrast, in oxyfuel combustion capture, the fuel is burned with pure oxygen instead of air at very
high temperatures, resulting in recycled combustion gases (mostly CO, and water). The water is
subsequently removed from the gas by a condensation process. The resulting stream (of about 95 to 99

% COy) is compressed and moved to permanent geological storage [9,13,17].

10
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In post-combustion capture processes, the CO, is captured after the combustion is finished in a
retrofitted plant, without changes to the basic design of power plants. An excess of air is delivered in
the combustion process, allowing an exhaust gas to typically contain a low concentration (4 — 20 %) of
CO,, along with excess oxygen, nitrogen, and water. The exhaust gas next passes through a capture
procedure in which the CO; is selectively separated from the gas and then compressed and stored or
utilised. This capture method includes multiple advantages compared to pre-combustion and oxyfuel
combustion, including the ability to use a variety of fuels, the low CO; concentration in the flue gas,
and the maturity of the technology that is commercially available and suitable for existing infrastructure
[18]. However, there are still challenges from low capture efficiency (80 — 90 %) and energy penalty in
the solvent regeneration process. Post-combustion capture takes advantage of adequate materials
selectivity for CO,. These materials can remove CO» from the mix of gases left after burning fuel. A
common example is a group of chemicals called amines, which are mixed with water for this purpose

[17]. This capture technology will be explained in depth in the next section.
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Figure 1.5. Global CCS Map in 2024 (Source: Scottish Carbon Capture & Storage [19]).

There are several post-combustion capture facilities in a variety of industries, capturing tens of millions
of tonnes each year, as shown in Figure 1.5. According to the Global CCS Institute [20], there are, up
to 2024, 628 commercial plants worldwide: 50 in operation, 44 under construction, and 534 in advanced
or early development. These facilities have captured more than 400 million tonnes of CO,, with a

capture capacity of 51 million tonnes per annum.
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1.1.2. Amine Scrubbing for CO; Capture

Patented in 1930 by Bottoms [21], amine-based CO> capture is a well-established and widely used gas
separation technology. The knowledge has undoubtedly progressed and improved since then, but the
core ideas of Bottoms have remained unchanged. While low temperature and high pressure provide the
most favourable conditions for absorption [22,23], post-combustion carbon capture typically operates
at atmospheric pressure [9,17]. However, amine-based gas separation technology is also employed for
large-scale purification of gases like gas sweetening, where CO, and H,S are removed utilising high-
pressure amine absorption [7]. Notable examples include the Khurmala field in Iraqi Kurdistan,
employing an absorption pressure of 7 MPa, and the Sulfa-Check project in California, operating at 4
MPa [24,25].

During the amine scrubbing process, the flue gas enters an absorption tower, where it contacts a lean
amine solvent (aqueous amine solution), as illustrated in Figure 1.6. The top of the tower is equipped
with a liquid distributor to ensure a uniform downflow of the lean absorbent. This absorption process
takes place at pressure near to the atmospheric pressure, and the reaction temperatures typically range
from 298.15 K to 318.15 K, with 313.15 K the most common value. The CO,-rich liquid (rich absorbent)
then exits the bottom of the tower, and the clean gas is out for the top. In the regeneration tower, the
absorbed CO; is released by heating the rich absorbent at temperatures between 363.15 K and 403.15
K. The regenerated lean solvent is recirculated back into the absorption tower to continue absorbing
CO:s,. Finally, the captured CO; is compressed into a liquid form for transport and eventual storage or
use it [26,27]. A 30 % amine mass percent is typically used as the concentration of the aqueous amine
solution; a higher concentration would produce corrosion difficulties in equipment and increase the

probability of amine degradation [17,22].

Amines are organic compounds derived from ammonia (NH3) by replacing one or more hydrogen atoms
with hydrocarbon groups. Their classification is based on the number of hydrogen atoms remaining
connected to the central nitrogen atom. Primary amines have two active hydrogens, allowing them to
easily carry out chemical reactions. Secondary amines have one active hydrogen, and tertiary amines
lack them totally. Furthermore, amines can be classified as single-amine (having only one nitrogen
atom) or multi-amine (containing two or more nitrogen atoms) [28]. Amines have a strong basicity due
to the presence of an amino group (-NH>) in their structure, resulting in a fast absorption rate, large

absorption volume, and high selectivity for CO,[18,26].
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Figure 1.6. The process flow of amine-based CO, capture (Source: Tiwari et al. [29]).

Monoethanolamine (MEA), a primary amine, is the benchmark solvent used in this process, having
good absorption capacity, high reactivity with CO; and proven stability [18,27]. Despite this, primary
and secondary amines, e.g. MEA and diethanolamine (DEA), show some drawbacks such as higher
enthalpy of absorption, lower CO- loading capacities, and higher susceptibility to oxidation and thermal

degradation in the regeneration process [26,30].

Sterically hindered amines, e.g. 2-amino-2-methyl-1-propanol (AMP), are primary or secondary
features with bulky groups near the nitrogen atom, limiting their reactivity with high enthalpy of
absorption [31]. However, this type of amine shows CO; loading capacities like tertiary amines [32],

while also offering faster reaction kinetics and better degradation resistance [33,34].

Cyclic amines, e.g. piperazine (PZ), are secondary and/or tertiary in a cyclic structure, although their
properties differ from chain-based amines. This form of amine reacts very fast with CO», exhibits a high
absorption capacity and high degradation temperature; however, it is less soluble in water with a high
enthalpy of absorption [29,34]. Recently, PZ derivatives, which include 1-methylpiperazine (1-MPZ)
have gained interest due to their thermal resistance, fast kinetics with CO», high solubility in water and

low melting point [35-38].

Regarding tertiary amines, such as methyldiethanolamine (MDEA), this type of amine has high CO,
absorption capacities and a low enthalpy of absorption but slow kinetics in their reaction with CO»,
which makes their use in gas scrubbing difficult. Figure 1.7 summarises the most important

characteristics of the main solvent used for amine-based CO, capture.
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When looking for an ideal solvent for CO, absorption, certain characteristics are desirable, such as a
high absorption capacity, a low enthalpy of absorption, fast reaction with CO,, high CO> selectivity,
high degradation resistance, and good thermophysical properties that improve their performance [39].
In this regard, a low enthalpy of absorption implies a reduction in the required load energy by the amine
scrubbing separation process, lowering the energy penalty and increasing the efficiency [31]. Another
critical aspect is how thermophysical parameters like density, isobaric heat capacity, and viscosity of
the aqueous amine solution impact their efficacy while capturing CO,, which will be studied in further

depth in the next sections.

Very Fast / /} h
Kinetics \ pz }'“Sh
~ _ Dégradation

Kinetics ~ o= Resistance
- = Moderate , " g

) } Kinetics AMP/ )

e
\O
T

Slow

<
Q

Fast ~ A ¢ O
Kinetics _‘D MEA _

50 60 70 80 90
Enthalpy of Absorption/(kJ/mol -CO,)

CO, Absorption Capacity/
(mol-CO,/mol-amine)

o
Ln
I
|
I

Figure 1.7. Features of the main solvents used in CO; capture. The enthalpy of absorption and CO-

absorption capacity were taken from a study at 30 % amine mass percent and 313.15 K [31].

Blended amine solutions have also grown in popularity due to the combination of each amine’s
advantages: fast reaction from a primary, secondary or cyclic amine and high absorption capacity and
low solvent regeneration cost from a tertiary, sterically hindered or cyclic amine [33]. Recently
researchers have focused on promoting the reaction between tertiary amines and CO; using multi-
amines such as PZ and 3-(methylamino)propylamine (MAPA) or sterically hindered single-amines such
as AMP. These studies have examined the kinetics of CO, absorption, CO; solubility, and the
performance of these mixtures in pilot plants [40-48]. Despite this, there is still a lack of data on
thermophysical properties such as density, isobaric heat capacity and viscosity, particularly at high CO,
loading. In this sense, our study provides density and viscosity experimental data for quaternary systems
like DMEA + MAPA + H,O + CO;, MDEA + PZ + H,O + CO;and MDEA + AMP + H,O + COy, all
are promising candidates for CO; capture. Table 1.1 gives a list of the most important characteristics

of the amines employed in the present study.

The capture of CO; by aqueous amine solutions is a complex process with reaction mechanisms that
vary depending on the type of amine employed. Primary and secondary (R'R2NH) amines react with

CO; to form stable carbamate as the main product. This reaction follows a well-studied “zwitterionic”
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mechanism [26], as illustrated in Equations 1.1 to 1.2. This mechanism proposes the intermediate
formation of a zwitterionic (RIRZ2NH*COO™), as detailed in Equation 1.1. Subsequently, the
zwitterionic reacts with the free amine (R'R?NH), resulting in the generation of the protonated amine

(RIR?NHY) and the carbamate ions (R'RZNCOO™), as shown in Equation 1.2.
R'R2NH + CO, = R'R2NH*C00~ (1.1)
R!R2NH + R'R?NH*CO0~ = R!'R2NHj; + R'R?NCOO~ (1.2)

Theoretically, this process leads to a 0.5:1 stoichiometry between CO; and amine (0.5 mol CO; per mol
amine). However, at higher CO; loading, some of the carbamates can undergo hydrolysis reactions (see
Equation 1.3), regenerating free amine and producing bicarbonate ions (HCO3). This hydrolysis
pathway allows for a slightly higher CO, capture capacity for primary and secondary amines compared

to the theoretical limit based just on carbamate formation.
RIRZ2NCOO™ + H,0 = R'R2NH + HCO3 (1.3)

Although sterically hindered amines are primary or secondary amines, these amines create unstable
carbamates due to the bulky group next to the amino group. The hydrolysis of the large carbamates
results in a preferred bicarbonate production process, raising the theoretical loading capacity of the

sterically hindered amines up to 1 mol-CO/mol-amine [33].

Tertiary amines (RIR2R3N) react with CO, to form an unstable carbamate. Their basicity makes them
a catalyst in the CO; hydrolysis reaction, which produces bicarbonate ions as the main outcome (see
Equation 1.4). As a result, it is possible to achieve CO, absorption capacity of 1 mol-CO,/mol-amine

[30].

RIR2R3N + H,0 + CO, = RIR2R3NH* + HCO3 (1.4)
S =
[ 4 V] ' +
i A Ne g N N A
C + HN_ el C—N__ | + |H,N
g R O Ii R O/ R 2. \R
1°/2°-amine carbamate
\f)
1 - R?

? N " R b N N

(H: * RﬁN\R" - O/C on o+ /N\

0 H R

3%amine bicarbonate

Figure 1.8. General reaction mechanisms between the aqueous amine solution and CO, (Source: Wang

& Song [49)).
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1.2. Role of Thermophysical Properties in Carbon Capture and Storage (CCS)

CO; capture is the bottleneck of CCS process due to its high energy demand, accounting for roughly
(60 — 70) % of the cost per tonne of CO, [7]. Amine scrubbing, the most mature technology for CO,
capture and the only one commercially deployed in power plants [50], relies on understanding the

thermophysical properties of the involved fluids for optimisation.

Density takes part in all material, momentum, and energy balances. Its dependence on temperature,
pressure, compositions and concentrations must be well characterised prior to any engineering activities

involving design, operation, and optimisation.

Isobaric heat capacity is crucial for calculating the heat required in the regeneration column. The total

regeneration heat covers three components [29,31]:

o Enthalpy of desorption: the heat needed to release CO; from the CO;-loaded aqueous amine
solution.

o Sensible heat: the heat needed to increase the solution temperature in the regeneration step,
which depends on the isobaric heat capacity of the solution.

e Latent heat: the energy required to vaporise the amine solution in the regenerator.

Minimising the enthalpy of absorption has been a primary focus; however, neglecting other properties
like isobaric heat capacity and the enthalpy of vaporization of the solvent can lead to underestimating
the thermal requirements of the regeneration step [50]. Based on this, accurate isobaric heat capacity
experimental data for alkanolamine solutions is essential for designing efficient heat exchangers in CO»

capture facilities [26,33,51].

Transport properties of the solvent, particularly viscosity, significantly influence process unit sizing in
CO; capture optimisation [50]. In addition, viscosity has a significant impact on the mass transfer rate,
since these properties are inversely proportional [29]. On the other hand, understanding solution density
and viscosity is essential to operating pumps, heat exchangers, and designing gas-liquid contactors [33].
These two properties are also useful in determining liquid diffusivity and reaction rate constants,
especially in kinetic studies involving wetted-wall columns. Furthermore, density and viscosity play a
key role in mass transfer rate modelling for absorbers and regenerators because they affect the liquid
film coefficient. The effect of viscosity on cost reduction that is comparable to vapor-liquid equilibrium
(VLE) data and enthalpy of absorption [33]. Therefore, their inclusion becomes essential for a detailed

cost analysis.

Furthermore, density, isobaric heat capacity, and viscosity are key to completing a comprehensive

thermodynamic characterisation of those mixtures and increasing our understanding of molecular
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interactions, thus improving predictive models. This point is illustrated by Zarogiannis et al. [39], whose

comprehensive thermodynamic study explored solvent selection criteria for CO, capture performance.

However, these thermophysical properties remain largely absent in the literature for CO,-loaded or
COj-unloaded aqueous amine solutions across a wide range of pressures, concentrations, and
temperatures, hindering the optimisation of amine-based CO, capture process [52]. The proposed
amines in this study and their blends lack thermophysical data and models that would assess their
performance against currently used solvents. This work is part of our effort aimed at filling these data

gaps in different properties and conditions of operation.

1.3. Literature Review: Selected Properties and Solutions

A comprehensive literature review was conducted to identify all relevant studies reporting experimental
data on density, isobaric heat capacity, and viscosity for the studied amines solutions (listed in Table
1.1). For the binary mixtures DEAE + H,O, EAE + H,O, MAPA + H,0O, 1-MPZ + H,0O and AMP +
H,O, detailed in Table 1.2, the temperature range covered from 278.15 K to 373.15 K. Most studies
focused on temperatures up to 353.15 K, with measurements conducted at atmospheric pressure. A wide
range of amine mass fractions were reported across the considered systems. Notably, the AMP + H,O

system gathered significant interest in the literature, as evidenced by the extensive data availability.

For the ternary systems MEA + H,O + CO,, MDEA + H,O + CO,, AMP + H,0O + CO, and DEA + H,O
+ COs, the reported temperature range extended from 293.15 K to 423.15 K, as shown in Table 1.3.
Studies considering pressures different from 0.1 MPa were scarce. Literature has documented a wide
variety of amine mass fractions (CO»-free basis) for MEA solutions, with a particular emphasis on
values between 0.3 and 0.4. Reported CO, loading values reached up to 0.6 mol-CO»/mol-amine. It is
important to note that the mainstream of references for ternary systems report high experimental

uncertainties due to the significant contribution of the uncertainty associated with CO, loading.

To the best of our knowledge, no experimental data on density have been reported for the quaternary
system DMEA + MAPA + H,O + CO,. However, research efforts have focused on other aspects
relevant to CO, capture performance for this mixture [53—-56]. Rahimi et al. [56] investigated the
solubility and enthalpy of absorption for this system at a specific amine mass (45 % total, with 40 %
DMEA and 5 % MAPA). Their findings suggest a high CO, absorption capacity for the DMEA +
MAPA + H,O blend.

On the other hand, PZ and AMP, as tertiary amine reaction promoters, have been shown in several
studies to improve stability and resistance to thermal degradation and to offer enhanced adsorption

capacity [41,48]. In addition, kinetic studies have shown that adding these promoters to the solvent
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solution improves the kinetic rate, making it comparable to the MEA solution [40,42]. Only a few

studies on density and viscosity properties are found in the literature, as detailed in Table 1.4.

1.4. Research Objectives

This study aims to contribute to the field of CO, capture by generating a comprehensive experimental
dataset on the volumetric, energetic, and transport properties of binary, ternary, and quaternary mixtures
involving amine solutions and giving theoretical explanations for these behaviours. The study

establishes the following specific objectives for this purpose:

1. Enhance experimental equipment design through safety-driven analysis.

2. Provide an extensive experimental dataset on density, viscosity, and isobaric heat capacity
across a wide range of conditions of temperature, pressure, and concentration.

3. Study theoretical explanations of the influence of temperature, pressure, and component
concentrations on the density, viscosity, and isobaric heat capacity of the studied systems.

4. Quantify measurement uncertainty.

5. Perform a comparison between the obtained experimental data and existing literature data.

6. Correlate experimental data using established and potentially novel models.

1.5. Structure of the thesis

This manuscript, comprising nine chapters and three additional sections, accomplishes the requirements
for the Doctor of Philosophy (Ph.D.) degree with an International Mention. The contents of each section

are detailed below.

Chapter 1: Introduction. This section introduces the context of climate change and carbon dioxide
emissions, followed by a description of various carbon capture technologies, with a specific focus on
the amine scrubbing process. It then explores the crucial role of thermophysical properties in Carbon
Capture and Storage (CCS) and presents a literature review of relevant properties and solutions. Finally,

the research objectives and overall structure of this thesis are outlined.

Chapter 2: Theory. The theoretical foundations of the densimetry, calorimetry, and viscometry
techniques employed in this thesis are presented in this section. It also includes a description of Le

Chatelier’s principle as it relates to chemical equilibrium.

Chapter 3: Preparation of the Mixtures. This section covers laboratory safety protocols for handling
samples, provides a description of mixture preparation, outlines the characteristics of the chemical
species employed in this study, and describes the procedure for loading carbon dioxide into the aqueous

amine solution.
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Chapter 4: Vibrating Tube Densimeter. This section describes the density determination method
using a vibrating tube densimeter DMA HPM, including the fundamental measurement principle, a
detailed description of the apparatus and experimental procedure, safety protocols, calibration

procedures, uncertainty analysis, and experimental validation.

Chapter 5: Flow Calorimeter. A comprehensive description of the isobaric heat capacity measurement
method using a flow calorimeter is provided in this section. This includes the fundamental measurement
principle, viscous dissipation considerations, a detailed explanation of the apparatus and experimental

procedure, safety protocols, calibration procedures, uncertainty analysis, and experimental validation.

Chapter 6: Capillary Viscometer. The capillary viscometer employed in the dynamic viscosity
determination is described in this section. A detailed explanation of the uncertainty calculation
methodology and the experimental validation process is provided. Furthermore, the automatic

kinematic viscometer, SMW 3001, is described.

Chapter 7: Experimental Density. The experimental densities of CO,-unloaded and CO,-loaded
aqueous amine solutions, measured using a vibrating tube densimeter DMA HPM, are presented in this
section. Moreover, the dependence of these densities on temperature, pressure, and concentration is
investigated. Where applicable, comparisons with literature values are provided. Finally, a detailed
description of the optimisation process employed to fit the experimental density data as a function of

temperature, pressure, and concentration is given.

Chapter 8: Experimental Isobaric Heat Capacity. This section presents experimental isobaric heat
capacity data for CO-unloaded and CO»-loaded aqueous amine solutions, measured using a flow
calorimeter. The influence of temperature, pressure, and concentration is investigated, and comparisons
with literature values are provided where possible. Finally, the optimisation process used to fit the data

as a function of temperature and concentration is detailed.

Chapter 9: Experimental Density and Viscosity. This section presents the experimental dynamic
viscosities of COz-unloaded and CO;-loaded aqueous amine solutions, measured using a capillary
viscometer. It investigates the influence of temperature and CO, loading on this property and provides
comparisons with literature values where available. For systems where density was not measured using
the vibrating tube densimeter (Anton Paar DMA HPM) and it is not reported in Chapter 7, this property
was measured with an automatic kinematic viscometer (Anton Paar SMW 3001), which is also
described here. Finally, this chapter details the optimisation process used to fit the experimental density

and viscosity data as functions of temperature and CO, loading.

Conclusions and Future Work. This section concludes the research by presenting the main findings

and outlining guidelines for future work.
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Table 1.1. Principal features of the amines used in this study (Source: PubChem database [57,58]).

(DEAE)

. CAS Molecular Molecular .
Amines Number Formula Structure Weight (g'mol) Type of Amine
Monoethanolamine 0
A 141-43-5 CoHN TN N 61.08 Primary amine
!
Diethanolamine 0 0
(DEA) 111-42-2 C4sH1INO;, H “\/\N /\\/’ H 105.14 Secondary amine
!
2-(Ethylamino)ethanol 0
(EAE) 110-73-6 C;:Hi1NO /\N SN 89.14 Secondary amine
|
N
Methyldiethanolamine w T T " . .
105-59-9 CsHi3sNO» 119.16 Tertiary amine
(MDEA)
- 0 e
2-(Dimethylamino)ethanol \N /\/ / :
(DMEA) 108-01-0 C4sHiINO 89.14 Tertiary amine
2-Diethylaminoethanol ©
100-37-8 | CgHisNO A 117.19 Tertiary amine




2-Amino-2-methyl-1-propanol

Primary amine and

with 1-ring)

124-68-5 CsHiuNO o7 89.14 ) . )
(AMP) S sterically hindered amine
N
i
" H Diamine (one primary and
3-(Methylamino)propylamine | ‘ '
6291-84-5 CsHioN, N N 88.15 one secondary amino
(MAPA) NN T
groups)
H
N
Diamine (cyclic amine
Piperazine (PZ) 110-85-0 CsH0N> 86.14
N with 1-ring)
A
H
1-Methylpiperazine " Diamine (cyclic amine
109-01-3 CsHiaN2 100.16

(1-MPZ)




Table 1.2. Literature experimental measurements of density, viscosity and isobaric heat capacities of the binary mixtures.

Binary Amine mass fraction (w) | Temperature (7)/K No. of Data
Property Apparatus v Reference
System Low High Low High Points

0.1 0.60 298.15 333.15 Anton Paar DMAS5000 15 0.02 % [59]

0.02 1.00 278.15 353.15 Anton Paar DMA 45 140 NA® [60]

0.1 1.0 303.15 353.15 Anton Paar DMA 4500 60 NA® [61]

0.3 1.0 293.15 363.15 Anton Paar DMA 4500 27 1% [62]

Density 0.1 1.0 293.15 353.15 | Anton Paar DMA 4500M 130 0.006 % [63]

0.03 1.00 298.15 318.15 Anton Paar DMA 602 78 NA® [64]

0.2 1.0 293.15 313.15 Anton Paar DMA 602 96 NA® [65]

Single-capillary
0.4 1.0 293.15 313.15 30 0.1 % [66]
pycnometer
DEAE + H,O
A&D sine-wave Vibro
0.02 0.20 298.15 333.15 25 6 % [59]
viscometer (model SV-10)
0.4 1.0 303.15 353.15 U-tube glass viscometer 60 NA® [61]
Ubbelohde-type
Viscosity 0.02 1.00 298.15 353.15 | viscometers (Schott Gerate 100 0.2% [67]
type 24 501)
Double-gap pressure cell
0.3 1.0 293.15 363.15 XL in Physica MCR 101 33 4% [68]
rheometer




Isobaric Heat

_ 0.1 0.9 298.15 313.15 Adiabatic Calorimeter 2 NA® [69]
Capacity

0.1 1.0 293.15 333.15 | Anton Paar DMA 4500M 55 0.02 % [70]
0.1 1.0 303.15 323.15 Pycnometer (MBL) 85 0.4 % [71]

Stabinger-type kinematic
Density 0.2 1.0 293.15 363.15 viscometer-densimeter 40 0.4 % [72]

(SVM 3001, Anton Paar)
0.1 0.3 293.15 333.15 Anton Paar DMA 35 54 0.3 % [73]
298.15 323.15 Anton Paar DSA 5000 6 0.02 % [74]

Anton Paar Lovis 2000
0.1 1.0 293.15 333.15 55 2% [70]
ME
B-type and D-type
0.2 1.0 303.15 323.15 P P 85 0.04 % [71]
EAE + H,O Ostwald viscometer

Stabinger-type kinematic

) _ 0.2 1.0 293.15 363.15 viscometer (SVM 3001, 40 5% [72]
Viscosity
Anton Paar)
A&D sine-wave Vibro

0.1 0.3 293.15 333.15 _ 54 3% [73]

viscometer (model SV-10)

Lovis 2000 M/ME Anton
0.1 0.4 293.15 323.15 28 NA® [75]

Paar
298.15 323.15 Schott Capillary 6 0.02 % [74]
Isobaric Heat

0.1 0.9 298.15 313.15 Adiabatic Calorimeter 2 NA® [69]

Capacity




0.1 0.4 293.15 343.15 Anton Paar DMA 4500 30 0.006 % [76]
Density 0.4 1.0 298.15 363.15 | Anton Paar DMA 4500M 70 0.006 % [63]
MAPA + H;O 0.02 1.0 283.15 363.15 | Anton Paar DMA 5000 M 144 0.001 % [77]
Anton Paar Rheometer
Viscosity 0.1 0.4 293.15 353.15 . 40 4% [76]
Physica MCR 100
Densi 0.2 1.0 298.15 343.15 Anton Paar DMA 4500 72 NA® [78]
ensity
0.1 1.0 298.15 348.15 Anton Paar DMA 4500 55 0.06 % [38]
U-tube Glass Cannon-
0.2 1.0 298.15 343.15 72 NA® [78]
Ubbelohde viscometer
1-MPZ + H,O Viscosity
Cannon-Fenske type
0.1 1.0 298.15 348.15 ) . 55 4% [38]
capillary tube viscometers
Isobaric Heat C80 heat flow calorimeter
. 0.4 1.0 298.15 353.15 120 1% [79]
Capacity (SETARAM)
0.5 298.15 323.15 Anton Paar DSA 5000 6 0.02 % [80]
0.3 0.4 293.15 343.15 Anton Paar DMA-58 12 0.02 % [81]
0.3 298 333 Gay-Lussac pycnometer 8 0.01 % [82]
Kyoto Electronics KEM
0.3 293.15 333.15 6 NA® [83]
DA-645
AMP + H,O Density
0.3 1.0 303.15 333.15 Anton Paar DMA 4500 56 NA® [84]
0.2 1.0 298.15 343.15 Anton Paar DMA 4500 66 NA® [85]
0.04 1.00 298.15 353.15 Anton Paar DMA 45 90 NA® [86]
0.1 1.0 293.15 363.85 | 25-mL pycnometer bottles 35 NA® [87]
0.1 0.3 298.15 333.15 Anton Paar DMA 5000 24 0.006 % [88]




0.2 0.3 303.15 353.15 Gay-Lussac pycnometer 12 NA® [89]
0.3 298 323 Pyrex England pycnometer 6 0.8 % [90]
0.3 0.9 313.15 333.15 Anton Paar DMA 45 10 NA® [91]
0.3 293.15 323.15 Gay-Lussac pycnometer 7 NA® [92]
Stabinger-type kinematic

0.3 303.15 343.15 viscometer (SVM3000, 5 0.1 % [93]

Anton Paar)
0.2 0.5 313.13 362.73 | Anton Paar DMA 60/512P 450 0.02 % [94]°
0.4 1.0 303.15 343.15 | Anton Paar DMA 4500 M 45 NA® [95]
0.5 283.15 353.15 Gay-Lussac pycnometer 4 NA® [96]
0.5 298.15 323.15 Capillary supplied by 6 0.02 % [80]

Schott
Schott-Gerdte AVS 350

0.02 0.20 293.1 323.1 automatic Ubbelohde 7 NA® [97]

viscosimeter

Schott-Gerdte AVS 350

Viscosity 0.2 293.1 323.1 automatic Ubbelohde 7 NA® [98]

viscosimeter
0.5 283.15 333.15 Cannon-Fenske type 6 NA® [96]

capillary tube viscometers
Cannon-Ubbelohde

0.2 1.0 298.15 343.15 | viscometers (0, 0B, 0C, 1, 70 1% [85]

1B, 2C-Cole Parmer)




Cannon-Fenske
0.2 0.3 303.15 353.15 . 18 NA® [89]
viscometer
0.3 298 333 Ostwald viscometer 8 2% [82]
0.1 0.3 298.15 333.15 Ubbelohde viscometer 24 2 % [88]
Cannon-Fenske
0.2 0.3 296.75 349.85 . 12 NA® [87]
viscometer
Ostwald viscometer
0.3 298 323 (Model: 11619/01, 6 2% [90]
Stanhope-seta, UK)
0.02 0.20 29 Ubbelohde viscosimeter 13 NA® [99]
0.3 293.15 333.15 Ostwald viscometer 7 NA® [92]
Stabinger-type kinematic
0.3 303.15 343.15 viscometer (SVM3000, 5 0.7 % [93]
Anton Paar)
Anton-Paar Physica MCR
0.3 0.6 303.15 373.15 60 2% [100]
101 rheometer
iVisc capillary viscometer
0.4 1.0 303.15 343.15 45 3% [95]
LAUDA
CSC 4100 heat-flux DSC
0.2 1.0 278.15 368.15 ) 200 NA® [101]
Isobaric Heat calorimeter
Capacity 0.6 1.0 303.15 353.15 DSC-2010 calorimeter 44 NA® [102]
0.6 1.0 303.15 353.15 DSC-2010 calorimeter 44 NA® [103]
MDEA + H,0 Viscosity 0.1 0.4 293.15 353.15 Falling body viscometer 140 3% [104]




0.1

0.5

285.15

333.15

Cannon-Fenske routine

viscometer

39

NA®

[105]

0.3

303.15

353.15

Cannon-Fenske routine

viscometer

NA®

(89]

0.1

0.5

333.15

353.15

Two Cannon-
Fenske-type viscometers
(sizes 50 and 100) and one
Ubbelohde-type

viscometer (size 0)

14

NA®

[106]

293.15

323.15

Ostwald viscometer

NA®

[92]

0.3

0.6

298.15

Cannon-Fenske

viscometer

NA®

[107]

*Relative expanded uncertainty (k = 2), %.

PPressure range from 0.5 MPa to 24 MPa.
‘NA: Not Available.




Table 1.3. Literature experimental measurements of density, viscosity and isobaric heat capacities of the ternary mixtures.

Amine mass CO; loading Temperature No. of
CO;-loaded
Sol Property fraction (w) () (/K Apparatus Data U? Reference
olution
Low | High Low | High Low High Points

Anton Paar DMA
0.2 0.4 0.1 0.5 298.15 | 353.15 4500 68 0.4 % [108]

Anton Paar DMA
0.3 0.6 0.1 0.56 | 298.15 | 413.15 204 0.3% [1091°

4500 and DMA HPM

Anton Paar DMA
0.062 | 0.300 0.1 0.5 293.15 | 353.15 4500 68 0.002 % [110]

Anton Paar DMA
0.2 0.4 0 0.5 298.15 4500 15 0.4 % [111]

MEA + H,0 + CO» Density Anton Paar DMA
0.3 0 0.49 | 298.15 | 353.15 5000M 32 0.01 % [112]

Anton Paar DMA
0.2 0.7 0 0.5 303.15 | 333.15 4500M and DMA 144 0.4 % [113]°

HPM

Anton Paar DMA

0.8 0.07 0.51 313.15 | 343.15 4500M and DMA 77 0.6 % [114]°
HPM

0.1 0.4 0 0.5 298.15 Hydrometer 44 NAf [107]




Anton Paar DMA
0.3 0.5 0.1 0.5 293.15 | 353.15 4500 105 0.8 % [115]
Anton Paar DMA
0.3 0.1 0.4 293.15 | 343.15 4500 20 0.3 % [116]
KEM Kyoto
0.2 04 0.1 0.5 293.15 | 333.15 Electronics DA-645 90 0.005 % [117]
densimeter
Anton Paar DMA
0.1 0.2 0.1 0.8 298 s1op 17 0.4 % [118]
Anton Paar Lovis 2000
0.3 0.1 0.4 298.15 | 343.15 ME rolling-ball 20 6 % [116]
viscometer
Cannon-Fenske
0.1 0.4 0 0.5 298.15 , 24 NAf [107]
viscometer
0.2 0.4 0.1 0.5 298.15 | 353.15 | Viscometer (Z1DIN) 75 0.1% [108]
. ) Anton Paar MCR 100
Viscosity
rheometer with a
0.062 | 0.300 0.1 0.5 293.15 | 353.15 . 100 0.1 % [110]
double gap measuring
cell (DG-26.7)
U-tube capillary
0.3 0.14 0.49 298.15 | 353.15 ) 23 2% [119]
viscometers (PSL)
Anton Paar Physica
0.5 0.8 0.08 0.52 298.15 | 373.15 320 2% [120]¢
MCR 101 rheometer




with a double-gap

pressure cell XL

0.1

0.5

0.1

0.5

293.15

423.15

MCR 101 Anton Paar

double-gap rheometer

375

0.4 %

[121]

0.2

0.4

0.1

0.5

298.15

NDJ-1 rotational

viscometer

15

0.1 %

[122]

0.2

0.4

0.5

298.15

Rotational viscometer
(model SMART,
Fungilab S.A.)

15

2%

[111]

0.30

0.43

0.1

0.5

313.15

333.15

Cannon-Fenske

viscometer

27

NAf

[123]

Isobaric Heat

Capacity

0.1

0.4

0.5

298.

15

Stoppered and gently-

stirred Dewar flask

24

NAf

[124]

MDEA + H,0 + CO»

Density

0.45

0.119

0.999

303.15

363.15

Anton Paar DMA
HPM

33

0.3 %

[125]

0.238

0.500

0.04

0.4

293.15

353.15

Anton Paar DMA
4500M

45

0.003 %

[63]

0.3

0.6

0.5

298.

Hydrometer

44

NAf

[107]

0.3

0.4

0.1

0.5

298.15

423.15

Anton Paar DMA
4500 and DMA HPM

110

1%

[126]°

0.5

0.8

0.5

293.15

423.15

Anton Paar DMA
4500M and DMA
HPM

560

0.3 %

[127]°




Falling weight

0.45 0.119 | 0.999 | 303.15 | 363.15 29 3% [125]
viscometer (FV)
Anton Paar physica
Viscosity 0.5 0.0452 | 0.1863 | 293.15 | 353.15 24 NA' [63]
MCR 100 rheometer
Cannon-Fenske
0.3 0.6 0 0.5 298.15 . 44 NA' [107]
viscometer
Isobaric Heat Stoppered and gently-
] 0.3 0.6 0 0.64 298.15 ] 40 NA' [124]
Capacity stirred Dewar flask
KEM Kyoto
AMP + H,O + CO» Density 0.3 0 0.5 293.15 | 333.15 | Electronics DA-645 36 NA' [83]
densimeter
0.1 0.4 0 0.5 298.15 Hydrometer 44 NAf [107]
Anton Paar DMA
0.3 0.4 0.1 0.5 298.15 | 423.15 110 1% [126]°
. 4500 and DMA HPM
Density
Anton Paar DMA
0.5 0.8 0 0.5 293.15 | 423.15 4500M and DMA 560 0.3% [127]°
DEA + H,O + CO,
HPM
o Cannon-Fenske
Viscosity 0.1 0.4 0 0.5 298.15 _ 24 NA' [107]
viscometer
Isobaric Heat Stoppered and gently-
0.1 0.4 0 0.5 298.15 24 NAf [124]
Capacity stirred Dewar flask

*Relative expanded uncertainty (k = 2), %.

PPressure range from 0.1 MPa to 0.7 MPa.




‘Pressure at 0.8 MPa.

dPressure at 0.4 MPa.

“Pressure range from 0.1 MPa to 0.8 MPa.
NA: Not Available.



Table 1.4. Literature experimental measurements of density and viscosity of the quaternary mixtures.

Total amine

No. of
COs-loaded mass fraction | CO; loading (a) Temperature (7)/K
Property Apparatus Data v Reference
Solution (w1 +w2)
Points
Low High Low High Low High
Densi 0.264 | 0.468 0 0.903 303.15 363.15 Anton Paar DMA HPM 70 0.4 % [128]
ensity
0.30 298 313 Gay-Lussac pycnometer 16 NAP [45]
Anton-Paar Physica MCR
101 rheometer with a
MDEA + PZ + 0.25 0.50 0 0.81 303.15 373.15 360 3% [129]
double-gap
H,0 + CO,
Viscosity pressure cell XL
NDIJ-1 rotational
0.5 0 0.6 293.15 323.15 ] 112 2% [130]
viscometer
0.30 298 313 Ostwald viscometer 16 1% [45]
Density 0.45 0 1.616 303.15 363.15 Anton Paar DMA HPM 33 0.3% [125]
0.45 0 1.616 303.15 363.15 Falling weight viscometer 24 6 % [125]
MDEA + AMP Anton-Paar Physica MCR
+ H,O + CO» Viscosity 101 rheometer with a
0.3 0.6 0 0.8 303.15 373.15 237 3% [100]
double-gap
pressure cell XL

Relative expanded uncertainty (k = 2), %.
"NA: Not Available.
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2. Theory
2.1. Densimetry Basics

A detailed understanding of the thermodynamic properties of fluids is critical for both scientific
advancement and industrial applications. Combining non-reacting liquids alters their physical
characteristics, thereby influencing the associated thermodynamic quantities. This effect is particularly
pronounced for density, a fundamental fluid property used in characterising the thermodynamic state

and calculating derived quantities.

Density p defined as mass per unit volume, is crucial for developing equations of state, facilitating fluid
custody transfer, and designing and implementing industrial processes. In the International System of
Units (SI), the unit of density (kg-m™) is derived from the unit of mass kg and the unit of length m.

Accurate density measurement plays an essential role in optimising various processes. It aids in [131]:

e Theoretical Model Development: Enables the creation of models to predict and understand
material behaviour.

o Pressure and Temperature Dependence: Allows for designing equipment like rectification
towers based on density variations.

e Petroleum Industry Optimisation: Optimises operational conditions and product distribution
within the petroleum industry.

e Solubility and Viscosity Calculations: Contributes to calculating properties like solubility and
viscosity.

e Predictive Modelling: Supports the development of predictive models for various physical
properties.

e Solvent Capacity Determination: Determines the solvent capacity of a fluid, a key characteristic
in designing room-temperature ionic liquids and supercritical extraction processes.

e Determination of the isothermal compressibility and isobaric expansion coefficients.

Pressure/volume/temperature (pV7) measurements yield two crucial parameters: the isothermal
compressibility coefficient xr and the isobaric expansion coefficient f, defined in Equations 2.1 and
2.2. These coefficients depend on pressure, temperature, and molecular structure and provide insights
into intermolecular attractive and repulsive forces by aiding in pressure determination [132,133]. The
current lack of a comprehensive theory for understanding the complex thermodynamic behaviour of
fluid mixtures requires a primarily experimental approach. This needs a systematic selection of mixtures
alongside experimental data to advance our understanding of fluid thermodynamics and develop

quantitative prediction methods.
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b2,
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A substantial body of literature exists detailing various experimental methods for determining the
density of liquids and gases. These methods can be mostly classified into two main categories: direct

and indirect techniques.

1. Direct techniques: directly measure the volume occupied by a fluid sample, frequently needing to
be calibrated using reference materials. Common examples include pycnometers, the hydrostatic
method, and magnetic float densimeters:

e A pycnometer is a calibrated container of known volume used to calculate the volume of a
specific amount of fluid, whose density is calculated from the mass and volume.

e The hydrostatic method utilises Archimedes’ principle, where the floating force applied to an
object submerged in a fluid equals the weight of the displaced fluid. The density of the object
can be determined by measuring the floating force and its own volume.

e The magnetic float densimeters employ a hollow, magnetic float that experiences a floating
force within the fluid. The density and geometry of the float are known, allowing for the
determination of the density of the density of the surrounding fluid [134].

2. Indirect techniques: rely on measuring properties related to density, often requiring calibration with
standard substances. Despite this indirect approach, they can achieve high accuracy. A prominent
example are the vibrating body densimeters. These instruments measure the resonant frequency of
a vibrating element (e.g., a U-shaped tube or wire) influenced by the density of the surrounding
fluid [134-136], allowing density measurements across a wide range of temperatures and
pressures.

e Vibrating tube densimeters, in which the resonant frequency of a U-shaped tube containing
the fluid sample is measured (detailed descriptions can be found in Chapter 4).
e Vibrating wire densimeters employ a vibrating wire sensor that detects the floating force on a

submerged object. In addition, these apparatuses measure density.
2.2. Calorimetry Basics

The heat capacity of a liquid is a fundamental thermodynamic property. Knowledge of it is not only
necessary for engineering, but is also a very important source of information for discerning the structure
and molecular interactions of liquid solutions, which serve as a basis for the development of models

used in industry [137,138]. Heat capacity c is defined as the ratio between the amount of heat Q that a
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body or system gains or losses and the corresponding increase or decrease in temperature 7 that the

body or system experiences, as detailed in Equation 2.3 [132].

_%

C=ar (2.3)

Mathematically, isobaric heat capacity (constant-pressure heat capacity), denoted by c;, relates to the

enthalpy H and Gibbs free energy G through their derivatives, as shown in Equation 2.4.

(6H> T(a?c) T(@S)
C, = |— = — —_— e R
»=\aT ), or?) AT/, x, 2.4)

i

This relationship between ¢, and these fundamental thermodynamic functions allows to derive
expressions for changes in enthalpy AH, Gibbs free energy AG, and entropy AS with respect to
temperature, as detailed in Equation 2.4. Furthermore, when combined with pVT data, extensive heat
capacity measurements across a wide range of pressures and temperatures can be employed to extract
other crucial thermodynamic properties. This comprehensive dataset facilitates a complete

understanding of the thermodynamic behaviour of the system under investigation.

The definition of enthalpy H encompasses both molar and specific isobaric heat capacities. The type
(molar or specific) depends on the units employed for H. Equation 2.5 provides the means to calculate

enthalpy.

(2.5)

For a closed system undergoing a constant-pressure process, where enthalpy is independent of pressure,
Equation 2.6 can be directly substituted into Equation 2.5. This substitution simplifies Equation 2.5
to Equation 2.7, which subsequently leads to Equation 2.8.

(E)H) do = 0
o), P~ 2.6)
OH = (aH) dT = c,dT
~\or/, " T 2.7)
T;
AH = ¢, dT
le P (2.8)

where, 7T is the initial temperature and 7> is the final temperature. Applying the First Law of

Thermodynamics to a mechanically reversible, constant-pressure process yields Equation 2.9. Since
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enthalpy and heat capacity at constant pressure are all state functions, Equation 2.9 is applicable to any
process where the final pressure (p2) equals the initial pressure (p1), regardless of whether the process

actually occurs at constant pressure [132].

T,
= AH = f c,dT
Q . (2.9)
The isobaric heat capacity of liquids exhibits a relatively weak dependence on temperature across a
wide range. This trend holds true until the reduced temperature 7; is between 0.7 and 0.8, which is
typically close to the normal boiling point of the liquid. In this region, a shallow minimum in the isobaric
heat capacity is frequently observed. However, at higher reduced temperatures, the relationship between
the isobaric heat capacity and temperature becomes significantly stronger. As the system approaches its
critical point, the isobaric heat capacity increases dramatically and tends towards infinity. This
temperature dependence of the isobaric heat capacity can be determined using calorimetric techniques

[139].

Even though there is no recognised classification of calorimetric techniques, four types of calorimeters
are frequently employed for measuring isobaric heat capacity in liquids: Bronsted’s calorimeter, Tian-

Calvet calorimeter, differential scanning calorimeter (DSC), and flow calorimeter [140] .

Von Steinwehr and Bronsted applied Bronsted’s calorimeter for the first time in 1901 and 1906,
respectively. This method is based on the endothermic dissolution of an amount of solution in a water-
filled Dewar vessel and the gradual mixing of the content with a stirrer. An electric heater produces a
regulated heat output, which keeps the solution temperature constant. Voltage and current are
consistently measured with high accuracy over time. Therefore, the electrically generated compensatory
heat is equal to the heat of solution. The isobaric heat capacity is then calculated from these values, as
detailed in Zijlema et al. [141]. Because a resistor can only generate heat, this method is limited to
measuring endothermic effects. Exothermic effects can be compensated for in principle by using electric

cooling based on the Peltier effect [142].

Calvet & Prat [143] provide a detailed description of Tian’s calorimeter, which the former modified.
According to the Tian-Calvet heat principle, the pile of thermocouples around the calorimetric container
conducts the majority of the heat produced within it to the external jacket. The heat flow rate in the
thermocouple pile is proportional to the amount of calorific power delivered. The Tian-Calvet
calorimeter is very sensitive and versatile, making it appropriate for a wide range of calorimetric
measurements, including isobaric heat capacity determination [144]. According to the studies
[79,145,146], a C80 heat flow calorimeter (SETARAM Instrumentation, France) is commonly used to

measure isobaric heat capacities in liquid mixtures.
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IUPAC defines differential scanning calorimeter (DSC) as any instrument capable of measuring thermal
power during a temperature scan, regardless of mode of operation. DSC is a technique for measuring
the temperature-dependent differential in heat flow between a sample and a reference material [140].
Specifically, the heat flux DSC apparatus is the most common type of DSC used in liquid isobaric heat
capacity measurement [147—-149], consisting of a furnace with a thermoelectric device to measure heat
fluxes and two crucibles, one containing the sample under study and the other carrying the reference

material [140].

In recent years, flow calorimetry has become a common method for measuring heat effects in mixing
operations, as well as determining the isobaric heat capacity of fluids and fluid mixtures [140]. This
study employed a flow calorimeter to determine isobaric heat capacity. Chapter 5 provides a full and

complete overview of this technique.
2.3. Viscometry Basics

A fundamental transport property of all liquids is their viscosity. Liquids exhibit internal resistance to
flow; in this regard, viscosity is a measurement of the liquid’s resistance to flow with a velocity gradient.
Thus, viscosity measures the internal fluid friction. This property depends on temperature and pressure
and varies in different ways with the influence of these parameters. Along with density, viscosity
reflects the effects of molecular motion and interaction. There are two ways to express viscosity:
dynamic viscosity # and kinematic viscosity v. The dynamic viscosity is expressed in terms of tangential
force per unit area divided by a velocity gradient; the unit should be (force)-(time)/(length)?. In the older
reported studies, viscosity was given in poises (P) or centipoises (cP); nowadays pascals per second
(Pa-s) or millipascals per second (mPa-s) are the most common SI unit. Throughout this work, the
dynamic viscosity unit will be mPa-s, which is the most common unit in the literature for liquid mixtures

and a sub-multiple of SI unit. For clarity, the following conversion factors apply to viscosity units:
0.IN-sm?=1g-em's'=1P=100cP=0.1Pas=100 mPas

On the other hand, the sample’s density is a necessary input for the determination of kinematic viscosity.
In this sense, kinematic viscosity is defined like the relation between dynamic viscosity and density
under the same conditions of temperature and pressure. The SI unit of kinematic viscosity is m*s™', due

to this unit is too big, normally kinematic viscosity is reported in mm?-s™ [139,150].

The literature describes the use of various methods for measuring liquid mixture viscosities.
Viscometers can be divided into four main groups, according to [150]: capillary viscometers, vibration

viscometers, rotational viscometers, and other types.
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1. Capillary viscometers: the most frequently used viscometers for liquids, specifically in aqueous
solutions, providing measurements at atmospheric pressure in a wide range of temperatures, as can
be seen in Tables 1.2 and 1.3 in Chapter 1. The excellent repeatability of capillary viscometers is
their most crucial feature. This technique can be divided into three groups: the modified Ostwald,
suspended level, and reverse flow types [150].

e Modified Ostwald: the Cannon Fenske Routine viscometer is employed to measure the
kinematic viscosity of transparent liquids over the range of (0.5 to 20 000) mm?-s™.

e Suspended level viscometers: Ubbelohde viscometers enable the measurement of transparent
liquid kinematic viscosities up to 100 000 mm?*s™ using 16 different viscometers. Since this
method was used to measure the viscosities reported in this study, Chapter 6 provides a
detailed discussion of this technique along with a description of the equipment used.

e Reverse flow viscometers: the Cannon-Fenske viscometers measure kinematic viscosity in
the range of (0.4 to 20 000) mm?*-s™'. Because the liquid travels from the capillary to the

measuring bulb, this method works for both opaque and transparent liquids.

2. Vibrating wire viscometer: a well-known apparatus with the ability to produce accurate results
with relatively small relative uncertainty. This technique consists of a thin wire that is submerged
in the fluid of interest and is made to oscillate transversely. The method works particularly well
for measuring viscosity over a wide temperature range and at high pressures (up to 200 MPa). This

technique is viable in electrically-insulating fluids like hydrocarbon liquids [151-153].

3. Falling ball/piston viscometer: consisting of a tube containing the liquid being tested, a piston or
ball inside the tube, an electrical magnet, and a magnetic switch. The material used to make the
ball or piston is ferromagnetic. The magnet raises it to the top of the tube first, and then gravity
allows it to descend to the bottom of the tube. A magnetic switch detects when the ball or piston
contacts the bottom. Viscosity is determined from the time it takes to travel the length of the tube

[150,154].
4. Rolling ball viscometer measures the time it takes for a ball submerged in the test fluid to roll down

a slope. This time is related to the viscosity of transparent and opaque liquids. It can be applied to

liquids at temperatures between 5 and 100 °C with a viscosity up to 10 000 mPa-s [150,155].
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3. Preparation of the Mixtures
3.1. Sample Handling Safety

This chapter details the methodologies employed in preparing mixtures of CO»-unloaded and CO»-
loaded aqueous amine solutions. Prior to handling, a comprehensive risk assessment was conducted to
ensure the safe manipulation and preservation of the involved substances, thereby minimising sample

contamination.

Material Safety Data Sheets (MSDS), readily accessible from each supplier’s website, were consulted
for all chemicals. This information served as the basis for a “Control of Substances Hazardous to Health
(COSHH) Essentials” report [156,157]. The MSDS provided crucial details such as risk phrases and
Workplace Exposure Limits (WEL), typically expressed in parts per million (ppm) for vapours and
milligrams per cubic meter (mg-m™) for particulates. COSHH Essentials aligns with the European
REACH Regulation [158] in identifying risk management measures for specific exposure scenarios.
This report encompassed a detailed standard operating procedure (SOP) for the equipment utilized,

encompassing all chemicals involved in cleaning and sample preparation.

Following a thorough review of the MSDS, an approach was adopted to evaluate the overall risk

associated with handling each substance:

e Health Hazard Score (A): If a chemical exhibited multiple risk phrases, the highest assigned
health hazard score was assigned.

e Volatility Score (B): To establish this score, the boiling points of each substance were found
and assigned a corresponding value based on Figure 3.1.

e Quantity Score (C): This score considered both the volume in the stock bottle and the volume
of aliquots used. The basis for this approach lies in the potential for a greater risk scenario if
the entire stock bottle’s contents were to spill during aliquot removal. In this study, most
chemicals were used in medium quantities: 1 to 100 g (mL). Exceptions included carbon

dioxide and cryogenic nitrogen, which were assigned a medium score.

The overall risk level was estimated by multiplying scores A, B, and C. The resulting values were
categorized as follows: < 8 (low), 9-12 (medium), and > 13 (high). As shown in Table 3.1, 2 of the 13
evaluated chemicals received the “high” overall risk level classification, and 8 the “medium”
classification. As a conclusion, it is always necessary to use personal protective equipment such as lab
coats, gloves, and safety goggles, and it is essential to handle them exclusively under the safety hood

due to the negative effects on humans.
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Boiling point of liquid °C

Operating temperature °C

Figure 3.1. Volatility Score (Source: [159]).
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Table 3.1. Hazard Evaluation and Risk Determination section in the “Control of Substances Hazardous to Health (COSHH) Essentials” report [156].

Route of Exposure A B C AxBxC
= § S | =
. S| E|E|E |2 Health Overall Risk
Chemical S|z ]S |t | & Workplace Exposure Volatility | Quantity
2 = = e o Hazard Statement(s) Hazard Level
| £ | =2 S| & Limit (WEL) S Score Score
n core
ﬁlf) o | W ¥ @ Score | L/M/H
) H302/312/332, H314,
Monoethanolamine (MEA) X X X X X TWA 1 ppm 3 2 2 12 M
H318, H335, H412
H302, H315, H318,
Diethanolamine (DEA) X X X X VLA-ED 0.2 ppm 3 1 2 6 L
H373, H412
H226, H312, H314,
1-Methylpiperazine (1-MPZ) X X X X NS 3 2 2 12 M
H331
2-(Diethylamino)ethanol H226, H302, H311,
X | X | X | X | X VLA-ED 2 ppm 3 2 2 12 M
(DEAE) H314, H331, H335
2-(Ethylamino)etanol (EAE) X X X X H302, H314, H318 NS 3 2 2 12 M
2-Amino-2-methyl-1-propanol
X X H314, H318, H412 NS 3 2 2 12 M
(AMP)
3-(Methylamino)propylamine H226, H302/312/332,
X X X X X NS 3 2 2 12 M
(MAPA) H314, H318
N-Methyldiethanolamine
X H319 NS 2 2 2 8 L
(MDEA)




2-Dimethylaminoethanol

H226, H302/312, H314,

NS 12
(DMEA) H331, H335
. _ H228, H314, H318,
Piperazine (PZ) TWA 0.1 ppm 6
H334, H317, H361fd
Carbon Dioxide (CO») H280 TWA 5000 ppm 12
Oxygen Depletion
Cryogenic Nitrogen H281 ] 18
(Asphyxiant)
Isopropanol (2-propanol) H225, H319, H336 VLA-ED 200 ppm 18

VLA-ED: Daily environmental exposure limit value.

TWA: Time Weighted Average.

NS: Contains no substances with occupational exposure limit values.
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3.2. Mixtures Samples Preparation

In this work the following chemicals samples were used: monoethanolamine (MEA), diethanolamine
(DEA), 2-(ethylamino)ethanol (EAE), methyldiethanolamine (MDEA), 2-(dimethylamino)ethanol
(DMEA), 2-diethylaminoethanol ~ (DEAE), 2-amino-2-methyl-1-propanol ~ (AMP), 3-
(methylamino)propylamine (MAPA), 1-methylpiperazine (1-MPZ), piperazine (PZ), water (H,O) and
carbon dioxide (CO,). As provided by the supplier, the chemical purities of these samples are detailed
in Table 3.2 and more information about the features is provided in Chapter 1. No additional

purification procedures were carried out.

Table 3.2. Description of Chemical Samples.

Chemical Name CAS Number Source Mass Percent Purity®
MEA 141-43-5 Sigma-Aldrich >99.5%
DEA 111-42-2 Sigma-Aldrich >99 %
EAE 110-73-6 Sigma-Aldrich >98 %
MDEA 105-59-9 Sigma-Aldrich >99 %
DMEA 108-01-0 Sigma-Aldrich >99 %
DEAE 100-37-8 Sigma-Aldrich >99.5 %
AMP® 124-68-5 Sigma-Aldrich >97 %
AMP* 124-68-5 Fisher Scientific >99 %
MAPA 6291-84-5 Sigma-Aldrich >97%
1-MPZ 109-01-3 Sigma-Aldrich >99 %
PZ 110-85-0 Sigma-Aldrich >99 %
Water® 7732-18-5 Sigma-Aldrich conductivity <2-10°Q"-cm™
Water® 1732.18.5 Millipore Direct-Q electrical resistivity > 18 MQ-cm at
UV3 apparatus T'=298K
Ccoy’ 124-38-9 Air Liquid >99.98 %
Cco,’ 124-38-9 Messer >99.9998 %
COy* 124-38-9 BOC >99.999 %

* As stated by the supplier by gas chromatography.
°For density and isobaric heat capacity measurements.

‘For viscosity measurements.

The CO;-unloaded aqueous amine solutions were prepared using an analytical balance Radwag
PS750/C/2 with 1 mg of resolution. Immediately upon preparation, mixtures were degassed using a

water-filled ultrasonic bath (Branson 3210). To minimise potential CO, absorption from the air and
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prevent contamination and oxidative degradation, the solutions were stored in the dark in glass
containers with film wrapped around the lid. Repeated density and pH measurements confirmed the
stability of samples, retaining dissolved CO> for up to a month in the case of CO,-loaded solutions. For
pH measurements, a Mettler Toledo FiveEasy Plus pH-meter was used, and a vibrating tube densimeter

Anton Paar DMAS8 was employed for this density measurement.

The reaction between an aqueous amine solution (an alkaline solution) and CO; results in the formation
of carbamates or bicarbonates, which are more acidic than the original amine. This acidification
typically leads to a decrease in solution pH, often from a range around 12 to a range around 8 [160,161].
Measuring the solution’s pH after the CO, reaction provides valuable insights into the extent of the
reaction and the acidity of the resulting solution. If absorbed COs; is lost, the pH of the solution will
increase. On the other hand, as explained in Chapter 7, the reaction between an aqueous amine solution
and CO; leads to an increase in the density of the solution. Therefore, if the solution loses CO,, the

density will decrease.

The oxidative degradation of an aqueous amine solution leads to the formation of various products,
such as organic acids, and will depend on the type of amine involved [162,163]. As a direct
consequence, the density and pH of an aqueous amine solution are affected. Regarding pH, and given
the acidic nature of the degradation products, as their concentration in the sample increases, pH will
decrease. According to Ju et al. [111] study, as the concentration of degradation products increases, so
will the density of the sample. A visual aspect that helps determine whether or not oxidative degradation

has occurred is the colour change of the solution from transparent to brown.
3.2.1.CO; Loading into Aqueous Amine Solution

CO; was loaded into the aqueous amine solution using a vapor-liquid equilibrium (VLE) cell. For the
mixtures discussed in Chapters 7 and 8, the VLE cell at the TermoCal Laboratory at the University of
Valladolid (Spain) was utilised. CO; loading o was defined as a mol CO; per mol of amine. The relative
expanded combined uncertainty for CO; loading was 0.3 % at a 95.5 % confidence level. The details of
this apparatus will be provided in Juan D. Arroyave’s PhD dissertation and in the scientific paper titled
“Experimental measurements and modelling of CO, solubility in single aqueous amines” to be
published. For the mixtures presented in Chapter 9, CO; loading was performed using a VLE cell
located in the Thermophysics Laboratory at Imperial College London (United Kingdom). The relative
expanded combined uncertainty for CO; loading with this cell was 0.4 % at a 95.5 % confidence level.

The details of this apparatus will be provided in Hossam Qusty’s PhD dissertation.

In both cases, a precise mass of CO, was delivered into the equilibrium cell containing a degassed

mixture of amine and water, enabling the calculation of CO; loading. The temperature inside the cell
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was maintained at 313.15 K throughout the experiment. Maximum CO; loading was chosen to ensure
chemical solubility and to keep the equilibrium total pressure below atmospheric pressure (0.1 MPa) to
prevent the loss of dissolved COs in the liquid phase. Upon reaction completion, the cell was opened,
and the resulting solution was used for density, isobaric heat capacity, or viscosity measurements.
Partially loaded solutions were prepared gravimetrically by blending saturated and unloaded solutions

using an analytical balance.
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4. Vibrating Tube Densimeter
4.1. Introduction

Fluid density measurement using vibrating tube densimeters (VTDs) offers the capability to achieve
precise experimental data across a wide range of temperatures and pressures. The literature includes
several VTD designs, both commercially available instruments [164,165] and custom-built apparatus
[134,135]. Typically, density measurements can be achieved with a precision of £0.01 kg-m~ [136].
The VTDs are incredibly versatile with a wide range of conditions such as elevated temperatures (up to
623 K) and pressures (up to 140 MPa) [166—168]. The original work of Stabinger et al. [169] and Kratky
et al. [170] put the basis for this technology.

A fundamental component of a VTD is a hollow tube, typically fixed into a U- or V-shape. During
measurement, this tube is filled with the sample fluid. The U-shape facilitates the excitation and
monitoring of the tube’s fundamental bending mode using wire-coil electromagnets. Its principle of
operation is based on the relationship between the resonant frequency of the U-shaped tube and the
density of the sample fluid inside the tube. The sample becomes an integral part of the vibrating system,
directly influencing its mass and, therefore, its resonant frequency. To ensure accurate measurements,
VTDs require calibration using fluids with a precisely known density. The small size of VTDs allows
for the cost-effective use of materials such as stainless steel and specific alloys including Hastelloy and
Inconel, allowing operation under highly corrosive conditions. However, caution is recommended when

employing VTDs with systems likely to solid phase formation [134].

This chapter studies the detailed principles of VTD measurement, including design considerations for
safety, calibration procedure, validation technique, and a complete analysis of associated measurement

uncertainties.
4.2. Principle of Measurement

A vibrating tube densimeter typically involves a thin-walled, hollow tube (metallic or glass) with a “U”
or “V” shape. This tube is fixed to a heavy metal block, which itself is attached to a large mass. This
system effectively isolates the tube from external vibrations. The sample fluid fills the tube, which
vibrates perpendicular to its plane within an electromagnetic field. The mechanical system is excited
externally until the oscillator enters resonance with its natural frequency. In this way, the amplitude of
the oscillations is maximised. The frequency of the oscillator depends only on the mass of fluid plus
the mass of the tube in the vibrating part of the tube. The resonant frequency of this harmonic oscillation

directly correlates to the density of the fluid inside the tube [131,134].
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Two electromagnetic assemblies, each consisting of a permanent magnet and a wire coil (or simply a
wire), are commonly used. One assembly generates the vibration in the tube, while the other detects its
frequency. The original design by Kratky et al. [170] employed wire-coil electromagnets, and this
configuration remains widespread in commercial instruments from companies like Anton Paar. As an
example, Anton Paar DMA HPM densimeter utilizes a U-shaped Hastelloy C-276 oscillating tube with
two coupled coils for mechanical vibration, enabling density measurements at pressures up to 140 MPa

and temperatures ranging from (263.15 to 473.15) K [134,171].

A vibrating tube shares fundamental similarities with a vibrating rod clamped at both ends. Therefore,
the same mathematical framework can be applied to describe their oscillations. The derivation of the
principal working equations relies on an expression for the vibrating period z, of the tube when it

oscillates at its fundamental harmonic mode and its resonant frequency, given as Equations 4.1 and

4.2.

Tzz.n/M (4.1)
k

2 4.2 4, 2 PV 42

T“=4-7 k+41r " (4.2)

where mo and V; are the mass and inner volume of the tube, respectively, and p is the density of the fluid
inside the tube. The parameter £ is the force constant which depends on the size and shape of the tube
and is proportional to the Young’s modulus of the tube material. The density of the fluid can be written
as a linear function of the square of the vibrating period using Equation 4.3.

k my,

2
p=——— 2 -2 (4.3)
4'7T2‘Vl' Vi

when mg and V; are assumed to be constant for the tube.

The parameters 4 and B, which depend on both temperature and pressure, are defined from Equation

4.3 as detailed in Equations 4.4 and 5.5, respectively.

k
A= 44
4.2 .V, (4.4)
my 4.5)
B=-2
Vi
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Then, Equation 4.3 can be rewritten as Equation 4.6.

p(T,p) = A(T,p) - t*(T,p) — B(T, p) (4.6)

Despite having physical meaning related to the oscillating tube, parameters 4 and B are typically
determined through calibration using two fluids with well-defined densities, which will be explained in
Section 4.5. Additionally, depending on the calibration procedure to be used, 4 may depend only on

temperature or on temperature as well as pressure, while B depends on both.

The vibrating period 7 is typically determined using a simple digital counter. When precise temperature
and pressure control are established, short-term stability (over approximately 10* seconds) on the order
of £7-10°° can be achieved. This stability can improve even additional under near-ambient conditions

[134].
4.3. Apparatus Description and Experimental Procedure

The base of the system is the Anton Paar DMA HPM vibrating-tube densimeter, a commercially
available instrument. However, to realize the full experimental capabilities, the setup requires the
construction and integration of supplementary equipment and peripheral units. The employed method
measured densities from (0 to 3000) kg-m™, with a resolution of 10 kg-m™. The period is measured
using a mPDS 2000V3 evaluation unit. Temperature in the densimeter was measured with a calibrated
Pt100 probe with an expanded uncertainty of 0.02 K (95.5 % confidence level). The pressure system
employs a Druck DPI 104 transducer with a range up to 140 MPa and an expanded uncertainty of 0.02
MPa. Excluding the filling and cleaning process, the apparatus works in a fully automated fashion,
controlled by code implemented in Agilent VEE Pro software [166]. Figure 4.1 shows a schematic

description of the equipment used.

A detailed description of all the components of the vibrating tube densimeter will be provided below.
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Figure 4.1. Scheme of vibrating tube densimeter (TermoCal laboratory). PIT: pressure indicator and
transmitter Druck DPI 104; TT: temperature transmitter Pt100; V1-V5: high-pressure needle valves;
V6: high-pressure three-way valve; V7 and V8: relief valves; RD: rupture disc; C1 and C2: crosses.

4.3.1.HPM DMA Unit

The HPM DMA Unit includes a mechanical unit and an electronic unit. A photo of this unit can be seen
in Figure 4.2. The U-shaped oscillating tube is the heart of the mechanical unit, made from Hastelloy
C-276, a well-known material known for its corrosion resistance and high strength. This tube is rigidly

mounted on a heavy bronze block. This represents the counter mass of the oscillator.

The electronic unit is connected to the measuring cell by coaxial cables and serves as the driving force.
Its primary function is to excite the vibrating tube, provoking it to resonate at its natural excitation
frequency. This excitation occurs in a direction perpendicular to the plane containing the tube, ensuring
precise control over the vibrational motion. The coaxial cables act as conduits for electronic excitation,
delivering the necessary energy to the oscillator via two coils. An electronic circuit maintains a constant
amplitude of the oscillations, ensuring consistent and reliable measurements. The induced vibration is
transmitted to the cell by a metal foil attached to the base of the oscillator. This foil acts as a mechanical
bridge, transferring the vibrational energy from the oscillator to the cell. The module determines the
period of oscillation of the tube by interpreting this signal, which is directly related to the density of the
fluid under study. The evaluation unit mPDS 2000V 3, a frequency meter, measures the tube’s vibration

period with an uncertainty of 10~ us. Typical period values for the tube are around 2600 ps [131,136].
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Figure 4.2. HPM DMA Unit photo.
4.3.2. Temperature Control System

Precise temperature control is essential for the vibrating tube unit. To achieve this, the unit should be
contained in a thermostated environment. An external JULABO F25-HE thermostatic bath circulates a
temperature-controlled fluid (silicone oil) through the cell’s internal jacket. To minimise heat loss and
maintain temperature stability, the rubber tubes of the circuit are insulated with thermal foam. The
temperature control system is integrated into the bath itself and utilizes a Pt100 sensor inserted into the
DMA HPM unit. This sensor is positioned within a cavity in the U-plane of the mechanical oscillator
to measure the temperature of the sample. The Pt100 sensor has been calibrated against two calibrated
Pt100 sensors at 13 temperature points from (273.15 to 413.15) K. The Pt100 sensors have been
calibrated at the TermoCal facility, an accredited temperature calibration laboratory. The sensor’s
temperature measurement uncertainty is 0.02 K (95.5 % confidence). In Equation 4.7 the interpolation

function obtained from calibration is shown.

trear = —1.8166 - 1077 - (£, — £)3 + 3.0368 - 1075 - (t,,, — t)2 — 3.8737 - 1073

4.7
< (ty, — t) — 3.2012 “7

where ¢ is the temperature measured with the Pt100 sensor in °C, and #y is the average temperature

measured with the two calibrated Pt100 sensors in °C.

The Pt100 sensor is a reliable temperature measurement device, utilising platinum as its conductive
metal material. With a calibrated resistance of 100 Q at 273.15 K, the Pt100 offers several advantages
over thermistors. Its wider temperature measurement range, extending beyond 413.15 K, allows for
accurate readings. The Pt100 sensor also has a good chemical stability, linearity and high purity of its
construction materials. These qualities make the Pt100 sensor a preferred choice for demanding

temperature measurement applications.
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4.3.3. Pressure Control System

The measuring fluid is pressurized by a HiP Model 68-5.75-15 pressure generator, as can be seen in
Figure 4.3. This generator directly pressurizes the fluid line. A stepper motor (ACP&D type 6530-R211
with reducer) controls the piston within the generator, allowing precise volume and pressure
adjustments. For safety, the system incorporates two relays: one for piston end-of-stroke and another
for start-of-stroke. The piston was packed with Teflon which is a chemically, mechanically, and
thermally stable material. Pressure within the system is monitored by a Druck DPI 104 transducer,
capable of controlling pressures up to 140 MPa, with a resolution of 0.001 MPa throughout its entire
measurement range (0.1-140 MPa). Furthermore, this sensor has been calibrated at the TermoCal
facility, an accredited pressure calibration laboratory, with an uncertainty of 0.02 MPa (95.5 %

confidence level).

The pressure circuit employs HiP stainless-steel tubing with a specific outer diameter (%4”) throughout
and HiP high-pressure needle valves with compatible connection sizes. These valves are directly

coupled to the tubing via machined threads, creating a secure metal-to-metal seal under pressure.

Figure 4.3. Pressure control system photo.
4.3.4. Pre-measurement Setup and Measurement Experimental Procedures

The initial step involves cleaning and removing any residual fluid from the densimeter system. To
achieve this, water and isopropanol are introduced into the system to dilute the previously measured
liquid. This dilution process is repeated until the densimeter is clean (two times for water and one time
for isopropanol). The cleaning fluids are then evacuated using a vacuum line. This line includes a
vacuum tube, a Leybold Vacuum Thermovac gauge, a liquid nitrogen cold trap, and a Leybold Trivac
rotary vacuum pump. The evacuation process continues until the pressure within the densimeter reaches
approximately 2 Pa, indicating a high vacuum state. This process facilitates the convenient introduction,
removal, and pressurization of samples during measurements, particularly when the VTD operates

under non-ambient conditions.
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Experiments are conducted in a static mode, where the sample is injected into the vibrating tube using
a piston-driven suction mechanism and the vacuum. Once the sample is introduced into the densimeter
system, the piston movement ceases. During the measurement, the sample remains stationary within
the tube at a predefined pressure. This static configuration is particularly advantageous for

characterising pure fluids and their mixtures [134].

The entire measurement process is controlled by a program written in Agilent VEE Pro. This program
utilizes a series of three hierarchical control loops: temperature, pressure, and period. Upon start-up, the
program prompts the operator to specify the desired filename for the data (Excel format) and the
temperature and pressure points for density measurements. The program then instructs the thermostatic
bath to regulate the densimeter’s temperature using the external Pt100 probe to reach the target value.
A measurement loop continuously monitors the temperature until a stable state is achieved. That means
that the standard deviation of the last ten measurements was less than 10~. The program controls the
pressure generator piston through a combination of on-off control with a deadband to avoid excessive
adjustments. This allows for fine-tuned piston movement per stepper motor rotation. A Druck DPI 104
transducer continuously monitors the pressure, ensuring it reaches the desired value. Stability is
achieved by minimising the standard deviation of the last ten pressure readings. Once the pressure loop
stabilizes, the program initiates the densimeter period measurement loop. While this loop measures the
period, it also verifies that the pressure remains stable. When the standard deviation of the last ten period
measurements falls below 107 us, the program records all monitored data to the previously opened
Excel file. Following this recording, the program either moves to the next pressure point within the

current isotherm or starts a new isotherm if the pressure sweep is complete [131].
4.4. Design Considerations for Safety

The main hazards associated with this experimental technique are related to the high pressure and
temperature ranges, in addition to the risk associated with handling hazardous substances such as
amines, carbon dioxide and nitrogen in liquid state. Therefore, it is necessary to design a safety system
for the vibrating tube densimeter, including active and passive elements, according to the ALARP

principle of the residual risk (as low as reasonably possible) [172].
The following methodology has been used to assess the risks associated with an experimental activity:

1. Identify the hazards (HP/LP interfaces, COSHH [156], equipment operating parameters).
Developing of Activity Risk Assessment Form (ARAF) document.
Implementing risk control.

Reviewing and recording the results of the above steps.

A

Check controls (maintenance and calibration).
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The first step was described in detail in Section 3.1 in Chapter 3 and involves the preparation of a
“Control of Substances Hazardous to Health (COSHH) Essentials” report from the detailed study of
“Material Safety Data Sheets (MSDS)” for all substances involved in the measurement process [159].
In addition, the high pressure (HP) and low pressure (LP) interfaces are identified from the operating
conditions in the equipment Piping and Instrumentation Diagram (P&ID). As a second step an
experimental “Activity Risk Assessment (ARAF)” document [173] will be developed including
identification of evacuation and waste management methods and procedures for safe equipment
handling. In the third stage, incorporate safety controls like relief valves and rupture discs to ensure safe
equipment operation, updating the ARAF consequently. A detailed description of the equipment,
including the measurement procedure, ARAF document, COSHH report and the P&ID must always be

available to the operator.

The overall risk to the standard operating procedure was identified in the activity risk assessment [173].
In this part, the active safety element was defined as a control in place. As a result, the implementation
of a total of two relief valves in the HP/LP interfaces connected to another piece of equipment and a
rupture disc between the stepper motor/piston and the filter were considered, as detailed in the P&ID of
the VTD in Figure 4.4. The overall residual risk was moderate due to the low probability of injury or

damage occurring and the fatal severity of the worst injury or damage in the absence of controls.

SRR o

— Vacuum
- . HP | LP Pump
Stepper Drain
Motor
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Figure 4.4. Scheme of vibrating tube densimeter (TermoCal laboratory). PIT: pressure indicator and
transmitter Druck DPI 104; TT: temperature transmitter Pt100; V1-V5: high-pressure needle valves;
V6: high-pressure three-way valve; V7 and V8: relief valves; RD: rupture disc; C1 and C2: crosses;
Red circles: active elements implemented after activity risk assessment; HP: high-pressure interface

and LP: low-pressure interface.
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4.5. Calibration Procedure

As detailed in Section 4.2, the vibrating period z, measured with a VTD correlates to density p, using

Equation 4.6 proposed by Lagourette et al. [164].

p(T,p) = A(T) - t*(T,p) — B(T,p) (4.6)

Sousa et al. [165] and Lagourette et al. [164] aimed to reduce the number of fluids required for
calibrating vibrating tube densimeters. This was motivated by the difficulty of finding in literature
precise density values for two reference fluids across a wide range of temperatures and pressures. Their
approach involved experimentally determining the evacuated tube’s vibrating period zo(7). Lagourette
et al. then proposed two methods (methods 1 and 2) for temperature and pressure-dependent density
calibration. These methods rely on assumptions about how the densimeter’s internal parameters change
with temperature and pressure. Method 1 assumes 4 and B are temperature-dependent, but only
parameter B varies (linearly) with pressure, leading to slightly better agreement with reference fluid
densities during calibration, according to Lagourette et al. However, method 2 offers a stronger

theoretical foundation and aligns with Sousa et al.’s proposal.

As described above, method 1 assumes that only parameter B varies significantly with pressure. This
method requires only one additional fluid to measure the vibrating period as a function of temperature
with knowledge of a reference fluid’s volumetric behaviour (density as a function of temperature and
pressure). Vacuum is typically chosen as the second “fluid” for this purpose [174,175]. In this sense,
and taking into consideration that B(7,0) = B(7,0.1 MPa), Lagourette et al. [164] derived a density
equation using water as the primary reference fluid, as given in Equation 4.8. Then the parameters 4

and B can be calculated using Equations 4.9 and 4.10.

Tz (T, P) - T\%V(TJ P)

p(T,p) = pw(T,p) + pw(T, 0.1 MPa) 72T, 0.1 MPa) — 22(1) (4.8)
_ pw(T,0.1MPa)
A = 7%,(T, 0.1 MPa) — t2(T) (4.9)
w(T, 0.1 MP
B(T,p) = oot ( H 7w (T, p) = pw(T,p) (4.10)

72(T,0.1 MPa) — 72(T)

where py, is the density of the water, 7, is the vibrating period of the water, and 7y is the vibrating period

In a vacuum state.

Parameters 4 and B in Equation 4.6 are specific to the VTD being used and require calibration through

measurements of the VTD’s vibrating period under two conditions: once in a completely evacuated
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state (vacuum) and again filled with a reference fluid (water in this case). This calibration ensures that
A and B values are determined at the exact temperature and pressure conditions where the sample fluid’s
density will be measured [136,164]. Due to its well-characterised density, water was chosen as the
reference fluid for this study. This selection is supported by the extensive data reported by Wagner and
Pruss [176]. Their work covers a wide range of temperatures and pressures, enabling the development
of accurate equations of state for pure water density. These equations present standard uncertainties as

low as 0.001 % to 0.02 %.

Following the method 1 developed by Lagourette et al. [164] for calibrating VTDs supplied by Anton
Paar, the densimeter was calibrated using water and vacuum over the whole working temperature and
pressure ranges, i.e., at temperatures from (273.15 to 393.15) K and pressure up to 100 MPa. Lagourette
et al. [164] highlight that parameter A(7) is only dependent on temperature 7, while parameter B(7,p)

is significantly influenced by both pressure p, and temperature 7.

Figures 4.5 and 4.6 show the behaviour of the calibration parameters obtained using water and vacuum
in this study. Figure 4.5 displays the ratio A(7)/B(T,p) plotted against pressure p, and Figure 4.6 depicts
A(T) versus temperature 7. As can be seen from these figures, A(7)/B(T,p) exhibits minimal variation
with pressure. On the other hand, A(7) shows a linear decrease with increasing temperature. These
trends are consistent with the conclusions reported by Lagourette et al. [164], Vega-Maza [131] and

Lugo et al. [133].
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Figure 4.5. Coefficient A(T)/B(T,p) as a function of pressure p. Isotherms: (M) 7=273.15K, (W) T =
283.15K, (A) T=293.15K, (A) T=303.15K, (®) T=313.15K, (@) T=323.15K, (M) T=333.15
K, (M) T=343.15K, (A) T=353.15K, (A) T=363.15K, (k) T=373.15K, and () T=393.15 K.

Dashed lines represent the linear function of each isotherm.
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Figure 4.6. Parameter A(7) as a function of temperature 7 at pressure p = 0.1 MPa. Dashed line

represents the linear function.
4.6. Uncertainty Budget

Uncertainty calculations for density measurement were carried out following the procedure described
in the Guide to the Expression of Uncertainty in Measurement JCGM 100:2008 [177] and explained in
[166]. The relative expanded uncertainty (U,) in density measurements for CO,-free amine solutions
was 0.1 %, corresponding to a 95.5 % confidence level. Incorporating CO; loading into the amine
solution increased this relative expanded uncertainty to 0.2 %, 95.5 % confidence level. An example of

how the latter was calculated is shown below.

Table 4.1 presents the uncertainty budget for temperature and pressure, Tables 4.2 and 4.3 for the
calibration parameters A(7) and B(7,p), respectively, and Table 4.4 for density measurement. All
uncertainty budgets cover the entire temperature and pressure range, and water was used as the reference
fluid. The density uncertainty analysis contemplates the uncertainties of the density of the water py, the
vibrating period of the water 7, the vibrating period at vacuum state 7y, the temperature 7, the pressure
p, and the amine + H,O mixture mass m, for the binary mixtures or the CO; loading « in terms of mol
of CO; per mol of amine, in ternary and quaternary mixtures. Equations 4.14 and 4.15 apply the Law
of Propagation of Uncertainty with independent variables (see Equation 4.11) to calculate the
combined uncertainty of density. Each independent property x; has an associated sensitivity coefficient

C(x:), calculated using Equation 4.13.

2

w2 =i[%] THED @1

i=1

y=flxi, .., xy) (4.12)

66



CHAPTER 4: VIBRATING TUBE DENSIMETER

C(x) = [5—;]2 (4.13)

where uc(y) is the combined uncertainty of a defined property y. This combined uncertainty considers
the individual standard uncertainties u(x;), associated with each of the N independent property x;, that

contribute to y as can be seen in Equation 4.12.

2p(T,p)\’ ap(T,p)\°
Uc(p(T,p)) =2 < p(r p)> -uZ(A(T))+<M> -uZ(T(T,p))

dA(T) 0t(T, p)
y (4.14)
ap(T, 2 2
(282 (o)
Ue(p(T,p)) = 2+ [(z2(T,p))" - w?(A(T)) + (2 AT) - 2(T, )" - u?(2(T, p))
(4.15)

+u?(B(T, p))]l/2

Equations 4.14 and 4.15 are valid only if A(T) and B(T, p) are uncorrelated. The interdependence was
tested by computing the correlation coefficient, which yielded a value of 0.1. Including this correlation
in the law of propagation of uncertainty had no impact on the combined uncertainty of density.

Therefore, Equations 4.14 and 4.15 were applied.

The expanded combined uncertainty (95.5 % confidence level) of the calibration parameter A(7) is
calculated using Equation 4.16 according to its definition in Equation 4.9 and the law of propagating
errors, see Equation 4.11. The reference pressure prr, was set at 0.1 MPa. However, for the isotherms
measured at 373.15 K and 393.15 K, a reference pressure of 1 MPa was used because it was the lowest
pressure attainable in those specific experiments. The sensitivity coefficient Ca(xi), used in this

calculation are shown in Equations 4.17 to 4.19.

= 0AT) i (4.16)
Uc(A(T)) =2- [<m> .y (pW(T, pref))
1
oA(T) \ OAT)\? ;
+ <m> -u? (TW(T, pref)) + <m> - u? (TO(T))]
oA AT (4.17)

C T = B
4 (Pw( :pref)) apW(T.Pref) pW(T,pref)
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_0AM)  =2-AX(T) -1 (T, Drey) (4.18)
CA (TW(T' pref)) B aTW(TI pref) B pw(T' pref)
0A(T)  2-A%(T) - 14(T) (4.19)

Ca (To (T)) = =

97o(T) Pw (T, pref)

The law of propagating errors, as described in Equation 4.11, is used to calculate the expanded
combined uncertainty (95.5 % confidence level) of the calibration parameter B(7,p), which is shown in
Equation 4.20. B(T,p) has been defined using Equation 4.10. The sensitivity coefficients Cg(x;),

employed in this calculation are detailed in Equations 4.21 to 4.23.

dB(T,p) \* 8B(T,p) \* (4.20)
UC(B(T,p))ZZ <W’]"’pp)> uz(pW(T’p))+<W’IW’I’l))> uz(TW(T,p))
1
/
dB(T,p)\ 2
¥ <—6TE) (T’;)> 2z, (T))]
dB(T, A(T) - T3(T, 421
Co (0w (T, p)) = (T,p) _A(T)-ty(T,p) 1 4.21)

0pw(Tp) Py (T, pres) B

_ 0B(T,p) _ =2 AX(T) - 1y (T, prey) - T6(T) (4.22)
Cp (TW(T, p)) - aTW (T, p) - Ow (T, pref)
Cp (To (T)) - 97, (T) = o (T, pref)

Table 4.1. Uncertainty budget for temperature 7, and pressure p, in the range of temperature from

(293.15 to 393.15) K and pressure from (0.1 to 100) MPa.

Source of Uncertainty (xi) Units Estimate uncertainty Divisor ue(xi)
Calibration 2-107 2
u(T) Resolution K 1-107 24/3 1-10
Repeatability 3-107 1
Calibration 2:107 2
u(p) MPa 1-10?
Resolution 1107 243
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Repeatability 5-107 1

Table 4.2. Uncertainty budget for the calibration parameter 4(7) in the density measurement in the

range of temperature from (293.15 to 393.15) K and pressure from (0.1 to 100) MPa.

Estimate

Source of Uncertainty (xi) Units ) Divisor u(x;) Ca(x) u(A(7T))
uncertainty
Reference
u(pw) . kg'm? 1-102 V3 6-10°  2-10° 1-10®
material
Resolution 1-107 243
u(7y) s 2:10°  -3-10°  -6-10°
Repeatability 2-107 1
Resolution 1-10° 243
u(7o) us 2:10°  3-10° 6-107
Repeatability 2:107 1
u(A(T)) k=1 kg-m3-ps™ 9-10®
U(A(T)) k=2 kg-m?>-ps? 2-107

Table 4.3. Uncertainty budget for the calibration parameter B(7,p) in the density measurement in the
range of temperature from (293.15 to 393.15) K and pressure from (0.1 to 100) MPa.

Estimate

Source of Uncertainty (x;)  Units ) Divisor  u(x;) Ca(xi) u(B(Tp))
uncertainty
Reference
u(pw) _ kg-m™ 1-107 V3 6:10° 16 9-107
material
Resolution 1-10° 243
u(ty) - us 2:10°  -200 -4-10™
Repeatability 2:10° 1
Resolution 1-10° 243
u(7o) - s 2:10° 208 5-10"
Repeatability 2-10° 1
u{(B(Tp)) k=1 kg'm? 510"
U«(B(T,p)) k=2 kg'm™ 1
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Table 4.4. Uncertainty budget for density p, in the range of temperature from (293.15 to 393.15) K and
pressure from (0.1 to 100) MPa.

' ) Estimate o
Source of Uncertainty (xi) Units ) Divisor u(xi) C(xi) u(p(Tp))
uncertainty
Resolution 1-103 24/3
u(t) - us 2-10° 13 3-107
Repeatability 2:107 1
Linearity 3-10° 1
u(m) Resolution kg 1-10°¢ 243 3-10° 1 3-10°°
Impurity 3-10* 243
mol-
u(a) COs-loading  CO,/mo 1-10° 1 1-10° 192 2-10"
l-amine
kg-m
u(A(T)) 6-10"! 1 6-10"  7-10° 6-10"
3. us'z
u«(B(Tp)) kg'm™ 5-107 1 5-107 1 5-107
ud(p(T,p)) k=1 kg-m™ 1
Udp(Tp)) k=2 kg-m™ 2
U:(p(T,p)) k=2 % p=1095.9 kg'm? 0.2

Our COs-loaded amine solutions density measurements have an expanded uncertainty of 2 kg-m™,
assuming a 95.5 % confidence level. The calibration process, particularly the uncertainties associated
with constants 4(7) and B(7,p), contributes most significantly to this overall uncertainty. In addition,
the uncertainty associated with the CO» loading in the equilibrium cell is an important contributor to the

combined density uncertainty.
4.7. Experimental Validation

To ensure the accuracy of our density measurements, the apparatus, methodology and calibration were
verified by measuring the density of toluene. These measurements covered the entire temperature and
pressure range of interest in this study with 12 temperatures between (273.15 to 393.15) K and pressures
up to 100 MPa, as detailed in Table 4.5. The experimental data obtained were then compared with an

existing correlation and three experimental data references found in the literature [168,178,179].
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Remarkably, the equation developed by Lemmon and Span [178] for toluene and integrated into the
NIST REFPROP database [180], has an uncertainty of 0.01 % for saturated liquid density around 300

K and near atmospheric pressures.

Table 4.5. Experimental densities p, of toluene at different conditions of temperature 7, and pressure p.

pl(kg-m?)
T/K
27315 283.15 293.15 303.15 313.15 323.15
0.1 8854 8765 8672  857.8 8485  839.0
0.5 885.8 8767 8674 8580 8488 8393

p/MPa

1 886.1 876.9 867.7 858.4 849.2 839.7
2 886.8 877.7 868.4 859.2 849.9 840.6
5 888.8 879.8 870.7 861.5 852.5 843.3
10 892.0 883.2 874.3 865.3 856.5 847.6
15 895.1 886.5 877.7 868.9 860.3 851.7
20 898.1 889.6 881.1 872.4 864.0 855.6
30 903.9 895.6 887.4 879.1 871.0 862.9
40 909.3 901.3 893.3 885.3 877.6 869.7
50 914.5 906.7 898.9 891.3 883.7 876.1
60 919.4 912.0 904.3 896.9 889.5 882.3
70 924.1 916.9 909.5 902.2 894.9 887.8
80 928.6 921.6 914.3 907.2 900.2 893.2
90 933.0 926.1 919.0 912.0 905.1 898.4
100 937.3 930.4 923.4 916.7 909.9 903.4
T/K

333.15  343.15 353.15 363.15 373.15 393.15
0.1 829.4 819.9 810.2 800.3 790.3
0.5 829.8 820.2 810.6 800.7 790.8 770.6

1 830.3 820.7 811.1 801.3 791.4 771.3
2 831.2 821.8 812.2 802.5 792.7 772.9
5 834.1 824.8 815.5 806.0 796.4 777.2
10 838.7 829.7 820.6 811.5 802.3 783.9
15 843.0 834.2 825.5 816.6 807.8 790.1
20 847.1 838.6 830.1 821.5 812.9 795.9
30 854.9 846.7 838.6 830.5 822.4 806.5
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40 862.0 854.1 846.4 838.7 831.1 815.9
50 868.6 861.1 853.7 846.2 838.9 824.5
60 874.9 867.6 860.4 853.3 846.2 832.5
70 880.9 873.8 866.8 859.9 853.2 839.8
80 886.4 879.5 872.8 866.1 859.5 846.7
90 891.7 885.0 878.5 871.9 865.5 853.1

100 896.8 890.3 883.9 877.6 871.2 859.2
“Expanded uncertainties (k= 2): U(T) = 0.02 K; U(p) = 0.0002 and U(p) = 0.7 kg'm™.

Table 4.6 summarizes the statistical analysis comparing our experimental density data to values
reported in the literature for toluene. The absolute average relative deviation (AAD), maximum absolute
relative deviation (MAD), and standard deviation (o) were determined using Equations 4.24, 4.25 and
4.26, respectively. Our experimental data show a good agreement with literature values, as indicated by

the low relative deviations shown in Figure 4.7 and the statistical analysis detailed in Table 4.6.

AAD, p = Z (lpexpl plltll)
N Pexp,i (4.24)
MAD,p — max (Ipexp,i - plit,il)
Pexp,i (4.25)
1 2
o= \/[ﬁ] Z?Ll(Pexp,i - plit,i) (4.26)

where pexp,iis the ith density experimental value, pcaliis the ith density literature value, and A is the total

number of experimental points.

Table 4.6. Statistical parameters for density comparison.

Statistical Literature

parameters | Lemmon and Span [178] Dymond etal. [179] Thmels and Gmehling [168]

AAD 0.02 % 0.06 % 0.05 %
MAD 0.09 % 0.09 % 0.1%
c 0.03 kg'm™ 0.06 kg-m™ 0.02 kg'm™
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100 (pexp'p lit) P exp-1

750 800 850 900 950
pl(kg-m)
Figure 4.7. Relative deviations (%) of density measurements, pexp, in comparison with literature values,
piie. Literature for toluene: (O) Lemmon and Span [178], ((J) Dymond et al. [179], and (A) Thmels and

Gmehling [168]. Dashed lines represent the relative expanded uncertainty of our density measurements.
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5. Flow Calorimeter
5.1. Introduction

Precise isobaric heat capacity data is essential for the successful advancement of carbon capture
technologies. This data supports energy-efficient operation, enhances process control, and guides the

selection of optimal materials, all crucial for effective climate change mitigation.

Flow calorimetry excels in this context by enabling continuous and accurate measurement of liquid
isobaric heat capacity. By minimising heat loss and maintaining stable conditions, flow calorimeters
deliver highly precise thermal property data. Furthermore, automation capabilities facilitate high-
throughput analysis and minimise manual intervention. Furthermore, the isobaric heat capacity can be

studied as a function of temperature and pressure.

This chapter explores the fundamental principles of flow calorimetry measurements, encompassing
critical aspects such as safety considerations during design, calibration procedure, validation method,

and a comprehensive analysis of associated measurement uncertainties.
5.2. Principle of Measurement

A flow calorimeter was used for the isobaric heat capacity measurements [131,181]. The operating
principle of the flow calorimeter is based on a fluid circulating through a calorimetric cell at a constant
flow rate. Simultaneous heating and cooling take place within the cell to maintain a fixed temperature
difference (A7) of 0.5 K between the inlet and outlet temperatures, with an uncertainty of 0.01 K. By
measuring the power supplied to the cell, the isobaric heat capacity is calculated. The calorimeter is
quasi-adiabatic because the heat losses between the cell and the environment are numerically cancelled

out with the experimental procedure.

Flow calorimeters use electrical resistance to heat a fluid. The resulting temperature change and power
input are used to calculate the heat capacity of the fluid at constant pressure, as detailed in Equations
5.1 and 5.2. This method is based on the first law of thermodynamics. The theoretical basis of the

isobaric heat capacity has been described previously in Section 2.2 of Chapter 2.

H(Ty,p) — H(Ty,p) = Q;ft (5.1)
— aH —_ . Qnet
v = (ﬁ),, = A, {m (T, — Tl)} (5.2)
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where H is the enthalpy, 7 is the temperature, p is the pressure, Q,,0; is the net power exchange, and m

is the mass flow rate. Pressure drop effect will be considered below in 5.3.

Based on Equation 5.2 net power exchange (Q,,0¢) can be related to the isobaric heat capacity (c,) as it

is shown in Equation 5.3, over the working range of temperature and pressure.

_ Qnet _ Qnet
Cp

_ Onet __ (5.3)
m-AT v-p-AT

where 1 is the mass flow rate that is determined using the volumetric flow rate v set in the isocratic
pump and the density p of the fluid at the pumping conditions (pressure and temperature). As can be
seen from Equation 5.3, density data are a necessary input for this technique. These data were also
measured using a vibrating tube densimeter Anton Paar DMA HPM described in Chapter 4 and the

experimental data is reported in Chapter 7.

Isobaric heat capacity is temperature dependent. Hence, a small and fixed temperature difference (A7)
of 0.5 K is maintained between the inlet and outlet temperatures. Net power exchange (Q,,.;) was
calculated as a linear function that correlates with the difference between the measured calorific power
without flow (Q,) and with flow (Q,,), as is shown in Equation 5.4, cancelling out the heat losses

between the cell and the environment.

Qnet =a+b- (Qb - Qm) (5.4)

where a and b are two parameters determined in a chemical calibration experiment with water as a fluid

of well-known isobaric heat capacity.

Both Q,, and Q,,, are electric powers (Q) calculated using Equation 5.7, which is a result of combining

Joule’s Law (see Equation 5.5) and Ohm’s Law (see Equation 5.6).

Q’ — 12 R (5.5)
[ = % (5.6)
.2

Q= 7 (% pulse) (5.7)

where / is the electric current, V' is a constant voltage, R is the resistance and % pulse is the controlled

percentage of pulse width in seconds supplied by an arbitrary waveform generator.
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5.3. The Viscous Dissipation

Friction along the tube causes a pressure loss, so the process is not completely isobaric. Furthermore,
viscous dissipation implies heat, which should be considered. Since the viscosities of the fluids used in
this study are not high (less than 10 mPa-s) and the flow regime is laminar (Re < 200), the Poiseuille
Law (see Equation 5.8) was applied to correct this effect and determine the dissipative energy loss
(Q,). The magnitude of this correction is about 3 % in the final value of the isobaric heat capacity,
which is higher than the relative uncertainty reported for the calorimeter. Therefore, the viscosity

correction was considered when calculating the isobaric heat capacity.

. m-Ap m-128-L-n-v 128 -L-n-v?
Q= = T = 4 (5.8)
p p-mT-D w-D
where L is the tube length, which is 2.5 m; D is the tube diameter given by the supplier, which is 0.8

mm; v is the volumetric flow rate; and # is the dynamic viscosity of the fluid at the calorimeter

conditions. Equation 5.3 can be rewritten as Equation 5.9, by adding the friction correction.
Qnet = [a +b- (Qb - Qm)] - Qc (5.9)

As explained above, dynamic viscosity is then a necessary input to the friction correction term. The
estimation of high-pressure viscosity was considered unnecessary due to the negligible error introduced
by using ambient pressure viscosity. This error introduced into the isobaric heat capacity is only 0.03
% for the largest viscosity correction at the highest flow rate. This value is almost an order of magnitude

smaller than the reported uncertainty.
5.4. Apparatus Description and Experimental Procedure

A double-piston Agilent HPLC 1100 series isocratic pump draws the liquid to be measured from the
sample container at ambient pressure at programmable constant volumetric flow rate. This liquid is then
pumped through the calorimetric cell. Under the specified temperature and pressure conditions, the
density of the fluid is considered to calculate the isobaric heat capacity as a function of the volumetric
flow rate, according to Equation 5.3. The total volume the circuit, excluding the pumps and sample
container, is roughly 12 cm®. Figure 5.1 shows a schematic diagram of the experimental set-up, and

Figure 5.2 shows a current photo of the flow calorimeter apparatus.

Before entering the calorimetric cell, the fluid passes through a 3.2 m coiled spiral tube immersed in a
thermostatically controlled bath. This ensures that the fluid enters the measurement cell at a controlled

temperature, regulated by the surrounding bath.
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Figure 5.1. Scheme of the flow calorimeter (TermoCal laboratory). PIT: pressure indicator and

transmitter Druck DPI; TT: temperature transmitter Pt100.

Figure 5.2. Flow calorimeter apparatus at the TermoCal UVa laboratory.

5.4.1. Calorimetric Cell

The calorimetric cell consists of a copper cylinder with a diameter of 14 mm. A thin stainless steel tube,

of approximately 2.5 m long and an internal diameter of 0.8 mm, is coiled around a copper cylinder.
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The copper cylinder containing the tube is silver-welded and placed in a sealed stainless-steel vessel

with a lid. Figure 5.3 shows a schematic diagram of the calorimetric cell.

As previously described in Section 5.2, the fluid temperature decreases by 0.5 K between the inlet (71)
and the outlet (7%). This is achieved by controlling the 7> temperature using a combination of cooling
and heating. A thermoelectric cooler, a Peltier device, provides the cooling power, while an electrical
resistance (100 Q) delivers the heating power; both are located at the outlet (top) of the calorimetric
cell. The Peltier device is powered by an Agilent E3640A power supply at constant current. On the
other hand, the electrical resistance (100 ) is controlled by a constant frequency (10 kHz, 2 V)
provided by a variable time pulse generator Agilent 33220A, which compensates for all the energy

contributions and sets the desired temperature rise.

When the fluid is flowing through the cell, the control resistance acts to maintain a steady temperature.
The net power difference with and without flow is related to the change in enthalpy of the fluid and this

to the isobaric heat capacity, as detailed in Equations 5.3 and 5.4.

Inlet Outlet

A

Peltier
device

| ———T———NTC 10 kQ Thermistor
—~— |
\ 4 \\\“*Heater Resistance 100 Q

T~ NTC 50 k2 Thermistor

Calibration Resistance 500

Cell

|

‘———___ .
Thermostatic Bath NTC 10 kQ Thermistor

Figure 5.3. Schematic view of the calorimetric cell.
5.4.2. Temperature Control System

A thermostatic bath (Hart Scientific 7041) maintains the inlet temperature of the fluid and acts as a heat
sink. The calorimetric cell is immersed in the thermostatic bath, as shown in Figure 5.1. Using water
as the working fluid, this bath offers temperatures in the range (293.15 to 353.15) K with a stability of
+£107 K and a resolution of 10~ K. The fluid inlet temperature (7}), which is the temperature inside the
bath is accurately determined using a Platinum Resistance Thermometer 25 Q (PRT25) sensor
connected to a resistance bridge (Multifunction Reference Thermometer Readout Additel 286) with a

resolution of 2-10* K.
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A 10 kQ control NTC thermistor, located in the upper part of the cell, measures the output temperature
with a stability better than 1 mK. For this purpose, the electrical resistance of the 10 kQ control NTC

thermistor is measured using a multimeter (82 digit 3458A).
5.4.3. Pressure Control System

The pressure of the entire fluid system is measured using a pressure indicator, Druck DPI 104 with an
expanded relative uncertainty (k = 2) of 0.05 %. A Mity-Mite model S91XW back pressure regulator
valve, installed in the circuit at the outlet of the measurement cell, maintains a pressure in the circuit
higher than the pressure in the sample container. This pressure is established by the action of a variable
volume piston HiP Model 87-6-5 controlled by a stepper motor ACP&D type 6530-24-4-0.4. The back
pressure regulator valve isolates the measurement flow circuit and the hydraulic pressure control circuit.
The fluid handling system includes medium-pressure fittings and tubes, as well as valves for medium-

pressure filling connections.
5.4.4. Isocratic Pump

An Agilent 1100 Series precision double-piston isocratic pump was used to maintain a constant flow
rate through the calorimetric cell. This pump, commonly used in HPLC chromatography applications,
features a proprietary servo-controlled variable stroke drive, floating sapphire pistons and an active inlet
valve. The liquid sample is fed and pumped to the high-pressure side. The pump assembly can generate
pressures up to 40 MPa, , as shown in Figure 5.4. A damping unit is connected between the two piston
chambers and a purge valve with a PTFE frit is fitted to the pump outlet for easy pump head priming.
The isocratic pump offers a resolution of 10~ mL-min™ at a flow rate from (0.001 to 10) mL-min™'. The
flow rate precision is typically 0.15 %, based on retention time, at 1 mL-min™ [182]. A four-wire Pt100

sensor connected to an Agilent 34401 A multimeter is used to measure the temperature inside the pump.
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Figure 5.4. Isocratic pump main parts and the principle of operation (Source: [182]).

5.4.5. Pre-measurement Setup and Measurement Experimental Procedures

As a first step and before starting the measurement, the whole system was evacuated and cleaned with
pure water. To ensure proper cleaning of the apparatus, approximately 50 cm® of pure water was allowed
to pass through the pump and the calorimetric cell as well as the entire tubing system. After this step,

the flow calorimeter is ready to start the measurement.

Before each experiment, the control thermistor is calibrated by stabilising the temperature of the whole
cell at the future target fluid outlet temperature (72), 0.5 K lower than its inlet temperature (7). This
calibration is carried out against a PRT25 immersed in the bath, measured with the Additel resistance
bridge. First, the temperature of the thermostatic bath is set 0.25 K below the desired measurement
temperature; for example, at 293.15 K, the set temperature was 292.90 K, which is the output
temperature 7> of the cell. Once the temperature is stable, the stability criterion being a deviation < 1
mK, the bath temperature is changed to a value of 0.25 K above the measurement temperature, i.e.,
following the example of the measurement at 293.15 K, this value was 293.40 K, which is the input

temperature 71 of the cell. Once this temperature value has stabilised, the experimental measurement
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can proceed. In summary, the liquid sample enters the calorimetric cell at 293.40 K and is cooled to

292.90 K by the Peltier device.

As explained in Section 5.2, the heat capacity is determined by measuring the net power Q. using
Equation 5.3. Following Equation 5.4, this net power is determined by performing two experiments:
the first one, an experiment without fluid flow (baseline) and the second one with fluid flow. In the
baseline, the cooling power supplied by the Peltier device is set and kept constant throughout the
experiment. The steady-state value of the heating power @, supplied by the control resistor and
required to maintain the 0.5 K gradient is recorded and stored in Agilent VEE Pro software. After that,
the second experiment start. The first of five sample flows is then set in the isocratic pump and the

heating power Q,,, required to maintain the constant temperature gradient is stored.

This measurement procedure is repeated at five different volumetric flow rates, between 0.90 and 1.45
mL-min™!, which is the optimum flow range for the measurement: if the flow rate is too low, the
resolution is not good, and radial temperature gradients would appear due to the low velocity of the
fluid; if the flow rate remains too high, the heat exchange would not take place properly. This is used
to evaluate the repeatability of the measurement, as shown in Figure 5.5. This range was also

demonstrated in [183] to be optimal for the types of fluids studied in this work.
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Figure 5.5. Experimental isobaric heat capacity ¢, of the 2-ethylaminoethanol (EAE) + H,O mixture as

a function of volumetric flow rate v, at amine mass fraction of w = 0.2 and temperature 7 = 293.15 K.

5.5. Design Considerations for Safety

This experiment involves high pressure, high temperatures, and hazardous materials like liquid amines.
To minimise risks (following the ALARP principle - As Low As Reasonably Possible) [172], a safety

system was designed with both active and passive features for the flow calorimeter.
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To ensure the safety of everyone involved in this experiment, a five-step process were follow:

1. Identifying the Risks: First, the interfaces between medium-pressure (MP) and low-pressure
(LP) areas were examined, reviewing the equipment’s operating parameters based on the Piping
and Instrumentation Diagram (P&ID), as shown in Figure 5.1. Hazardous materials were
considered based on “Control of Substances Hazardous to Health” (COSHH) report, detailed
in Chapter 3 [156].

2. Creating a Safety Plan: Next, a detailed “Activity Risk Assessment” (ARAF) document was
developed [173]. This plan outlines procedures for safe equipment handling, evacuation in case
of emergencies, and proper waste management.

3. Implementing Safety Measures: The third step is to install safety controls, such as a back
pressure valve to protect against overpressure. In addition, tubing and fittings must be suitable
for medium pressures to minimise risks during operation. These aspects were already
considered in the apparatus original design. The ARAF was updated.

4. Keeping Records: All crucial information, including a detailed equipment description, the
measurement procedure, the ARAF document, the COSHH report, and the P&ID, are always
readily available to the operator for reference.

5. Regular Checks: Finally, we regularly maintain and calibrate the safety controls to ensure they

remain effective.
5.6. Calibration Procedure

A chemical calibration experiment was conducted to determine the coefficients a and b in Equation
5.4. Water was chosen as the calibration fluid due to its well-characterised isobaric heat capacity. These
data are available in the NIST REFPROP database [180], which incorporates an empirical equation for
calculating isobaric heat capacity developed by Lemmon and Span [178]. For this purpose, we measured
the isobaric heat capacity of water at four temperatures: 293.15 K, 313.15 K, 333.15 K, and 353.15 K,
and pressures up to 25 MPa. As demonstrated by Vega-Maza [131], parameter a is practically zero
because heat losses are similar between flow and no-flow experiments. The value of b was determined
for each temperature across the entire pressure range. The algorithm minimised the sum of the squares
of the differences between the experimentally measured and literature values of isobaric heat capacity.
Table 5.1 summarizes the behaviour of parameter b at different temperatures. Figure 5.6 shows how

temperature affects the calibration curve.
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Table 5.1. Temperature T dependence of the calibration parameter b.

T/K b
293.15 2.0921
313.15 2.0925
333.15 2.1068
353.15 2.1481

22 |
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Figure 5.6. Temperature dependence of the calibration curve.
5.7. Uncertainty Budget

Uncertainty calculations for the experimental measurements were carried out according to the procedure
described in the Guide to the Expression of Uncertainty in Measurement, JCGM 100:2008 [177]. Using
a flow calorimeter, the relative expanded uncertainty (k= 2) for the isobaric heat capacity measurements
was better than 1 %, as detailed in Table 5.2. The full uncertainty analysis has previously been reported
by [181,183]. The Law of Propagation of Uncertainty with independent variables shown in Equations
5.10 and 5.11 has been applied to calculate the combined uncertainty from Equation 5.3, as detailed
in Equation 5.13. Each independent property xi has an associated sensitivity coefficient C(x;),

calculated from Equation 5.12.

2

u(y) = i [5—;] u?(x;) (5.10)

=1

y=f(x .., xy) (5.11)

85



CHAPTER 5: FLOW CALORIMETER

C(x) = [g—;r (5.12)

where uc(y) is the combined uncertainty of a defined property y. This combined uncertainty considers
the individual standard uncertainties u(x;), associated with each of the N independent property x;, that

contribute to y, as can be seen in Equation 5.14.

2

2( acp ’ 2
ut@) + |5 cutlp)

0 Qnet ap
, y (5.13)
(2 2(AT) 2
aar) "
The sensitivity coefficients C(x;) used in this calculation are given in Equations 5.14 to 5.17.

9 1 (5.14)
aQ.net v-p-AT '
aif’ = & (5.15)
av v2-p- AT
aﬁ = _ L (5.16)
ap v-p?- AT
acp Qnet (5.17)

OAT —  v-p- (AT)2

Table 5.2. Uncertainty budget for the isobaric heat capacity in the temperature range (293.15 to 353.15)
K and pressure range (0.1 to 25) MPa.

_ . Estimate o
Source of Uncertainty (xi) Units ) Divisor u(xi) C(xi) u(cp)
uncertainty

u(cp) Repeatability  kJ-kg'-K' 1-102 1 1-10° 1 1-102
Resolution 4-10° 243 1-10°

(Qner)  Repeatability w 4-10° 1 4-10° 99 1-107
Non-linearity 1-10* 1 1-10*
Precision 3-10” 1 3-107

u(V) mL-s™ 78 2:10°
Resolution 2-10° 23 5-10°
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u(p) Densimeter kg'm’ 7-10° 2 4-10* 2 5-10
Resolution 1-10° 243 3-10™
u(AT) Inlet Stability K 1-107 V3 6-10 3 3-10°
Outlet Stability 1-10° V3 6-10™
u(cp) k=1 kJ-kg!-K! 210
Ud(cp) k=2 kJ-kg'-K! 3-10?
Ui(cp) k=2 % cp=4.19 kI'kg!-K! 1

Table 5.2 details the contributions to the uncertainty budget, noting that the main contributions are the
non-linearity of the net power and the repeatability of the isobaric heat capacity. The influence of CO,
load in the aqueous amine solution on the uncertainty of isobaric heat capacity has been studied and
found to be negligible. Table 5.2 did not include them since this contribution to the final value of the
combined uncertainty in the isobaric heat capacity is one order of magnitude smaller than other

contributions such as the non-linearity of Q,,¢.

5.8. Experimental Validation

Experimental validation of the flow calorimeter was carried out by experimentally measuring the heat
capacity of toluene. This fluid is well-characterised in the literature, and Lemmon and Span [178] have
developed an empirical correlation integrated into the NIST REFPROP database [180]. The empirical
correlation allows the calculation of the isobaric heat capacity over a wide range of temperatures and
pressures with a standard uncertainty of 0.5 %. The isobaric heat capacity of toluene was measured at
three different temperatures: 293.15 K, 313.15 K, and 333.15 K, pressures up to 25 MPa and at five
different volumetric flow rates from (3.0 to 3.5) mL-min™". The flows have been modified to adapt the
measurement to isobaric capacities lower than those of aqueous amine solutions. This range was chosen

based on the study carried out by Vega-Maza [131].

As detailed in Table 5.3 and Figure 5.7, a maximum relative deviation of 0.9 % between the
experimental isobaric heat capacity values and the reported values by Lemmon and Span [178] was

observed, which is in good agreement with the associated uncertainties.

87



CHAPTER 5: FLOW CALORIMETER

Table 5.3. Experimental isobaric heat capacity c,/(kJ-kg™"'-K™), for toluene at different conditions of

temperature 7, and pressure p.

T/K p/MPa Cpexp/(KI- kg K1) e (kJ- kg K1) [178] | RD%*
0.1 1.70 1.69 0.81
5 1.69 1.68 0.53
10 1.69 1.68 0.76
293.15
15 1.68 1.67 0.38
20 1.68 1.67 0.42
25 1.67 1.67 0.37
0.1 1.74 1.75 -0.64
5 1.74 1.74 -0.41
10 1.73 1.74 -0.55
313.15
15 1.73 1.74 -0.30
20 1.72 1.73 -0.61
25 1.71 1.73 -0.90
0.1 1.83 1.82 0.64
5 1.81 1.81 -0.12
10 1.80 1.81 -0.28
333.15
15 1.79 1.80 -0.59
20 1.78 1.79 -0.87
25 1.78 1.79 -0.88
*RD%: relative deviation in %.
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Figure 5.7. Relative deviations (%) between experimental isobaric heat capacity cpexp, and literature
isobaric heat capacity cp,iir, from Lemmon and Span [178]. Symbols: (O) 7=293.15 K, (1) T=313.15
K, and (A) T=333.15K.

88






=
CHAPTER 6:

CAPILLARY
VISCOMETER
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6. Capillary Viscometer
6.1. Introduction

Accurate viscosity data is essential for optimising amine-based CO; capture processes, as it directly
affects pumping, mass transfer, and contactor design. Unfortunately, a critical research gap exists; there
is a shortage of precise experimental viscosity measurements for CO,-loaded aqueous amine solutions,
particularly those with two amines in the mixture. In this sense, this thesis tries to cover this gap

providing experimental viscosity data of CO»-loaded solutions, including amine blends solutions.

Viscosity measurements were conducted using an Ubbelohde capillary viscometer at Imperial College
London’s Thermophysics Laboratory, operating between 293.15 K and 353.15 K at atmospheric
pressure. Following modifications, the expanded relative uncertainty was reduced to 1 % (95.5 %
confidence level). To determine dynamic viscosity, density was required. For quaternary systems
lacking prior experimental density data from the Anton Paar DMA HPM vibrating tube densimeter at
the University of Valladolid, an Anton Paar DMA 445 densimeter tube densimeter (Anton Paar SVM

3001) was employed. Detailed descriptions of both apparatuses are provided in this chapter.

6.2. Apparatus Description

Kinematic viscosity v was measured using two certified glass U-tube SI Analytics Ubbelohde capillary
viscometers: the 532 01/0a type for samples in the range of (0.8 to 5) mm?*s”', and the 532 13/1c type
for samples in the range of (3 to 30) mm?-s™'. A schematic view of the glass capillary viscometer can
be seen in Figure 6.1 and a photo is shown in Figure 6.2. This apparatus was calibrated with degassed
deionized water and a viscosity standard oil from Paragon Scientific. The capillary viscometer was
immersed in a silicon oil bath thermostat (Julabo 18 V) equipped with a Huber (CC-K6) chiller. The
temperature was controlled within +0.01 K using a Julabo ME controller. For measuring the
temperature, a calibrated secondary-standard platinum resistance thermometer (Fluke model 5615) with

a resolution of 0.001 K was used with a digital readout (Fluke 1502A).
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)\
J

Figure 6.1. Schematic view of the glass capillary viscometer. Source: [150].

Figure 6.2. Photo of the Ubbelohde Capillary Viscometer apparatus. 1: electronic timing device
ViscoClock Plus, 2: secondary-standard platinum resistance thermometer (Fluke model 5615), 3:
capillary viscometer, 4: silicon oil bath thermostat (Julabo 18 V), 5: digital readout (Fluke 1502A), and
6: hand pump.
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An electronic timing device, ViscoClock Plus, was used to monitor the liquid flow time in the capillary
viscometers. The ViscoClock Plus, designed for SI Analytics, employs infrared light barriers to
automatically determine the flow time. After thermostating, the sample is pushed into the measurement
bulb using a hand pump, and the flow time is recorded automatically. The device can measure times up

t0 999.99 seconds with a resolution of 0.01 seconds [184].

The dynamic viscosity was calculated using Equation 6.3, derived from Equations 6.1 and 6.2. The
liquid flow time in the capillary viscometer was measured using the electronic timing device

ViscoClock Plus, as described before.

v=K-t (6.1)
n=vp (6.2)
n=K-t-p (6.3)

where, v is the kinematic viscosity in mm?*-s”, K is the instrument constant provided by the capillary
viscometer manufacturer (SI Analytics) in mm*-s?, ¢ is the liquid flow time in seconds (s), # is the
dynamic viscosity in mPa-s, and p is the density of the fluid in g-cm™ at the same conditions of

temperature and pressure.
6.3. Viscosity Uncertainty Budget

Viscosity measurements were carried out at atmospheric pressure and temperatures between (293.15
and 353.15) K. The combined expanded relative uncertainty (k = 2) of the viscosity measurements on
CO,-loaded solutions was 1 %. Table 6.1 provides details associated with each contribution in the
viscosity uncertainty for MDEA solution at 293.15 K and CO; loading 0.8 mol-CO»/mol-MDEA. As
can be observed, the main individual contribution is the uncertainty related to the flow time. This aspect
was previously improved by using the ViscoClock Plus electronic timing device instead of the manual
stopwatch, allowing an improvement of the liquid flow time repeatability. This modification has
allowed us to reduce this value, resulting in an uncertainty lower than that typically described in the

literature.

The Law of Propagation of Uncertainty with independent variables (see Equations 6.4 and 6.5) was
used to calculate the dynamic viscosity combined uncertainty. Each independent property x; has an

associated sensitivity coefficient C(x;), calculated using Equation 6.6.

2

w2 (y) = i [%] w?(x;) (64)

i=1
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y =[x, xy) (6.5)
2
C(x) = [%] (6.6)

where u.(y) is the combined uncertainty of a defined property y. This combined uncertainty considers
the individual standard uncertainties u(xi), associated with each of the N independent property x;, that

contributes to y, as can be seen in Equation 6.12.

The expanded combined uncertainty (95.5 % confidence level) of the dynamic viscosity was calculated
using Equation 6.7 according to its definition in Equation 6.3 and the law of propagating errors in
Equation 6.4. The sensitivity coefficients C(x;) used in this calculation are shown in Equations 6.8 to
6.10.

Us(p) = 2 - [(2—2)2 W2(K) + (g)z W2(0) + (g—:’))z -uz(p)]l/z (6.7)
(k) =§—Z= tp 6.8)
c() =%= K-p (6.9)
C(p)=Z—Z=K~t (6.10)

Table 6.1. Uncertainty budget for the dynamic viscosity #, measurement in the range of temperature

from (293.15 to 353.15) K, and atmospheric pressure.

Estimate

Source of Uncertainty (xi) Units . Divisor u(xi) C(xi) u(n)
uncertainty
Reference
u(7ref) mPas 3107 V3 2:10° 1 2:10°
material
Resolution 1-10° 243
u(T) K 1-10°  -5-10%7  -5-107
Repeatability 1-10° 1
Resolution 1-107 23
u(t) sec 1 5-10°  5-10°
Repeatability 1 1
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Resolution 1-10°¢ 2V/3
u(m) kg 3-10° 1 3-10°
Impurity 1-10* 243
u(K) Calibration mm?-s> 2:107° 1 2-10° 810> 1-102
mol-
u(ar) CO; loading COz/mol- 2:10° 1 2-10°  7-100 2107
amine
u(p)’ kg/m’ 1-107 1 1-10° 4 4-107
u(n) k=1 mPa-s 1-10
U(n) k=2 mPa-s 3102
U:(n) k=2 % 7 =2.89 mPa-s 1

"Density measurements were carried out using a vibrating tube densimeter.

6.4. Experimental Validation

The viscosity measurements validation was carried out using two viscosity standard oils from Paragon
Scientific. The viscosity standard oil used in the calibration of 532 01/0a type glass capillary viscometer
was S3 for the range of kinematic viscosity (0.8 to 5) mm?*s™. For 532 13/1c type glass capillary
viscometer, the viscosity standard oil N7.5 for the range of kinematic viscosity (3 to 30) mm?-s™' was
used. Table 6.2 contains the results of the flow time 7 in seconds s and the kinematic viscosity v. The
relative deviations were calculated between the experimental kinematic viscosity values and the
reported values by Paragon Scientific. As can be seen in Table 6.2 and Figure 6.3, all relative deviations
are within the reported uncertainty for viscosity measurements. The positive relative deviations
observed are attributed to a minor difference in temperature. Specifically, the temperature reported for
the standard calibration oils was up to 0.06 % higher than the actual temperature during viscosity

measurements, as detailed in Table 6.2.

Table 6.2. Experimental kinematic viscosity v, and flow time ¢, of the standard calibration oils S3 and

N7.5 at different temperatures 7.

t/s v/(mm?2-s) RD%?*
T'K
S3 standard calibration oil
292.96 918.96 4.58 0.7
313.08 582.61 2.90 0.3
323.08 482.07 2.40 0.2
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353.14 304.61 1.52 0.4
N7.5 standard calibration oil
292.96 409.35 12.51 0.6
297.94 346.48 10.59 0.6
313.07 222.36 6.80 0.1

RD%: relative deviation in %.

0.80
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Figure 6.3. Relative deviations (%) of the experimental kinematic viscosity Ve, in comparison with
reported values by Paragon Scientific vii. Symbols for S3 standard calibration oil: (O) 7= 292.96 K,
() T=313.08 K, (A) T=323.08 K, and (<) T'=353.14 K. Symbols for N7.5 standard calibration
oil: (@) T=292.96 K, () T=297.94 K, and (l) T=313.07 K.

6.5. Automatic Kinematic Viscometer Anton Paar SVM 3001

An DMA 445 vibrating tube densimeter, integrated into an automatic kinematic viscometer Anton Paar
SVM 3001, was used for mixtures where experimental density data was measured using the Anton Paar
DMA HPM vibrating tube densimeter. The SVM 3001 apparatus measures density in the range of (0 to
3000) kg-m™. The repeatability for density was 0.5 kg-:m~, meanwhile the reproducibility was better
than 1.1 kg-m>. Temperature was measured with a repeatability of 0.005 °C and a resolution of 0.001

°C [185]. A photo of the equipment is shown in Figure 6.4.

The DMA 445 vibrating tube densimeter was calibrated with degassed ultrapure water and ambient air.
As the SVM 3001 simultaneously measures density and kinematic viscosity, density values were
monitored during the kinematic viscosity calibration. This monitoring revealed an average density
deviation of 0.2 kg-m™. The viscosity calibration process was carried out using five different viscosity

standard oils from Paragon Scientific and 21 calibration points across the temperature working range.

97



CHAPTER 6: CAPILLARY VISCOMETER

Temperature was measured with an expanded uncertainty of 0.02 K at a 95.5 % confidence level. The
expanded uncertainty (k = 2) for density measurements of CO,-unloaded solutions was determined to
be 0.3 kg-m™. For CO,-loaded amine solutions, the overall expanded uncertainty (k = 2) of density was
estimated to be 0.6 kg-m~, highlighting the significant contribution of CO; loading to the combined
uncertainty. If the SVM 3001 indicated the presence of bubbles inside the vibrating tube, the
measurement sequence was stopped. This occurrence was noted specifically at high temperatures and

CO; loadings.

[Kin. Visc

3.485 s

104514 pen | 3,643 s

Prect v
Viscosty BURI
Densty WENI —

Figure 6.4. Photo of the automatic kinematic viscometer Anton Paar SVM 3001.
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7. Experimental Density
7.1. Introduction

Experimental density of CO;-loaded and CO;-unloaded aqueous amine solutions is interesting for the
amine-based CO; capture process, allowing the design of new equipment and the optimisation of
existing ones, contributing to the improvement of models that allow the simulation of this process and

to complete the thermodynamic characterisation of the mixtures involved.

In this work the following chemical samples were used: monoethanolamine (MEA), diethanolamine
(DEA), 2-(ethylamino)ethanol (EAE), methyldiethanolamine (MDEA), 2-(dimethylamino)ethanol
(DMEA), 2-diethylaminoethanol ~ (DEAE), 2-amino-2-methyl-1-propanol ~ (AMP), 3-
(methylamino)propylamine (MAPA), 1-methylpiperazine (1-MPZ), piperazine (PZ), water (H,O) and
carbon dioxide (COy).

Density measurements were achieved on:

¢ Five binary systems: DEAE + H,O, EAE + H,O, MAPA + H,O, 1-MPZ + H,O and AMP +
H,O0.

e Four ternary systems: MEA + H,O + CO,, MDEA + H,O + CO,, AMP + H,O + CO, and DEA
+ H,O + CO:..

e One quaternary system: DMEA + MAPA + H,0 + CO..

The measurement range covered 16 different pressures between (0.1 and 100) MPa and six temperatures
between (293.15 and 393.15) K. For binary systems, four amine mass fractions were measured from
0.1 to 0.4. Ternary systems were measured only at total amine mass fraction (CO»-free basis) of 0.3 and
the quaternary system at 0.4 total amine mass fraction. The behaviour of systems containing CO; has
been studied at different CO, concentrations, with maximum values from (0.5 to 0.9) mol-CO»/mol-

amine, according with the type of system.

Aqueous solutions are not liquid at temperatures above or equal to 373.15 K at atmospheric pressure,
so experimental data were obtained at pressures above 1 MPa when the temperature reached values of
373.15 K and 393.15 K. A vibrating tube densimeter Anton Paar DMA HPM was used to measure the
density, explained in detail in Chapter 4. The relative expanded combined uncertainty (k = 2) in density
measurements was less than 0.1 % for the CO,-unloaded solutions and 0.2 % for the CO,-loaded

solutions.

A modified version of the Tammann-Tait equation, which includes molality dependence, has been

shown to be suitable for correlating experimental density data as a function of pressure, temperature
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and molality. The suitability of molality units for accurately deriving empirical density correlations in
various aqueous amine solutions has been demonstrated instead of mass or molar fractions. The
modified Tammann-Tait equation, originally proposed by Al Ghafti et al. [186,187] for brine densities,
has also been shown to be effective in correlating the densities of binary amine + H,O systems. This
correlation achieved good average absolute relative deviations (AAD < 0.03 %) compared to
experimental density. Furthermore, this equation can be successfully fitted to density data for ternary
mixtures (amine + H,O + COy), achieving average absolute relative deviations lower than 0.02 %

compared to experimental density.

A literature search was carried out to compare our experimental density data with data reported in the
literature. All density data found for binary systems in the literature were measured at temperatures
equal to or lower than 353.15 K and atmospheric pressure, except for Zufiiga-Moreno et al. [94] which
measures up to 20 MPa. The comparison with the scarce references available in the literature was mostly

within the expanded relative uncertainty of the density.

Also, a comparison was made between the experimental density data from our study and previously
published data available in literature for CO,-loaded aqueous amine solutions. The range of CO, loading
a, of the compared data has gone from (0.1 to 0.4) mol-CO,/mol-amine. To the best of our knowledge,
at temperatures (7" > 353.15 K), pressures (p > 0.1 MPa), and CO, loading (a > 0.5 mol-CO,/mol-
amine), there are no density experimental data reported in literature for the studied systems when amine
mass percent is 30 % in CO,-free aqueous amine solution. Therefore, a comparison of density under

these conditions was not possible.

Several systems and compositions are used in this work, so in order to achieve greater clarity, the

components of the studied mixtures have been numbered as follows: amine(1), H>O(2) and CO»(3).

7.2. Binary Mixtures. CO;-Unloaded Aqueous Amine Solutions
7.2.1.DEAE + H,0

7.2.1.1. Experimental Density

The results of the density measurements for the aqueous amine solutions are presented in Table 7.1 for
DEAE + H,O. In order to analyze the influence of pressure, amine mass fraction, and temperature, the
experimental density data were plotted as a function of these variables for all the systems analyzed, as

can be seen in Figures 7.1 to 7.3.
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Table 7.1. Experimental densities p, for DEAE(1) + H,O(2) mixture at different conditions of

temperature 7, pressure p, amine mass fraction w;, and equivalent amine molality b;.?

pl(kg-m’)
T/K
p/MPa 29315  313.15 333.15 353.15 373.15 393.15
wi = 0.1000 (b; = 0.9485 mol kg ™)

0.1 995.2 9879 9774 9649

0.5 995.3 988.1 977.6  965.1

1 995.5 9882 9778 9653  950.7 9344
2 995.8 988.6 9783 9657 9512  935.0
5 997.1 9899 979.6 967.1 9527  936.6
10 999.1 9919  981.7 9693 9549  939.1
15 1001.2 9939 9837 9714 9573 941.6
20 1003.2 9959 9857 973.6 9595 944.1
30 1007.1 999.8  989.7 9777 964.0  948.8
40 1010.9 1003.6 993.7 981.8 9683 9534
50 1014.7 1007.4 9975 9858 9725 9579
60 1018.4 1011.0 1001.2 989.6 976.5 9623
70 1022.1 1014.7 10049 9935 980.5 966.5
80 1025.7 1018.2 1008.5 997.2 9845  970.6
90 1029.3 1021.7 1012.1 10009 988.2 974.6

100 1032.8 10252 1015.6 10044 992.0  978.5
wi = 0.2000 (b1 = 2.1333 mol-kg™')

0.1 993.1 983.2 9707 9564

0.5 993.2 983.4 9709  956.6

1 993.4 983.5 971.1  956.8 940.8 9232
2 993.7 9839 9715 9573 9413 9238
5 994.9 9852 9729 9587 9428 9255
10 996.8 987.1 9750 961.0 9453 9282
15 998.7 989.1 977.1 9632 9477 9309
20 1000.6 991.1  979.1 9654  950.1 9335
30 1004.2 9949  983.1 969.7 9547 9385
40 1007.8 998.6  987.1 973.8 959.2 9433
50 1011.4 1002.2 9909 9779  963.5 948.0
60 1014.9 1005.8 994.6 981.8 967.7  952.6
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70 1018.3 1009.3 9982 9857 971.7  956.9
80 1021.6 1012.7 1001.8 989.4 9757 961.1
90 1024.9 1016.1 1005.3 993.1 979.6 9653

100 10282  1019.4 1008.7 996.6 9833  969.3
wi = 0.3000 (b; = 3.6571 mol-kg™")

0.1 989.5 976.8 9622 946.4

0.5 989.6 9769 9624  946.6

1 989.7 977.1  962.6 946.8 929.2 9104
2 990.1 9775 963.1 9473  929.7 911.0
5 991.3 978.8 964.5 948.8 9314 9129
10 993.2 980.8 966.7 9512 934.0 9159
15 995.1 982.8 9689 953.6 936.7 918.8
20 997.0 984.8 971.0 9559 9392 921.6
30 1000.6 9887 9752 9603 9442  927.0
40 1004.1 9924 9792 9648 9489 9322
50 1007.6 996.1  983.1 969.0 9534  937.1
60 1011.0 999.7 9869 973.0 957.8 9419
70 1014.4 1003.2  990.6  977.0 962.0 946.5
80 1017.7 1006.6 9942  980.8 966.2  951.0
90 1020.9 1010.0 997.7 9845 970.2 9552

100 1024.0 10132 1001.2 988.1 9741  959.4
wi = 0.4000 (b; = 5.6890 mol-kg™)

0.1 983.1 968.5 9523 9349

0.5 983.2 968.6 9525 9351

1 983.4 968.8 9528 9354 916.7  896.8
2 983.8 969.2 9532 9359 9173 8975
5 985.0 970.6 9547 9375 919.1  899.6
10 987.0 97277 9571  940.1 9219  902.8
15 988.9 97477 9594 9427 9248  906.0
20 990.9 9769 961.6 9452 927.6  909.0
30 994.6 9809 966.0 9499 9328 9149
40 998.3 9847 9702 9545 937.8 9205
50 1001.8 9885 9743 9589 942.6  925.7
60 1005.3 9922 9782 9632 9472  930.7
70 1008.6 9958 982.0 9673 951.6 9355
80 1012.0 999.2 9857 9712 956.0 940.2
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90 1015.1 1002.6 9893 975.1 960.1  944.6
100 1018.3 1006.0 9928 978.8 964.1 949.0

“Expanded uncertainties (k = 2): U(T) = 0.02 K; Uy(p) = 0.0002; U(w) = 0.0004 and U(p) = 0.7 kg-m™.
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Figure 7.1. Experimental density p, of the system DEAE(1) + H,O(2) as a function of pressure p, at
amine mass fraction of (a) w; = 0.1 and (b) w; = 0.4. Isotherms: (&) T=293.15 K, (J) T=313.15 K,
(A)T=333.15K, (O) T=353.15K, (>x) T=373.15 K, and (X) T=393.15 K. Solid lines represent
the calculated values using modified Tammann-Tait (Equations 7.1 to 7.4) with the parameters given

in Tables 7.11 and 7.12.
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Figure 7.2. Experimental density p, of the system DEAE(1) + H,O(2) as a function of amine mass
fraction wi, at temperatures of (a) 7= 293.15 K and (b) 7= 373.15 K. Isobars: (<) p =1 MPa, () p
= 50 MPa, and (O) p = 100 MPa. Experimental data of pure water (w; = 0) from NIST REFPROP
database [180].
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Figure 7.3. Experimental density p, of the system DEAE(1) + H>O(2) as a function of temperature 7, at
pressure p = 1 MPa. Amine mass fractions: (—) w; =0, (O) w; = 0.1, ((O) w; = 0.2, (&) wy = 0.3, and
(&) wi = 0.4. Experimental data of pure water (w; = 0) from NIST REFPROP database [180].

7.2.1.2. Comparison with Literature

The experimental conditions of the references used for the comparison of DEAE aqueous solutions are
shown in Table 7.2. The relative deviations of our measurements and the experimental density values
reported in the literature are plotted in Figure 7.4. Karunarathne et al. [62] reports eight common data
points for comparison, with relative deviation within the uncertainty of our measurements. Lebrette et

al. [60] published twelve common data points and all of them are consistent with our uncertainty.

Table 7.2. Measurement conditions of literature data used to compare the experimental density of

DEAE(1) + H,O(2) mixture measured in this work.

Reference Densimeter Conditions Number of Points U?
wi=0.30; 0.40
Karunarathne et Anton
T=(293.15-353.15) K 8 1%
al. [62] Paar DMA 4500
p=0.1 MPa
wi=0.1006; 0.2009;
Anton 0.2941; 0.3941
Lebrette et al. [60] 12 NA®
Paar DMA 45 T=(313.15- 353.15) K
p=0.1 MPa

*Relative expanded uncertainty (k = 2), %.
"NA: Not Available.
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Figure 7.4. Relative deviations (%) of density measurements pexp, in comparison with literature values
piie. Literature for DEAE + H,O: (O) Karunarathne et al. [62] and ([]) Lebrette et al. [60]. Dashed lines

represent the relative expanded uncertainty of our density measurements.
7.2.2. EAE + H,;O

7.2.2.1. Experimental Density

The results of the density measurements for the aqueous amine solutions are presented in Table 7.3 for
EAE + H»O. In order to analyse the influence of pressure, amine mass fraction, and temperature, the

experimental density data were plotted as a function of these variables, as can be seen in Figures 7.5 to

7.7.

Table 7.3. Experimental densities p, for EAE(1) + H,O(2) mixture at different conditions of temperature

T, pressure p, amine mass fraction wi, and equivalent amine molality b;.”

pl(kg-m?)
T/K
p/MPa 29315  313.15 333.15 353.15 373.15 393.15
wi =0.1000 (b; = 1.2463 mol-kg™)

0.1 995.6 988.6 9785 9664
0.5 995.6 988.7 978.7  966.5
1 995.8 988.8 9789 966.7 952.6  936.9
2 996.1 989.3 9793 9672 953.1 9374
5 997.4 990.5 980.6 9685 9546  939.0
10 999.4 9925 9827 9707 956.8 9414
15 1001.5 9945 984.8 9728 959.1 9439
20 1003.5 996.5 986.8 9750 9613 9463
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30 1007.5 1000.4 990.7 979.1 9658 951.0
40 1011.3 10043 9947 9832 970.0 9555
50 1015.1 1008.0 9985 987.1 974.1 9599
60 1018.9 1011.7 10022 9909 978.1 9643
70 1022.6 10153 10059 994.8 982.1 968.3
80 1026.2 1018.9 1009.5 9984  986.0 9725
90 1029.8 1022.4 1013.0 1002.1 989.7 9764

100 10333 10259 1016.5 1005.6 9934  980.3
wi = 0.2000 (b; = 2.8048 mol-kg™)

0.1 995.3 9864 9746 961.3
0.5 995.3 986.4 9748 9614

1 995.5 986.5 9750 9615 9464  929.8
2 995.8 9869 9754  962.0 9469 9303
5 997.0 988.1 9767 9634 9483 9319
10 998.9 990.0 9788 9655 950.7 9345
15 1000.8 9919 980.7 967.6 953.0 9369
20 1002.6 993.8 9827 969.7 9552 9394
30 1006.2 997.5 986.6 9739 9597 9442
40 1009.8 1001.2 9905 977.9  963.9  948.8
50 1013.3 1004.8 9942 9819 968.1 9533
60 1016.8 1008.3 997.8 9857 9722  957.7
70 1020.2 1011.8 1001.4 9894 976.1  961.9
80 1023.5 1015.2 10049 993.0 980.1  965.9
90 1026.8 1018.5 1008.4 996.6  983.7  969.9

100 1030.1 1021.8 1011.7 1000.1 987.4  973.9
wi = 0.3000 (b; = 4.8085 mol-kg™)

0.1 995.2 983.6 970.1 9554
0.5 995.2 983.7 9703 9555

1 995.3 983.8 9705 9557 9395 9219
2 995.6 9842 9709 9562 940.0 922.6
5 996.8 9854 9721 9575 9415 9242
10 998.6 9873 9743 9598 9439  926.8
15 1000.4 989.1 9763 9619 9463 9295
20 1002.1 991.0 9782 9642 948.6  932.1
30 1005.6 994.7  982.1 9682 9532  937.0
40 1009.0 9983 986.0 9724 9575 941.8
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50 1012.3 1001.8 989.7 9763 961.8 9464
60 1015.6 10052 9933  980.1 9659 9509
70 1018.8 1008.6 996.8 9839 969.9 9551
80 1022.0 1011.9 10003 987.6 9737 9593
90 1025.1 1015.1 1003.7 991.1 977.6 9634

100 1028.2 10183 1007.0 994.6 9813  967.3
wi = 0.4002 (b, = 7.4842 mol-kg™)

0.1 993.1 9794 9643 9485
0.5 993.2 979.5 9645  948.6

1 993.3 979.7 9647 9488 9317 9135
2 993.6 980.1 9652 9493 9323 914.1
5 994.8 981.2 966.5 950.7 933.8 9159
10 996.6 983.2 9686 953.0 9363 9187
15 998.4 985.1 970.7 9553 9388 9214
20 1000.2 987.0 9728 9576 9412 9241
30 1003.7 990.7 9767 961.8 946.0 9293
40 1007.1 9943 980.6 966.0 950.5 9342
50 1010.4 997.8 984.4 970.1 9549  939.0
60 1013.6 1001.3  988.1 9739 959.1 943.6
70 1016.8 1004.7 991.6  977.8  963.2  948.0
80 1020.0 1008.0 995.1 9815 9672 9523
90 1023.0 1011.2 9985 9851 971.0 9564

100 1026.0 1014.3 1001.9 988.6 9748  960.4
“Expanded uncertainties (k = 2): U(T) = 0.02 K; U,(p) = 0.0002; U(w) = 0.0004 and U(p) = 0.7 kg-m".
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Figure 7.5. Experimental density p, of the system EAE(1) + H,O(2) as a function of pressure p, at amine
mass fraction of (a) wi = 0.1 and (b) wi = 0.4. Isotherms: (&) T=293.15K, () T=313.15K, (A) T
=333.15K, (O) T=353.15K, (k) T=373.15 K, and (X) T'=393.15 K. Solid lines represent the
calculated values using modified Tammann-Tait (Equations 7.1 to 7.4) with the parameters given in

Tables 7.11 and 7.12.
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Figure 7.6. Experimental density p, of the system EAE(1) + H,O(2) as a function of amine mass fraction
wi, at temperatures of (a) 7=293.15 K and (b) 7=373.15 K. Isobars: () p =1 MPa, ((J) p = 50 MPa,
and (O) p = 100 MPa. Experimental data of pure water (w; = 0) from NIST REFPROP database [180].
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Figure 7.7. Experimental density p, of the system EAE(1) + H>O(2) as a function of temperature 7, at
pressure p = 1 MPa. Amine mass fractions: (—) wi =0, (O) w; = 0.1, (O) w; = 0.2, (<) wi = 0.3, and
(A) wi = 0.4. Experimental data of pure water (w; = 0) from NIST REFPROP database [180].
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7.2.2.2.  Comparison with Literature

The experimental conditions of the references used for the comparison of EAE aqueous solutions are
shown in Table 7.4. The relative deviations of our measurements and the experimental density values
reported in the literature are plotted in Figure 7.8 for EAE + H,O system. An average relative deviation
below 0.04 % was found for Viet et al. [72], which agrees with our uncertainty. Pandey & Mondal [73]

report nine common points for comparison with a declared relative uncertainty of 0.3 %. The deviations

are within their experimental uncertainty, as can be seen in Figure 7.8.

Table 7.4. Measurement conditions of literature data used to compare the experimental density of

EAE(1) + H,O(2) mixtures measured in this work.

Reference Densimeter Conditions Number of Points U?
wi=0.10; 0.20; 0.30
Pandey & Anton
T=(293.15-333.15 K 9 0.3 %
Mondal [73] Paar DMA 35
p=0.1 MPa

Stabinger-type

kinematic

) wi1=0.20; 0.40
) viscometer-
Viet et al. [72] . T=(293.15-313.15 K 4 0.4 %
densimeter (SVM
p=0.1 MPa
3001, Anton
Paar)
*Relative expanded uncertainty (k = 2), %.
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Figure 7.8. Relative deviations (%) of density measurements pexp, in comparison with literature values
piie. Literature for EAE + H>O: (<) Pandey & Mondal [73] and (A) Viet et al. [72]. Dashed lines

represent the relative expanded uncertainty of our density measurements.
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7.2.3. MAPA + H,O

7.2.3.1. Experimental Density

The results of the density measurements for the aqueous amine solutions are presented in Table 7.5 for
MAPA + H;O. To analyse the influence of pressure, amine mass fraction, and temperature, the
experimental density data were plotted as a function of these variables, as can be seen in Figures 7.9 to

7.11.

Table 7.5. Experimental densities p, for MAPA(1) + H,O(2) mixture at different conditions of

temperature 7, pressure p, amine mass fraction w;, and equivalent amine molality b;.?

pl(kg-m?)
T/K
p/MPa 293.15 313.15 333.15 353.15 373.15 393.15
w1 =0.1000 (b, = 1.2608 mol-kg'])

0.1 991.0 983.8 973.6 9615

0.5 991.0 9839 973.8 961.7

1 991.2 984.0 9740 9619 9478 932.2
2 991.5 9844 9744 9623 9483 932.7
5 992.8 985.6 97577 963.6  949.7 934.2
10 994.8 987.6 977.8 9658 9519 936.6
15 996.8 989.6 9798 967.8  954.1 939.1
20 998.7 991.5 981.8 970.0 956.4 941.4
30 1002.6 9954 9857 9740  960.8 946.1
40 1006.4 999.2  989.6 9781 964.9 950.6
50 1010.2 10029 9933 9819  969.0 954.9
60 1013.8 1006.5 997.0 985.8 973.0 959.2
70 1017.4 1010.1 1000.6 989.5 976.9 963.3
80 1021.0 1013.6 10042 993.1  980.7 967.3
90 1024.5 1017.0 1007.7 996.7  984.5 971.3

100 1027.9 10204 1011.1 10003 988.1  975.1
wi = 0.2000 (by = 2.8369 mol-kg™')

0.1 987.4 977.8 9658 9524

0.5 987.3 9779 966.1  952.6
1 987.4 978.0 9663 9528 9377 921.1
2 987.8 9784  966.7 9532  938.1 921.6

5 988.9 979.5 9679 9545 939.6 923.2
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10 990.7 9814 9699 956.6 941.8 925.6
15 992.5 9833 971.8 9587  944.0 928.1
20 994.2 985.1 973.7 960.7  946.3 930.5
30 997.6 988.6 9775 9647  950.6 935.1
40 1001.0 9922 9812 96877  954.7 939.6
50 1004.4 995.5 984.8 9725  958.8 944.0
60 1007.7 999.0 9883 976.1  962.7 948.3
70 1010.9 10023 991.8 979.8  966.6 952.4
80 1014.1 1005.6 9952 9834 9704 956.4
90 1017.3 1008.8 9985 986.8 974.0 960.2

100 10204 10119 1001.8 9902 977.5  964.0
wi = 0.3000 (b; = 4.8623 mol-kg™')

0.1 985.3 972.8 9586 9434

0.5 985.3 972.8 9588 943.6

1 985.4 9729 9590 9438 9274 909.8
2 985.7 9733 9594 9442 9279 910.4
5 986.8 9744 960.6 9456 9293 912.0
10 988.5 976.2 9625 9477 931.6 914.5
15 990.1 9779 9644 9497 9339 917.0
20 991.7 979.7 9664  951.8  936.1 919.5
30 995.0 983.1 970.0 9557 940.5 924.2
40 998.1 986.5 973.6 959.6 944.7 928.8
50 1001.2 989.8 9772 963.4  948.7 933.2
60 1004.2 993.0 980.6 967.1  952.7 937.5
70 1007.2 996.2 984.0 970.7  956.5 941.6
80 1010.2 999.3 9872 9741  960.3 945.7
90 1013.0 1002.3  990.5 9775 963.9 949.5

100 1015.9 10053 9936 9809 9674 953.3
wi = 0.4007 (b = 7.5840 mol-kg™")

0.1 981.5 9663 950.0 9333

0.5 981.6 9663 9502 9334

1 981.7 966.5 9504 933.6 9159 897.4
2 982.0 966.8 950.8 9341 9164 897.9
5 983.1 967.9 9521 9354 9179 899.5
10 984.7 969.7 9541 9376 9203 902.2
15 986.4 971.5 9560 9397 922.6 904.8
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20 988.0 9733 9579 941.8 9249 907.4
30 991.2 976.7 961.6 9458 9294 9123
40 994.3 980.1 9653 9498  933.7 917.0
50 997.4 9833 968.8 953.6 937.8 921.5
60 1000.4 986.6 9722 9573  941.8 925.9
70 1003.3 989.7 9756 9609  945.7 930.1
80 1006.2 9927 9789 9645 9495 934.2
90 1009.0 995.8  982.1 9679 9532 938.2

100 1011.8 998.7 9852 971.2  956.7 942.0
“Expanded uncertainties (k = 2): U(T) = 0.02 K; Uy(p) = 0.0002; U(w) = 0.0004 and U(p) = 0.7 kg-m".
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Figure 7.9. Experimental density p, of the system MAPA(1) + H,O(2) as a function of pressure p, at
amine mass fraction of (a) wy = 0.1 and (b) wy = 0.4. Isotherms: (&) I'=293.15 K, () T=313.15 K,
(A)T=333.15K, (O) T=353.15K, (k) T=373.15K, and (X) T=393.15 K. Lines represent the
calculated values using modified Tammann-Tait (Equations 7.1 to 7.4) with the parameters given in

Tables 7.11 and 7.12.
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Figure 7.10. Experimental density p, of the system MAPA(1) + H,O(2) as a function of amine mass
fraction wi, at temperatures of (a) 7= 293.15 K and (b) 7= 373.15 K. Isobars: (<) p=1MPa, () p
= 50 MPa, and (O) p = 100 MPa. Experimental data of pure water (w; = 0) from NIST REFPROP

database [180].
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Figure 7.11. Experimental density p, of the system MAPA(1) + H>O(2) as a function of temperature 7,
at pressure p = 1 MPa. Amine mass fractions: (—) w; =0, (O) w; = 0.1, () w; = 0.2, (&) wi = 0.3, and
(&) wi = 0.4. Experimental data of pure water (w; = 0) from NIST REFPROP database [180].

7.2.3.2. Comparison with Literature

Table 7.6 presents a review of the experimental data found in the literature for the MAPA + H,O. The
relative deviations of our measurements and the experimental density values reported in the literature
are plotted in Figure 7.12 for MAPA + H»O. As can be observed in Table 7.6 for the comparison of
experimental densities of MAPA + H,O, Monteiro et al. [76] report three common points and Wang et
al. [77] report eight. All of them with negative relative deviations above the uncertainty of our
measurements (see Figure 7.12). This is because the amine mass fractions reported in the literature
were slightly lower than those reported in this work, so the experimental densities reported in these

references are slightly lower.

Table 7.6. Measurement conditions of literature data used to compare the experimental density of

MAPA(1) + H,O(2) mixture measured in this work.

Reference Densimeter Conditions Number of Points U?
wi=0.09
Monteiro et al. Anton
T'=(293.15-333.15) K 3 0.006 %
[76] Paar DMA 4500
p=0.1 MPa
Anton wi;=0.09; 0.29

Wang et al. [77] | Paar DMA 5000 | 7=(293.15-353.15) K 8 0.001 %

M p=0.1 MPa

*Relative expanded uncertainty (k = 2), %.
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Figure 7.12. Relative deviations (%) of density measurements pexp, in comparison with literature values
pie. Literature for MAPA + H,0: (O) Monteiro et al. [76] and ([1) Wang et al. [77]. Dashed lines

represent the relative expanded uncertainty of our density measurements.
7.2.4. 1-MPZ + H,0

7.2.4.1. Experimental Density

The results of the density measurements for the aqueous amine solutions are presented in Table 7.7 for
1-MPZ + H;0O. To analyse the influence of pressure, amine mass fraction, and temperature, the
experimental density data were plotted as a function of these variables, as can be seen in Figures 7.13

to 7.15.

Table 7.7. Experimental densities p, for 1-MPZ(1) + H,O(2) mixture at different conditions of

temperature 7, pressure p, amine mass fraction w;, and equivalent amine molality b;.?

pl/(kg-m?)
T/K
p/MPa 29315  313.15 333.15 353.15 373.15 393.15
wi =0.1000 (b; = 1.1092 mol-kg™)

0.1 998.0 991.1  981.1 969.2
0.5 998.1 9913 9814 9694

1 998.2 9914 981.6 969.6 955.6  940.1
2 998.6 991.8 982.0 970.0 956.1 9405
5 999.8 993.0 9833 9713 9575 9421
10 1001.9 995.0 9854 9735 9597 9445
15 1003.9 997.0 9874 9756 962.0 946.9
20 1005.9 999.0 9894 977.6 9642 9493
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30 1009.8 1002.9 9933  981.8 968.6 954.0
40 1013.6 1006.6 9972 9858 9728 9585
50 1017.4 1010.3 1001.0 989.7 9769  962.8
60 1021.1 1014.0 1004.7 9935 980.9 967.1
70 1024.7 1017.6 1008.3 9973 9848 9712
80 1028.3 1021.1 1011.9 10009 988.6 9753
90 1031.9 1024.6 10153 10044 9923  979.2

100 10354  1028.0 1018.8 1008.0 996.0  983.0
wi = 0.2000 (b; = 2.4957 mol-kg™)

0.1 1001.7 992.8 9813  968.0
0.5 1001.8 9929 9815 9682

1 1001.9 993.1 9817 9684 9533  936.7
2 1002.2 993.5 9821 9688 9538 9372
5 1003.4 9946 9833 970.1 9552  938.8
10 1005.2 996.5 9853 9723 9574 9413
15 1007.0 9983 9873 9743  959.8 9437
20 1008.8 1000.1 989.2 9764  962.0 946.2
30 1012.3 1003.7 993.0 9804 9663  950.9
40 1015.7 1007.3  996.7 9843  970.5 9555
50 1019.1 1010.8 1000.3 988.2 9745 9598
60 1022.5 10142 1003.9 9919 978.5 964.1
70 1025.8 1017.6 1007.3 9955 9823  968.2
80 1029.0 10209 1010.8 999.1 986.2 9723
90 1032.2 1024.1 1014.1 1002.6 989.8 976.0

100 10354 10272 1017.4 10059 9935  980.0
wi = 0.3000 (b; = 4.2825 mol-kg™)

0.1 1007.6 995.8 981.8 966.9
0.5 1007.7 995.8 9821 967.0
1 1007.8 9959 9822 9672 950.8 9329
2 1008.1 9963 9827 967.6 9513 9334
5 1009.2 997.4  983.8 9689 9527  935.0
10 1010.8 999.2 9858 971.1 955.0 937.6
15 1012.5 1001.0 987.8 9732 957.3  940.1
20 1014.2 1002.7 989.7 9753  959.6  942.6
30 1017.4 1006.2 9934 9793  964.0 9474
40 1020.6 1009.6  997.1 9832 968.2  952.0
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50 1023.7 1012.9 1000.6 987.0 9723  956.5
60 1026.8 1016.2 1004.0 990.7 9763  960.9
70 1029.8 1019.4 1007.4 9944  980.2 965.0
80 1032.8 1022.5 1010.7 997.8 9839  969.1
90 1035.8 10254 10139 1001.3 987.6  973.1

100 1038.7  1028.5 1017.2 10047 9913  976.9
wi = 0.4003 (b, = 6.6649 mol-kg™)

0.1 1012.9 997.9 9815  964.6

0.5 1013.0 9979  981.7 964.8

1 1013.1 998.1 9819 965.0 946.8  927.7
2 1013.4 9984 9823 9654 9473 9283
5 1014.5 999.5 983.6 966.8 948.8  930.0
10 1016.1 1001.3  985.6  969.0 9512  932.7
15 1017.8 1003.1 987.6 971.1 953.6 9353
20 1019.5 1004.9 989.5 9732 956.0 938.0
30 1022.6 1008.4 9933 9774 960.6 943.0
40 1025.8 1011.8 997.0 9814  965.0 947.8
50 1028.9 1015.1 1000.6 9853  969.2 9525
60 1031.9 1018.3 1004.1 989.1 9733 9569
70 1034.8 1021.5 1007.4 9927 9772  961.2
80 1037.8 1024.6 1010.8 9963  981.1  965.5
90 1040.7 1027.7 1014.1  999.8  984.8  969.5

100 1043.5 1030.7 1017.2 1003.2 988.5 973.5
“Expanded uncertainties (k = 2): U(T) = 0.02 K; U,(p) = 0.0002; U(w) = 0.0004 and U(p) = 0.7 kg-m".
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Figure 7.13. Experimental density p, of the system 1-MPZ(1) + H,O(2) as a function of pressure p, at
amine mass fraction of (a) w; = 0.1 and (b) w; = 0.4. Isotherms: (&) T=293.15K, (J) T=313.15 K,
(A)T=333.15K,(0O) T'=353.15K, (>k) T=373.15 K, and (X) T=1393.15 K. Solid lines represent
the calculated values using modified Tammann-Tait (Equations 7.1 to 7.4) with the parameters given

in Tables 7.11 and 7.12.
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Figure 7.14. Experimental density p, of the system 1-MPZ(1) + H,O(2) as a function of amine mass
fraction wi, at temperatures of (a) 7= 293.15 K and (b) 7= 373.15 K. Isobars: (<) p=1 MPa, () p
= 50 MPa, and (O) p = 100 MPa. Experimental data of pure water (w; = 0) from NIST REFPROP

database [180].
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Figure 7.15. Experimental density p, of the system 1-MPZ(1) + HO(2) as a function of temperature 7,
at pressure p = 1 MPa. Amine mass fractions: (—) w; =0, (O) w; = 0.1, () w; = 0.2, (&) wi = 0.3, and
(&) wi = 0.4. Experimental data of pure water (w; = 0) from NIST REFPROP database [180].

7.2.4.2. Comparison with Literature

The details of the experimental conditions of the measurements carried out by Rayer et al. [78] and
Vamja et al. [38] can be found in Table 7.8. The relative deviations of our measurements and the
experimental density values reported in the literature are plotted in Figure 7.16. In the case of the
comparison with the densities reported by Rayer et al. [78] for the 1-MPZ + H,O mixture, as can be
seen in Figure 7.16, all points were within our uncertainty. In Vamja et al. [38] study six of the eight

comparison points are above the uncertainty.

Table 7.8. Measurement conditions of literature data used to compare the experimental density of 1-

MPZ(1) + H,O(2) mixture measured in this work.

Reference Densimeter Conditions Number of Points U?
w1 =0.3029; 0.3920
Anton
Rayer et al. [78] T'=(313.15-333.15) K 4 NAP®
Paar DMA 4500
p=0.1 MPa
wi=0.1;0.2;0.3; 0.4
) Anton
Vamja et al. [38] T=(313.15-333.15) K 8 0.06 %
Paar DMA 4500
p=0.1 MPa

*Relative expanded uncertainty (k = 2), %.
"NA: Not Available.
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Figure 7.16. Relative deviations (%) of density measurements pexp, in comparison with literature values
puie. Literature for 1-MPZ + H,0: (A) Rayer et al. [78] and (<) Vamja et al. [38]. Dashed lines represent

the relative expanded uncertainty of our density measurements.
7.2.5. AMP + H,0

7.2.5.1. Experimental Density

The results of the density measurements for the aqueous amine solutions are presented in Table 7.9 for
AMP + H,0O. To analyse the influence of pressure, amine mass fraction, and temperature, the
experimental density data were plotted as a function of these variables, as can be seen in Figures 7.17

to 7.19.

Table 7.9. Experimental densities p, for AMP(1) + H,O(2) mixture at different conditions of

temperature 7, pressure p, amine mass fraction w;, and equivalent amine molality b;.?

pl(kg-m?)
T/K
p/MPa 29315  313.15 333.15 353.15 373.15  393.15
wi =0.1001 (b, = 1.2481 mol-kg™)

0.1 997.3 990.4  980.4 968.2

0.5 997.3 990.5  980.6 968.4
1 997.5 990.7  980.7 968.6 9544  938.7
2 997.8 991.1  981.2 969.0 9549  939.2
5 999.1 9923 9824 970.3 956.3  940.7
10 1001.2 9943  984.6 972.5 958.6  943.3
15 1003.2 996.3  986.6 974.6 960.8  945.6
20 1005.2 998.3  988.6 976.7 963.1  948.0
30 1009.1 10022  992.5 980.9 9674  952.7
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40 1013.0  1006.0  996.5 984.9 971.7 9572
50 1016.8  1009.8 1000.3 988.8 975.8  961.6
60 1020.6  1013.5 1004.0 992.6 979.8  965.9
70 10242  1017.2  1007.6 996.5 983.8  970.0
80 1027.9  1020.7 1011.2 1000.1 987.6  974.1
90 1031.5 10242 1014.8 1003.7 991.3  978.0
100 1035.0  1027.6 1018.2 1007.3 995.0  981.9
wi =0.2002 (b, = 2.8081 mol-kg™)
0.1 998.1 989.4  977.8 964.5
0.5 998.1 989.5  978.0 964.6
1 998.3 989.6  978.2 964.8 949.7  933.1
2 998.6 990.0  978.6 965.2 950.2  933.7
5 999.8 991.1  979.9 966.5 951.6  935.3
10 1001.7 993.1  982.0 968.7 953.9  937.8
15 1003.6 995.0  984.0 970.8 956.2  940.3
20 1005.4 996.8  985.9 972.9 9584  942.7
30 1009.0  1000.5 989.7 977.0 962.8  947.4
40 10125 10042  993.6 981.0 967.1  952.0
50 1016.0  1007.7 997.3 984.9 9712  956.5
60 1019.5  1011.2  1000.9 988.7 9752 960.7
70 10229 10147 1004.4 992.4 979.1  964.9
80 10262  1018.0 1007.9 996.0 983.0  969.1
90 1029.5  1021.4 1011.3 999.6 986.7  972.9
100 1032.7  1024.6 1014.6 1003.0 990.2  976.7
wi =0.3001 (b, =4.8111 mol-kg™)

0.1 999.6 9882  974.8 960.1
0.5 999.6 988.3  975.0 960.3

1 999.7 988.4  975.2 960.5 9443  926.8
2 1000.0 988.8  975.6 961.0 9448 9274
5 1001.2 989.9  976.8 962.3 946.3  929.0
10 1003.0 991.8  978.9 964.5 948.6  931.6
15 1004.8 993.7  980.9 966.6 950.9  934.2
20 1006.5 995.5  982.8 968.8 9533 936.7
30 1009.9 999.1  986.7 972.8 957.7 9415
40 10132 1002.6  990.4 976.9 962.0  946.2
50 1016.5  1006.1  994.1 980.8 966.2  950.8
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60 1019.9  1009.5 997.7 984.5 970.3  955.2
70 1023.0 10129 1001.1 988.3 9742  959.4
80 1026.1  1016.1 1004.6 991.8 978.1  963.5
90 10292  1019.3 1007.9 995.4 981.8  967.4
100 10323 10224 1011.2 998.8 985.5 9714
wi = 0.4002 (b, = 7.4852 mol-kg™)

0.1 999.1 9854  970.3 954.6
0.5 999.1 985.5  970.6 954.8

1 999.2 985.6  970.8 955.0 938.0  919.8
2 999.6 986.0 971.2 955.4 938.5 9204
5 1000.7 9872 9725 956.8 940.0  922.1
10 1002.5 989.1  974.6 959.1 9424 9249
15 1004.3 991.0  976.6 961.3 9449 9275
20 1006.0 9929  978.6 963.5 9473  930.1
30 1009.4 996.5  982.5 967.7 951.9 9352
40 10127  1000.0 986.4 971.9 956.3  940.1
50 1016.0  1003.5 990.1 975.8 960.6  944.7
60 10192 1006.9 993.6 979.6 964.7  949.2
70 10223 10102 997.1 983.4 968.7  953.6
80 10254  1013.4 1000.6 987.1 972.7  957.7
90 10284  1016.5 1003.9 990.6 976.5  961.8

100 1031.4 1019.7 1007.2 994.1 980.1 965.7
“Expanded uncertainties (k = 2): U(T) = 0.02 K; U,(p) = 0.0002; U(w) = 0.0004 and U(p) = 0.7 kg-m".
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Figure 7.17. Experimental density p, of the system AMP(1) + H>O(2) as a function of pressure p, at
amine mass fraction of (a) w; = 0.1 and (b) w; = 0.4. Isotherms: (&) T=293.15K, () T=313.15 K,
(A) T=333.15K, (O) T=353.15K, (k) T=373.15 K, and (X) T'=1393.15 K. Lines represent the

calculated values using modified Tammann-Tait (Equations 7.1 to 7.4) with the parameters given in

Tables 7.11 and 7.12.
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Figure 7.18. Experimental density p, of the system AMP(1) + H,O(2) as a function of amine mass
fraction wi, at temperatures of (a) 7= 293.15 K and (b) 7= 373.15 K. Isobars: (<) p=1 MPa, () p
= 50 MPa, and (O) p = 100 MPa. Experimental data of pure water (w; = 0) from NIST REFPROP
database [180].
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Figure 7.19. Experimental density p, of the system AMP(1) + H,O(2) as a function of temperature 7, at
pressure p = 1 MPa. Amine mass fractions: (—) w; =0, (O) w; = 0.1, ((O) w; = 0.2, (&) wy = 0.3, and
(&) wi = 0.4. Experimental data of pure water (w; = 0) from NIST REFPROP database [180].

7.2.5.2. Comparison with Literature

The relative deviations obtained from the comparison of the experimental densities of AMP + H,O with
11 references from the literature were generally within the uncertainty of our densimeter, as can be seen
in Figure 7.20. Ztfiiga-Moreno et al. [94] reported measurements at pressures other than atmospheric,
yielding results consistent with our measurements. The highest deviations (slightly above the
uncertainty) were obtained in the comparison with the data reported by Zufiiga-Moreno et al. [94] at a
temperature of 353.15 K and amine mass fraction of 0.3. This result is due to the small difference in the
measurement conditions since, as can be seen in Table 7.10, these authors measure the density at a

temperature of 352.96 K and an amine mass fraction of 0.282.

Table 7.10. Measurement conditions of literature data used to compare the experimental density of

AMP(1) + HO(2) mixture measured in this work.

Reference Densimeter Conditions Number of Points U#
wi = 0.200; 0.282; 0.400
Zuniga-Moreno | Anton Paar DMA
T=(313.13-35296) K 57 0.02 %
et al. [94] 60/512P
p=1(0.5-20) MPa
wi=0.300
Kyoto Electronics
Stec et al. [83] T=(293.15-333.15 K 3 NA®
KEM DA-645
p=0.1 MPa
. Anton Paar w1=0.300
Rezaei et al. ]
(93] Stabinger T=(313.15-333.15 K 2 0.1%
SVM3000 p=0.1 MPa
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wi=0.40
Gay-Lussac
Das et al. [90] T=313K 1 0.01 %
pycnometer
p=0.1 MPa
wi=0.300; 0.400
Shojaeian & Anton Paar DMA-
T=(293.15-333.15 K 6 0.02 %
Haghtalab [81] 58
p=0.1 MPa
Samanta & wi=0.300
Gay-Lussac
Bandyopadhyay T=(313.15-333.15K 2 0.01 %
pycnometer
[82] p=0.1 MPa
w1=0.208
Anton Paar DMA-
Henni et al. [85] T=(313.15-333.15) K 2 NA®
4500
p=0.1 MPa
wi=0.097
Anton Paar DMA
Chan et al. [86] 45 T=353.15K 1 NAP
p=0.1 MPa
wi1=0.2;0.3
Gay-Lussac
Li & Lie [89] T=(313.15-353.15 K 6 NAP
pycnometer
p=0.1 MPa
Aguila- w1 =0.298; 0.399
Anton Paar DMA
Hernandez et al. 45 T=(313.15-333.15 K 4 NAP
[91] p=0.1 MPa
w1 = 0.3
Mandal et al. Gay-Lussac
T=(293.15-313.15 K 2 NA®
[92] pycnometer
p=0.1 MPa

“Relative expanded uncertainty (k = 2), %.
"NA: Not Available.
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Figure 7.20. Relative deviations (%) of density measurements pexp, in comparison with literature values
pie. Literature for AMP + H,O: ([J) Zafiiga-Moreno et al. [94], (O) Stec et al. [83], (X) Rezaei et al.
[93], (<) Das et al. [90], (A) Shojaeian & Haghtalab [81], (*) Samanta & Bandyopadhyay [82], (+)
Henni et al. [85], () Chan et al. [86], (®) Li & Lie [89], (®) Aguila-Hernandez et al. [91], and (A)
Mandal et al. [92]. Dashed lines represent the relative expanded uncertainty of our density

measurements.
7.2.6. Discussion

The experimental densities of the aqueous amine solutions show the highest to lowest values in the
following order: 1-MPZ > AMP > EAE > DEAE > MAPA under the same conditions of pressure,
temperature, and amine mass fraction. This difference increases with amine mass fraction, temperature
and pressure, reaching a maximum of 3 % difference between the densities of the extreme values, which
are the highest density corresponding to the 1-MPZ + H,O mixture and the lowest density corresponding

to the MAPA + H,O mixture, under the same measurement conditions.

EAE and DEAE are two ethanolamines with a similar structure, EAE is a secondary amine and DEAE
a tertiary amine. In the comparison of the densities of aqueous solutions of these amines, we found that
under the same measurement conditions, EAE + H»O has a higher density than DEAE + H,0. This can
be explained by the molecular interactions between these amines and water. The molecular interaction
between DEAE and H»O reflects the compaction of the mixture due to a strong hydrogen bonding
interaction [64]. This is a consequence of ability of DEAE to attract hydrogens and the donating ability
of H>O. On the other hand, EAE does not have the ability to form strong hydrogen bonds in the
interaction with H,O because this molecule is a secondary amine and has the facility to donate
hydrogens rather than accept them [70]. Consequently, EAE + H,O exhibits lower molecular
compaction compared to DEAE + H,O, resulting in a smaller volume and a higher density. The density

difference between these two solutions reached up to 2 %.
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The density of these mixtures increases with pressure while maintaining very similar trends for all
systems, as can be observed in Figures 7.1, 7.5, 7.9, 7.13, and 7.17. An increase in temperature leads
to a decrease in density. This change resembles a linear behaviour for all aqueous mixtures studied, as
can be seen in Figures 7.3, 7.7, 7.11, 7.15, and 7.19. Regarding the trend of density with amine mass
fraction, two types of behaviours were observed. In the first case, according to Figures 7.2, 7.6, 7.10
and 7.18, it is observed that as the amine mass fraction increases, the density decreases for aqueous
solutions of DEAE, EAE, MAPA, and AMP. In the second type of behaviour, as can be seen in Figures
7.14 and 7.15, there is a change in the slope of the curve that describes the trend of density as a function
of temperature when the amine mass fraction varies from 0.1 to 0.4 for 1-MPZ aqueous solutions. At
temperatures approximately lower than 325 K, the density increases with increasing amine mass
fraction, while at temperatures above approximately 325 K, the behaviour is different; an increase in
density is caused by a decrease in amine mass fraction. The explanation for this behaviour was given
by Rayer et al. [78], who studied the experimental density of 1-MPZ aqueous solutions over the entire
range of molar compositions. In this study, it is proposed that the self-association of pure 1-MPZ amine
decreases when it is mixed with water. This is due to the hydrogen bonding interactions between 1-
MPZ and water, as well as the ability of 1-MPZ molecules to fill the cavities within the loose structure
of water. The magnitude of the contributions of these different types of interactions will vary with the
amine, the composition of the mixture, and the temperature. Therefore, for this system (1-MPZ + H,0)
at amine mass fractions greater than 0.5, the behaviour trend changes and there are not observed changes
in the trend of the curves that describe the density as a function of temperature at fixed amine mass

fraction values.

Mixtures like methyldiethanolamine (MDEA) + H,O, monoethanolamine (MEA) + H-O,
diethanolamine (DEA) + H»O and triethanolamine (TEA) + H,O exhibit an increase in density with the
rise of amine mass fraction, while 2-(dimethylamino)ethanol (DMEA) + H,O shows the opposite effect
[104,188].

7.2.7.Experimental Density Data Fitting

The experimental density was correlated (see Equations 7.1 to 7.4) using a Tammann—Tait equation
[189] that was modified to render density as a function of temperature, pressure, and the amine molality
b (mol-amine/kg-H»0). These equations replicate the density correlation model for brines as proposed
by Al Ghafti et al. [186,187]. Parameter’s standard error analysis was used to reduce overfitting and

optimise the parameter set for CO-unloaded solutions.

The reference density, prr, is computed with Equation 7.2. po(7) represents the density of saturated
liquid water under the vapor pressure conditions at the specified temperature. The vapor pressure and

density of water are obtained from the NIST REFPROP database [180].
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pref(Tv b) (7~1)
p(T,p.b) = B(T,b) +
_ . ) p
1= (g pys pref(T))
[pres(T, b) — po(T)] (7.2)
=ay b (T/T) +ay, b (T/T)¥? + ayy - b32 - (T/T.) + ay,
b2 (T/T)3? + agg - b3 - (T/T)? + azy - b* - (T/T,) + az, - b
(T/T)¥? + ags - b? - (T/T.)?
B(T,b) = Boo + Bo1 - (T/T.) + Boz - (T/T)* + Boz - (T/T)* + P1o- b+ Py1 - b (7.3)
: (T/Tc) + 312 b - (T/Tc)z
C(b) =yo + vz - b? (7.4)

The critical temperature of pure water, 7., was 647.10 K in Equations 7.2 and 7.3. Firstly, the
coefficients Soo, fo1, oz, fos, and yo in Equations 7.2 and 7.3 for molality (b = 0 mol-kg") were
determined. Then, the remaining coefficients in prf, B and C in Equations 7.2, 7.3 and 7.4 were
optimised. All fittings were carried out in MATLAB R2023b [190] by minimising the sum of the
squares of the differences between the experimental and calculated density values, implementing a

Levenberg-Marquardt algorithm [191].

In order to evaluate the goodness-of-fit with this modified Tammann-Tait equation, the following
statistical parameters were determined: absolute average relative deviation (AAD) calculated using
Equation 7.5, maximum absolute relative deviation (MAD) calculated using Equation 7.6, and

standard deviation (o) calculated using Equation 7.7.

N
1 Xexpi — Xecali
AAD, X =_ZM (7.5)
N =1 Xexp,i
Xoo =Xy
MAD, X = max <M> (7.6)
Xexp,i
(7.7)

0,X = \/[ﬁ] Z?’:1(Xexp,i - Xcal,i)2

where Xexp,i is the ith experimental value of a defined property X, Xcaiiis the ith calculated value using
the correlation at the same condition, N is the total number of experimental points, and m is the number

of fitting parameters.

As aresult of the first optimisation, the coefficients Soo, Soi, fo2, fo3, and yo in Equations 7.3 and 7.4 for

pure water (b1 = 0 mol-kg™') were determined. Table 7.11 shows these coefficients, which are the same
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for all aqueous amine solutions. The fitting resulted in relative density deviations for pure water below

0.01 %.

Table 7.11. Parameters foo, So1, oz, fos, and yo for pure water (b; = 0 mol-kg™') in Equations 7.3 and
74.

Loo Lo Loz Sos Y0
-2894.127 16489.61 -27612.67 14807.00 0.1326506

The remaining coefficients in Equations 7.2, 7.3 and 7.4 optimised in the second fitting are shown in
Table 7.12. The modified correlation satisfactorily represents the density over the entire range of
temperature, pressure, and amine molality. Figures 7.21 to 7.25 show the fitting residuals for the binary
systems studied, which mostly agree with the density uncertainty without exhibiting any systematic

trend in either molality or density.

Table 7.12. Coefficients in Equations 7.2, 7.3 and 7.4, and statistical parameters AAD, MAD and o.

Binary Mixtures

Parameters

DEAE + H,0O EAE+H,0 MAPA+H,0 1-MPZ+H,0  AMP +H,0
o -34.461 -39.462 -77.608 -50.657 -25.398
o1 27.7161 38.529 75.430 56.124 24.764
021 357.50 299.02 353.11 360.57 269.37
02 -852.38 -730.34 -849.46 -858.12 -661.13
023 499.32 446.54 515.95 511.88 404.87
31 -81.138 -65.622 -76.122 -76.420 -56.509
032 187.18 160.48 186.35 182.50 137.59
033 -104.28 -97.859 -114.52 -109.30 -83.300
Pro 1059.8 987.32 403.23 395.67 909.88
i 391.78 352.69 -1331.8 -1270.3 332.43
B2 -1296.5 -1178.5 1107.7 1029.3 -1096.3
2 6.4148-10" 3.4143-10* 3.7682-10™ 5.0526-10* 3.4966-10"
AAD 0.03 % 0.02 % 0.02 % 0.02 % 0.02 %
MAD 0.2 % 0.1% 0.1% 0.1 % 0.1 %
o/(kg-m™) 0.4 0.3 0.3 0.2 0.3
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Figure 7.21. Relative deviations (%) for DEAE(1) + H,O(2) mixture of experimental density
measurements, pexp, in comparison with calculated density, peal, using Equations 7.1 to 7.4. (a) Relative

deviations vs pep and (b) Relative deviations vs b;. Dashed lines represent the relative expanded

uncertainty of our density measurements.
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Figure 7.22. Relative deviations (%) for EAE(1) + H>O(2) mixture of experimental density
measurements, Oexp, in comparison with calculated density, pca, using Equations 7.1 to 7.4. (a) Relative

deviations vs e and (b) Relative deviations vs b;. Dashed lines represent the relative expanded

uncertainty of our density measurements.
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Figure 7.23. Relative deviations (%) for MAPA(1) + H,O(2) mixture of experimental density
measurements, Oexp, in comparison with calculated density, pca, using Equations 7.1 to 7.4. (a) Relative

deviations vs e and (b) Relative deviations vs b;. Dashed lines represent the relative expanded

uncertainty of our density measurements.
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Figure 7.24. Relative deviations (%) for 1-MPZ(1) + H,O(2) mixture of experimental density
measurements, Oexp, in comparison with calculated density, pca, using Equations 7.1 to 7.4. (a) Relative
deviations vs e and (b) Relative deviations vs b;. Dashed lines represent the relative expanded

uncertainty of our density measurements.
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Figure 7.25. Relative deviations (%) for AMP(1) + H,O(2) mixture of experimental density
measurements, Oexp, in comparison with calculated density, pca, using Equations 7.1 to 7.4. (a) Relative
deviations vs p.p and (b) Relative deviations vs b;. Dashed lines represent the relative expanded

uncertainty of our density measurements.

7.2.7.1. Comparison of Calculated Density with Experimental Literature Data

Calculated density values for the studied binary mixtures, derived from Equations 7.1 to 7.4, were
compared against literature data given in Table 1.2 in Chapter 1, effectively expanding the experimental

density comparison range presented in this chapter. The following results were obtained.

e For the DEAE + H,O mixture, 5 references were used for comparison, with a total of 87 data

points. The average absolute relative deviation was 0.05 %, with a maximum of 0.1 % (see

Figure 7.26).
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e For the EAE + H,O mixture, 4 references were used for comparison, with a total of 76 data
points. The average absolute relative deviation was 0.1 %, with a maximum of 0.3 % (see
Figure 7.27).

o For the MAPA + H,O mixture, 3 references were used for comparison, with a total of 57 data
points. The average absolute relative deviation was 0.09 %, with a maximum of 0.2 % (see
Figure 7.28).

e For the 1-MPZ + H,O mixture, 2 references were used for comparison, with a total of 62 data
points. The average absolute relative deviation was 0.09 %, with a maximum of 0.3 % (see
Figure 7.29).

e For the AMP + H,O mixture, 6 references were used for comparison, with a total of 457 data
points. The average absolute relative deviation was 0.3 %, with a maximum of 0.9 % (see

Figure 7.30).

The reasons for the observed discrepancies between calculated and literature densities are unclear,

particularly in the AMP + H,O mixture.
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Figure 7.26. Relative deviations (%) vs amine mass fraction w; for DEAE(1) + H,O(2) mixture of
calculated density pca, using Equations 7.1 to 7.4, in comparison with density literature values pi.
Literature: (O) Karunarathne et al. [62], ((J) Lebrette et al. [60], (<) Xu et al. [59], (A) Pinto et al.
[63], and (>k) Hawrylak et al. [64].
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Figure 7.27. Relative deviations (%) vs amine mass fraction w; for EAE(1) + H,O(2) mixture of
calculated density pca, using Equations 7.1 to 7.4, in comparison with density literature values pi.
Literature: (O) Zhu et al. [70], () Chowdhury et al. [71], (<) Viet et al. [72], and (A) Pandey &
Mondal [73].
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Figure 7.28. Relative deviations (%) vs amine mass fraction w; for MAPA(1) + H>O(2) mixture of
calculated density peal, using Equations 7.1 to 7.4, in comparison with density literature values pi.

Literature: (O) Monteiro et al. [76], ((J) Pinto et al. [63], and (<) Wang et al. [77].
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Figure 7.29. Relative deviations (%) vs amine mass fraction w; for 1-MPZ(1) + H,O(2) mixture of
calculated density pca, using Equations 7.1 to 7.4, in comparison with density literature values pi.

Literature: (O) Rayer et al. [78], and ([]) Vamja et al. [38].
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Figure 7.30. Relative deviations (%) vs amine mass fraction w; for 1-MPZ(1) + H>O(2) mixture of
calculated density peal, using Equations 7.1 to 7.4, in comparison with density literature values pi.
Literature: (O) Zuiiiga-Moreno et al. [94], (J) Shojacian & Haghtalab [81], (<) Samanta &
Bandyopadhyay [82], (A) Stec et al. [83], (°<) Henni et al. [85], and (+) Chan et al. [86].

7.3. Ternary Mixtures. COz-Loaded Aqueous Amine Solutions
7.3.1. MEA + H,0 + CO;,
7.3.1.1.  Experimental Density

The results of the density measurements of the aqueous amine solutions are presented in Table 7.13 for

MEA + H,O + COa,. In order to analyse the impact of pressure, CO; loading, and temperature, the
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experimental density data were plotted as a function of these variables for all the studied systems, as

can be observed in Figures 7.31 to 7.33.

Table 7.13. Experimental densities p, for the system MEA(1) + H,O(2) + CO»(3) with amine mass
fraction (CO»-free basis) w; = 0.3002, at different conditions of temperature 7, pressure p, CO; loading
o, in terms of mol-CO,/mol-MEA, and equivalent CO, molality b3.%

pl(kg-m™)
T/K
p/MPa 293.15 313.15 333.15 353.15 373.15 393.15
o =0.100 (b3 = 0.494 mol-kg™")
0.1 1032.7 10234  1012.1 999.8
0.5 1032.7 10234 10123 1000.0

1 10329 1023.5 1012.5 1000.1

2 1033.2 10239 1012.9 1000.6

5 10343 1025.0 1014.1 1001.8 9879 9729
10 1036.1 1026.8 1016.0 1003.8 990.1 9753
20 1039.7 10304 1019.8 1007.7 9943  979.8
30 1043.1 1034.0 1023.4 1011.6 9984  984.2
40 1046.6 1037.4 1027.1 10154 1002.3 988.5
50 1050.0 1040.9 1030.6 1019.1 1006.2 992.6
60 1053.2 10442 1034.0 1022.6 1010.0 996.6
70 1056.5 1047.5 10374 1026.1 1013.6 1000.5
80 1059.7 1050.7 1040.7 1029.6 1017.3 1004.3
90 1062.9 10539 1044.0 1033.0 1020.8 1008.0

100 1066.0 1057.1 10473 10362 10243 1011.6
o =0.200 (b3 = 0.989 mol-kg™)

0.1 10523 1043.6 10322 1020.1

0.5 10523 1043.6  1032.4 1020.3

1 1052.4 1043.5 1032.6 1020.5

2 1052.7 1043.8 1033.0 1020.9

5 1053.9 10449 1034.1 1022.1 1008.5 994.0
10 1055.7 1046.7 1036.1 1024.1 1010.7 996.3
20 1059.2 1050.2 1039.7 1027.9 1014.8 1000.7
30 1062.6 1053.7 10433 1031.6 1018.8 1005.0
40 10659 1057.1 1046.9 10353 1022.6 1009.0
50 10693 1060.5 10504 1038.9 10264 1013.0
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60 1072.6 1063.9  1053.7 10424 1030.1 1017.0
70 1075.8 1067.1 1057.0 10459 1033.7 1020.8
80 10789 1070.3 1060.3 1049.3 1037.2 1024.5
90 1082.1 1073.5 1063.5 1052.6 1040.7 1028.1

100 1085.1 1076.5 1066.7 10558 1044.1 1031.7
o =0.400 (b3 = 1.978 mol-kg™)

0.1 1091.3 1082.1  1071.1 1059.3

0.5 1091.3 1081.9 10713 1059.4

1 1091.4 1082.2 1071.5 1059.6

2 1091.7 1082.5 1071.8 1060.0

5 1092.8 1083.6 10729 1061.1 1048.1 1033.7
10 1094.6 10854 1074.8 1063.0 1050.1 1036.0
20 1098.0 1088.8  1078.3 1066.7 1053.9 1040.1
30 1101.3 1092.2 1081.8 1070.2 1057.8 1044.1
40 1104.6 1095.5 1085.2 1073.8 1061.3 1048.1
50 1107.8 1098.8  1088.6 1077.2 1064.9 1051.9
60 1111.0 1102.0 1091.8 1080.7 1068.6 1055.6
70 1114.1 11053  1095.1 1084.0 1071.9 1059.3
80 1117.3 1108.4  1098.2 1087.3 10753 1062.8
90 1120.3 1111.4 1101.4 1090.4 1078.6 1066.3

100 11232 11144 11045 1093.6 1081.9 1069.7
a=0.609 (b5 =3.011 mol-kg™")

0.1 1126.5 1117.0 11059 1093.8

0.5 1126.6 1117.1 1106.0 1094.0

1 1126.8 1117.2  1106.2 1094.0

2 1127.0 1117.5 1106.6 1094.4

5 1128.1 11185 1107.6 1095.6 1082.0 1066.8
10 1129.8 11202 11094 1097.4 1084.0 1069.0
20 11332 1123.6 11129 1101.0 1087.9 1073.1
30 11364 11269 11163 1104.5 1091.6 1077.2
40 1139.7 1130.2 1119.6 1108.0 1095.2 1081.1
50 11429 11334 11229 11114 1098.8 1084.9
60 1146.1 1136.5 1126.1 1114.7 1102.3 1088.8
70 11492 1139.6 11292 1118.0 1105.7 1092.4
80 11522 11427 11323 1121.1 1109.1 1095.9
90 11552 11457 11354 11242 1112.2 1099.3
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100 1158.2 1148.7 11383 1127.3 11155 1102.8
*Expanded uncertainty (k= 2): U(T) = 0.02 K; Ux(p) = 0.0002; U((w) = 0.0004; Ux(a) = 0.003 and U(p)
=2 kg'm?>.

pl(kg-m3)
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Figure 7.31. Experimental density p, of the system MEA(1) + H,O(2) + CO»(3) as a function of pressure
p, at temperature 7=293.15 K. CO; loadings: (*) a = 0 mol-CO»/mol-MEA, (O) o= 0.1 mol-CO»/mol-
MEA, () a= 0.2 mol-CO,/mol-MEA, (<) a = 0.4 mol-CO»/mol-MEA, and (A) a = 0.6 mol-CO,/mol-
MEA. Experimental density data of aqueous amine solution (CO,-free basis) from [104]. Lines
represent the calculated values using modified Tammann-Tait (Equations 7.1 to 7.4) with the

parameters given in Table 7.21.
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Figure 7.32. Experimental density p, of the system MEA(1) + H2O(2) + CO»(3) as a function of CO;
loading a, at pressure p = 0.1 MPa. Isotherms: (O) T'=293.15 K, () T=313.15 K, (<) T =333.15
K, and (A) T'=353.15 K. Experimental density data of aqueous amine solution (CO»-free basis) from
[104].
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Figure 7.33. Experimental density p, of the system MEA(1) + H,O(2) + CO,(3) as a function of
temperature T, at CO; loading a = 0.4 mol-CO»/mol-MEA. Isobars: (L1) p = 0.1 MPa, (O) p = 20 MPa,
(<) p=50MPa, and (A) p = 100 MPa.

7.3.1.2. Comparison with Literature

Table 7.14 details the temperature, pressure, and CO» loading conditions reported in the references used
for the comparison of our density data. As shown in Figure 7.34, the relative deviations are within 0.7
%, which is within the uncertainties reported in the literature. The high uncertainty value in CO; loading

was the main contributor to the deviations observed in the comparison.

Table 7.14. Measurement conditions of literature data used to compare the experimental density of

MEA(1) + HO(2) + CO2(3) mixture measured in this work. CO; loading a in terms of mol-CO»/mol-

amine.
Reference | Densimeter Conditions Number of Points | U.(a)? U.(p)®
Anton T'=(313.15-353.15 K
Amundsen
Paar DMA p=0.1 MPa 6 2 % 0.4 %
etal. [108]
4500 0=0.1-04
Anton T=(313.15-353.15)K
Han et al.
[109] Paar DMA p=0.1 MPa 6 2% 0.3 %
4500 0=0.1-0.2
Anton T=(313.15-333.15 K
Jayarathna
Paar DMA p=0.8 MPa 6 0.5% 0.4 %
etal. [113]
HP a=0.1-04
Hartono et T'=(293.15-353.15 K
Anton 12 5% | 0.002 %
al. [110] p=0.1 MPa
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Paar DMA a=0.1-04
4500 M
KEM Kyoto | 7=(293.15-333.15) K
Spietz et al.
7] Electronics p=0.1 MPa 9 4% | 0.005%
DA-645 a=0.1-04

*Relative expanded uncertainty in CO; loading (k = 2), %.
PRelative expanded uncertainty in density (k = 2), %.
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Figure 7.34. Relative deviations (%) of density measurements pexp, in comparison with literature values
piit. (2) Relative deviations vs pexp, ¥ (b) Relative deviations vs a. Literature for MEA + H,O + COx:
(O) Amundsen et al. [108], ((J) Han et al. [109], (<) Jayarathna et al. [113], (A) Hartono et al. [110],
and (>k) Spietz et al. [117].
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7.3.2. MDEA + H,0 + CO;

7.3.2.1. Experimental Density

The results of the density measurements of the aqueous amine solutions are presented in Table 7.15 for
MDEA + H,O + COa,. In order to analyse the impact of pressure, CO; loading, and temperature, the
experimental density data were plotted as a function of these variables for all the studied systems, as

can be observed in Figures 7.35 to 7.37.

Table 7.15. Experimental densities p, for the system MDEA(1) + H,O(2) + CO»(3) with amine mass
fraction (CO»-free basis) wi = 0.3000, at different conditions of temperature 7, pressure p, CO; loading
a in terms of mol-CO»/mol-MDEA, and equivalent CO; molality b3.*

p/(kg-m?)
T/K
p/MPa 29315 313.15 333.15 353.15 373.15 393.15
a=0.100 (b3 = 0.253 mol-kg™)
0.1 1035.8 1026.0 1014.0 1000.6
0.5 1035.8 1026.1 1014.2 1000.8

1 1036.0 1026.2 10144 1000.9

2 1036.3 1026.6 1014.8 1001.3

5 1037.5 1027.7 1016.0 1002.6 987.7 971.4
10 1039.4 1029.6 1018.0 1004.7 990.0 973.9
15 1041.2 1031.5 1019.9 1006.8 9922  976.3
20 1043.0 1033.3 1021.9 1008.8 9944  978.7
30 1046.6 1037.0 1025.6 1012.8 9987  983.3
40 1050.1 1040.6 10294 1016.7 1002.8 987.8
50 1053.6 1044.1 1033.1 1020.6 1006.8 992.1
60 1057.0 1047.6 1036.6 10243 1010.8 996.3
70 1060.4 1051.0 1040.1 10279 10145 1000.4
80 1063.8 10544 1043.6 1031.5 1018.3 1004.4
90 1067.0 1057.7 1046.9 1035.0 1022.1 1008.2

100 10702 1060.9 10502 1038.4 1025.6 1012.0
a=0.200 (bs = 0.507 mol kg™

0.1 1044.4 10343 1022.1 1008.8

0.5 1044.4 10344 1022.3 1008.9

1 1044.6 1034.5 1022.5 1009.1

2 1044.9 10349 1022.9 1009.5
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5 1046.1 1036.0 1024.1 1010.7 9959  979.6
10 1048.0 10379 1026.1 1012.8 998.1  982.1
15 1049.8 1039.8 1028.1 1014.9 1000.3 984.4
20 1051.6 1041.6 1030.0 1016.9 1002.5 986.8
30 1055.2 10453 1033.8 1020.8 10069 9914
40 1058.8 1048.8 1037.5 1024.7 10109 9959
50 1062.3 1052.4 1041.1 1028.5 10149 1000.2
60 1065.8 10559 1044.6 1032.2 1018.7 1004.4
70 1069.1 1059.3 1048.1 1035.8 1022.6 1008.4
80 1072.5 10627 1051.5 10394 10263 1012.3
90 1075.6 1065.9 1054.8 1042.7 1029.8 1016.2

100 1079.0 1068.9 1058.0 1046.2 1033.5 1019.9
o =0.400 (b3 = 1.014 mol-kg™)

0.1 1060.4 1049.9 1037.6 1024.2

0.5 1060.4 10499 1037.8 10244

1 1060.6 1050.1 1037.9 1024.5

2 1060.9 10504 1038.3 1024.9

5 1062.1 1051.5 1039.5 1026.2 10114 994.7
10 1063.9 10534 1041.5 10283 1013.6 997.2
15 1065.8 10553 10434 1030.3 1015.7 999.6
20 1067.6 1057.1 10453 1032.2 10179 1001.9
30 1071.2 1060.8 1049.0 1036.1 1022.1 1006.6
40 1074.8 1064.3 1052.7 1039.9 1026.1 1010.9
50 10783 1067.8 1056.3 1043.6 1030.0 1015.2
60 1081.8 1071.3 1059.8 1047.3 1033.8 10194
70 1085.2 1074.8 1063.3 10509 1037.6 1023.4
80 1088.5 1078.1 1066.7 1054.3 1041.3 1027.3
90 1091.8 1081.3 1069.9 1057.8 1044.8 1031.1

100 1095.1 1084.6 1073.2 1061.1 1048.3 1034.8
a=0.600 (b5 =1.521 mol-kg™)

0.1 1076.4 1065.7 1053.4 1040.1
0.5 1076.4 1065.8 1053.6 1040.3
1 1076.6  1065.9 1053.7 1040.4
2 1076.9 1066.3 1054.2 1040.8
5 1078.1 1067.4 10553 1042.0 1027.1 1009.8
10 10799 1069.2 1057.3 1044.0 10293 1012.2
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15 1081.8 1071.1 1059.1 1046.0 1031.4 1014.7
20 1083.6 1072.9 1061.0 1048.0 1033.5 1017.0
30 1087.2 1076.5 1064.7 1051.8 1037.7 1021.7
40 1090.8 1080.0 1068.3 1055.6 1041.6 1026.1
50 10942 1083.5 1071.8 1059.3 1045.6 1030.4
60 1097.7 10869 1075.3 1062.8 1049.4 1034.5
70 1101.1 10903 1078.7 1066.3 1053.1 1038.5
80 1104.4 1093.6 1082.0 1069.7 1056.7 1042.5
90 1107.7 1096.9 10853 1073.1 1060.2 1046.2

100 1111.0 1100.1 1088.5 1076.3 1063.6 1049.9
o =0.808 (b3 =2.048 mol-kg™)

0.1 1092.2 1081.5 1069.3 1056.0

0.5 1092.3 1081.6 1069.5 1056.1

1 10924 1081.8 1069.7 1056.3

2 1092.7 1082.1 1070.1 1056.7

5 1093.8 1083.2 1071.2 1057.9 1042.5 1024.0
10 1095.7 1085.0 1073.2 1059.9 1044.7 1026.6
15 1097.5 1086.8 1075.0 1061.8 1046.9 1029.1
20 1099.2 1088.6 1076.8 1063.8 1049.0 1031.6
30 1102.7 1092.1 1080.4 1067.6 1053.2 1036.3
40 1106.2 1095.6 1084.0 1071.3 1057.2 1040.8
50 1109.6 1098.9 10874 1075.0 1061.0 1045.1
60 1113.1 11023 1090.8 1078.5 1064.9 1049.3
70 11163 1105.6 1094.1 1081.9 1068.5 1053.4
80 1119.6 1108.9 1097.4 10853 1072.1 1057.4
90 1122.8 1112.1 1100.8 1088.6 1075.6 1061.2

100 11259 11152 1103.8 1091.9 1079.0 1064.9
o =0.896 (b3 =2.271 mol-kg™)

0.1 1108.5 1098.2 1086.0 1072.3
0.5 1108.5 1098.3 1086.2 1072.3
1 1108.6 10984 1086.4 1072.5
2 1108.9 1098.7 1086.7 1072.9
5 1110.0 1099.8 1087.8 1074.1 1057.6 1037.4
10 1111.8 1101.5 1089.7 1076.1 1059.9 1040.1
15 1113.5 1103.3 1091.6 1078.0 1062.0 1042.7
20 11152 1105.0 10934 1080.0 1064.2 1045.2
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30 1118.5 1108.5 10969 1083.7 1068.4 1050.1
40 11219 1111.7 11004 1087.4 1072.4 1054.7
50 1125.1 1115.0 1103.8 1091.1 10763 1059.2
60 11283 11183 1107.1 1094.5 1080.3 1063.6
70 1131.5 11215 11104 1098.0 1083.9 1067.7
80 11346 11247 1113.6 1101.3 1087.6 1071.8
90 11377 1127.8 1116.8 1104.7 1091.1 1075.8

100 1140.7 1130.7 1119.9 1107.9 1094.6 1079.6
*Expanded uncertainty (k =2): U(T) = 0.02 K; Ui(p) = 0.0002; U{(w) = 0.0004; Ux(a) = 0.003 and U(p)
=2kgm”,

pl(kg-m)

Figure 7.35. Experimental density p, of the system MDEA(1) + H,O(2) + COx(3) as a function of
pressure p, at temperature 7= 293.15 K. CO; loadings: (>) a = 0 mol-CO,/mol-MDEA, (O) a = 0.1
mol-CO»/mol-MDEA, (H) o = 0.2 mol-CO,/mol-MDEA, (<) a = 0.4 mol-CO,/mol-MDEA, (A) a =
0.6 mol-CO,/mol-MDEA, (LJ) a = 0.8 mol-CO»/mol-MDEA, and (&) a = 0.9 mol-CO,/mol-MDEA.
Experimental density data of aqueous amine solution (CO»-free basis) from [104]. Lines represent the
calculated values using modified Tammann-Tait (Equations 7.1 to 7.4) with the parameters given in

Table 7.21.
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Figure 7.36. Experimental density p, of the system MDEA(1) + H,O(2) + CO(3) as a function of CO;
loading a, at pressure p = 0.1 MPa. Isotherms: (O) T'=293.15 K, () T=313.15 K, (<) T =333.15
K, and (A) T'=353.15 K. Experimental density data of aqueous amine solution (CO»-free basis) from

[104].
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Figure 7.37. Experimental density p, of the system MDEA(1) + H,O(2) + COx(3) as a function of
temperature 7, at CO; loading a = 0.4 mol-CO»/mol-MDEA. Isobars: (L) p = 0.1 MPa, (O) p =20
MPa, (<) p =50 MPa, and (A) p = 100 MPa.

7.3.2.2. Comparison with Literature

Table 7.16 details the temperature, pressure, and CO; loading conditions reported in the references used
for the comparison of our density data. As shown in Figure 7.38, the relative deviations are within 0.7
%, which is within the uncertainties reported in the literature. The high uncertainty value in CO; loading

was the main contributor to the deviations observed in the comparison.
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Table 7.16. Measurement conditions of literature data used to compare the experimental density of

MDEA(1) + H,O(2) + CO,(3) mixture measured in this work. CO; loading a in terms of mol-CO,/mol-

amine.
Reference | Densimeter Conditions Number of Points | U.(a)? U.(p)®
Anton T'=(313.15-353.15 K
Han et al.
Paar DMA p=0.1 MPa 9 2% 1%
[126]
4500 0=0.1-04

*Relative expanded uncertainty in CO, loading (k = 2), %.
PRelative expanded uncertainty in density (k = 2), %.
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Figure 7.38. Relative deviations (%) of density measurements pexp, in comparison with literature values

piit. (@) Relative deviations vs pexp, ¥ (b) Relative deviations vs a. Literature for MDEA + H,O + COx:

(O) Han et al. [126].
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7.3.3. AMP + H,0 + CO;

7.3.3.1. Experimental Density

The results of the density measurements of the aqueous amine solutions are presented in Table 7.17 for
AMP + H,0 + COy. In order to analyse the impact of pressure, CO; loading, and temperature, the
experimental density data were plotted as a function of these variables for all the studied systems, as

can be observed in Figures 7.39 to 7.41.

Table 7.17. Experimental densities p, for the system AMP(1) + H,O(2) + CO»(3) with amine mass
fraction (CO»-free basis) wi = 0.3015, at different conditions of temperature 7, pressure p, CO; loading
a in terms of mol-CO»/mol-AMP, and equivalent CO, molality b3.”

pl(kg-m?)
T/K

293.15 313.15 333.15 353.15 373.15 393.15

o =0.100 (b3 = 0.334 mol-kg™)
0.1 1016.5 10042 9899 974.8
0.5 1016.6 10043  990.1  975.0
1 1016.7 10044 9903 9752
2 1017.0 1004.8  990.7  975.7
5 1018.1 1006.0 9919 977.0 961.0 943.9
10 1020.0 1007.9 9941 979.1 963.3 946.5
15 1021.7 1009.7 996.1 981.3  965.6 949.0
20 1023.5 1011.6  998.0 9834 967.9 9514
30 10269 10153 10019 9875 9723 956.2
40 10303 10189 1005.7 9915 976.6 960.9
50  1033.6 1022.4 1009.4 9954  980.7 9653
60  1036.8 10259 1013.0 9992 984.8 969.6
70 1040.0 10292 1016.5 1003.0 988.7 973.8
80 10432 10325 1020.0 1006.6 9925 977.9
90 10462 1035.7 1023.5 1010.1 996.3 981.7
100 1049.2 10389 10267 1013.5 999.9 9856

o= 0.200 (b3 = 0.667 mol-kg™)
0.1  1032.7 1019.5 10044 988.9
0.5 1032.8 1019.6 1004.6 989.1
1 1033.0 1019.7 1004.8 989.3

p/MPa
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2 1033.3  1020.1 10052 989.7
5 10345 1021.2 10064 991.0 9749 957.9
10 10363 10232 1008.5 9932 9772 960.4
15  1038.1 1025.1 1010.6 9953  979.5 962.9
20 1039.8 10269 1012.5 9974  981.7 9653
30 10433 1030.7 1016.4 1001.5 986.1 970.1
40  1046.6 10343 10203 1005.6 9903 974.6
50  1050.0 1037.9 1024.0 1009.4 9943 9789
60 10534 10414 1027.6 10132 9984 983.0
70 1056.5 10448 10312 1017.0 1002.2 9873
80  1059.7 1048.1 10347 1020.5 1006.0 991.4
90  1062.8 1051.4 1038.1 10242 1009.8 995.2
100 1065.8 1054.6 1041.5 1027.5 1013.4 999.0
o =0.400 (b3 = 1.334 mol-kg™)

0.1 10624 1047.1 1030.9 1014.9

0.5 1062.5 10472 1031.1 1015.1

1 1062.7 10474 10313 1015.3

2 1063.0 1047.8 1031.7 1015.7

5 10642 10489 10329 1017.0 1000.8 983.6
10 1066.0 1050.9 1035.0 1019.1 1003.0 986.1
15 1067.9 1052.8 1037.0 1021.2 1005.2 988.5
20 1069.7 1054.8 1039.0 10232 1007.4 990.9
30 10732 10585 10429 10272 1011.6 995.4
40  1076.7 10622 1046.8 1031.2 1015.8 999.9
50 10802 10659 1050.4 1035.1 1019.7 1004.2
60  1083.6 1069.4 1054.1 1038.8 1023.7 1008.3
70  1086.8 10729 1057.7 1042.5 1027.4 10123
80  1090.1 10763 1061.3 1046.1 1031.2 10163
90 10933 1079.7 10647 1049.7 1034.8 1020.2
100 10964 1083.0 1068.1 10532 1038.4 1023.8

a=0.501 (b3 = 1.669 mol-kg™)

0.1 10752 1059.7 10433 1027.5
0.5 10752 1059.8 1043.6 1027.6

1 10754 1059.9 10437 1027.9

2 1075.7 1060.3 10442 10282
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5 1076.9 1061.5 10454 1029.5 10133 996.1
10 1078.8 1063.4 1047.4 1031.6 10155 998.5
15 1080.6 10653 1049.4 1033.6 1017.7 1000.9
20 1082.4 1067.2 1051.4 1035.7 1019.8 1003.2
30 1086.0 1071.0 1055.2 1039.6 1024.0 1007.7
40 1089.5 1074.7 1059.1 1043.6 1028.1 1012.1
50 10929 10782 1062.8 1047.3 1032.0 1016.4
60 1096.4 1081.8 1066.4 1051.0 10359 1020.5
70 1099.7 10853 1069.9 1054.7 1039.6 1024.6
80 1103.0 1088.7 1073.4 1058.3 1043.4 1028.4
90 1106.1 1092.1 1077.0 1061.7 1046.9 1032.3
100 1109.3 1095.3 1080.3 1065.2 1050.5 1036.0
*Expanded uncertainty (k= 2): U(T) = 0.02 K; Ui(p) = 0.0002; U(w) = 0.0004; U(a) = 0.003 and U(p)
=2kgm>,

1130

pl(kg-m3)

0 20 40 60 80 100
p/MPa

Figure 7.39. Experimental density p, of the system AMP(1) + H,O(2) + CO»(3) as a function of pressure
p, at temperature T =293.15 K. CO; loadings: (*) o= 0 mol-CO,/mol-AMP, (O) a.= 0.1 mol-CO,/mol-
AMP, ((J) a= 0.2 mol-CO»/mol-AMP, (<) a.= 0.4 mol-CO2/mol-AMP, and (A) a = 0.5 mol-CO»/mol-
AMP. Experimental density data of aqueous amine solution (CO»-free basis) reported in this work.
Lines represent the calculated values using modified Tammann-Tait (Equations 7.1 to 7.4) with the

parameters given in Table 7.21.
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Figure 7.40. Experimental density p, of the system AMP(1) + H,O(2) + CO,(3) as a function of CO;
loading a, at pressure p = 0.1 MPa. Isotherms: (O) T'=293.15 K, () T=313.15 K, (<) T =333.15
K, and (A) T = 353.15 K. Experimental density data of aqueous amine solution (CO,-free basis)

reported in this work.
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Figure 7.41. Experimental density p, of the system AMP(1) + H,O(2) + CO»(3) as a function of
temperature T, at CO; loading a = 0.4 mol-CO»/mol-AMP. Isobars: (L) p = 0.1 MPa, (O) p =20 MPa,
(<) p =50 MPa, and (A) p = 100 MPa.

7.3.3.2. Comparison with Literature

Table 7.18 details the temperature, pressure, and CO; loading conditions reported in the references used
for the comparison of our density data. As shown in Figure 7.42, the relative deviations are within 0.2
%, which is within the uncertainties reported in the literature. The high uncertainty value in CO; loading

was the main contributor to the deviations observed in the comparison.
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Table 7.18. Measurement conditions of literature data used to compare the experimental density of

AMP + H,0 + CO;, mixture measured in this work. CO; loading « in terms of mol-CO,/mol-amine.

Reference Densimeter Conditions Number of Points | Ui(a)* | Ur(p)®
Kyoto T=(293.15-333.15K
Stec et al.
(83] Electronics p=0.1 MPa 12 NA® NA®
KEM DA-645 a=0.1-04
*Relative expanded uncertainty in CO; loading (k = 2), %.
PRelative expanded uncertainty in density (k = 2), %.
‘NA: Not Available.
(a)
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e
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T 00 | |
S o o O
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S o % ©
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a/(mol-CO,/mol-amine)

Figure 7.42. Relative deviations (%) of density measurements pexp, in comparison with literature values

pit. (a) Relative deviations vs pexp, ¥ (b) Relative deviations vs a. Literature for AMP + H,O + COq:

(<) Stec et al. [83].
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7.3.4. DEA + H,0 + CO;

7.3.4.1. Experimental Density

The results of the density measurements of the aqueous amine solutions are presented in Table 7.19 for
DEA + H;O + COs. In order to analyse the impact of pressure, CO, loading, and temperature, the
experimental density data were plotted as a function of these variables for all the studied systems, as

can be observed in Figures 7.43 to 7.45.

Table 7.19. Experimental densities p, for the system DEA(1) + H.O(2) + CO2(3) with amine mass
fraction (CO»-free basis) w1 = 0.3001, at different conditions of temperature 7, pressure p, CO, loading
a in terms of mol-CO»/mol-DEA, and equivalent CO, molality b3."*

pl(kg-m?)
T/K

293.15 313.15 333.15 353.15 373.15 393.15

o =0.100 (b3 = 0.282 mol-kg™)

0.1 10472 1038.6 1027.7 10155

0.5 1047.3 1038.6 1027.9 1015.6

1 10474 1038.8 1028.1 10158

2 1047.7 1039.1 1028.4 1016.2
5 1048.9 1040.3 1029.6 1017.4 1003.6 988.4
10 1050.7 1042.1 1031.6 1019.4 1005.8 990.8
15 10526 10440 1033.5 1021.4 1007.9 993.0
20 10544 10458 10355 10234 1010.1 995.2
30 1057.9 1049.5 1039.1 10273 1014.1 999.6
40  1061.5 1053.0 1042.8 1031.1 1018.1 1003.9
50 10649 1056.5 1046.4 1034.8 1022.0 1008.1
60 10684 1060.0 1050.0 1038.4 1025.9 1012.1
70 1071.7 1063.3 10533 1042.0 1029.4 1016.1
80  1075.0 1066.6 1056.8 10454 1033.3 1019.9
90 10782 1069.9 1060.0 10489 1036.8 1023.7
100 1081.4 1073.1 1063.3 10522 10402 1027.4

o= 0.200 (b3 = 0.563 mol-kg™)

0.1  1059.2 1050.3 1039.4 1027.1

0.5 1059.2 10504 1039.6 1027.2

1 1059.3 1050.5 1039.7 1027.4

p/MPa
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2 1059.7 1050.9 1040.1 1027.9
5 1060.8 1052.0 1041.3 1029.0 10152 1000.0
10 10627 1053.9 10433 1031.1 1017.4 1002.4
15 10645 10558 10452 1033.1 1019.5 1004.6
20 10663 1057.6 1047.0 1035.1 1021.6 1006.8
30 1069.8 10612 1050.7 10389 1025.6 1011.2
40  1073.3 1064.7 10544 10427 1029.6 1015.3
50  1076.7 10682 10579 1046.3 1033.4 1019.5
60 10802 1071.6 1061.4 1049.9 1037.3 1023.5
70 1083.5 1075.0 10648 1053.5 1040.9 1027.4
80 10869 10783 10682 1057.0 1044.5 1031.2
90  1090.0 1081.6 1071.5 1060.4 1048.1 1034.8
100 1093.3 1084.8 1074.7 1063.6 1051.5 1038.6
o =0.400 (b3 = 1.127 mol-kg™)

0.1 10824 1073.1 1061.7 1049.3

0.5 10825 1073.2 1061.9 1049.4

1 1082.7 1073.3 1062.1 1049.6

2 1083.0 1073.7 1062.5 1050.0

5 10842 1074.8 1063.6 10512 1037.2 1021.6
10 1086.0 1076.7 1065.6 1053.1 1039.3 1023.8
15 1087.8 1078.5 1067.5 1055.1 1041.4 1026.0
20 1089.6 1080.3 1069.3 1057.0 1043.4 1028.2
30 10932 10839 10729 1060.8 1047.4 1032.6
40  1096.7 1087.4 1076.5 1064.6 10513 1036.7
50  1100.1 1090.8 1080.1 1068.2 1055.1 1040.7
60  1103.5 10943 1083.5 1071.7 1058.8 1044.7
70  1106.8 1097.6 1086.9 10752 1062.4 1048.6
80  1110.1 11009 10903 1078.6 1066.0 1052.3
90 11133 1104.1 1093.6 1082.0 1069.5 1055.9
100 11165 11073 1096.8 10853 1072.8 1059.5

o= 0.600 (b3 = 1.689 mol-kg™)

0.1 11029 1093.1 1081.4 1068.7

0.5 11029 1093.1 1081.6 1068.8

1 1103.0 1093.3 1081.8 1069.0

2 1103.4 1093.6 10822 1069.4
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5 11045 1094.7 1083.3 1070.6 1055.6 1039.1
10 11063 1096.5 10852 1072.6 1058.1 1041.9
15  1108.1 10983 1087.1 1074.5 1060.3 1044.2
20 11099 1100.1 1088.9 10764 1062.3 1046.4
30 11133 1103.7 10924 1080.1 10663 1050.8
40 11168 1107.1 1096.0 1083.8 1070.2 1055.0
50 11202 11105 1099.5 1087.4 1073.9 1059.1
60  1123.6 11139 11029 1090.8 1077.7 1063.0
70 11268 1117.1 11062 10943 1081.3 1067.0
80  1130.0 11203 1109.5 1097.7 1084.9 1070.6
90 11332 1123.5 11127 1101.0 1088.2 10743
100 11364 11267 11159 11043 1091.6 1077.8
“Expanded uncertainty (k= 2): U(T) = 0.02 K; Ux(p) = 0.0002; U(w) = 0.0004; Ux(ar) = 0.003 and U(p)
=2kgm>,

pl(kg-m3)

0 20 40 60 80 100
p/MPa

Figure 7.43. Experimental density p, of the system DEA(1) + H,O(2) + CO»(3) as a function of pressure
p, at temperature 7= 293.15 K. CO; loadings: (>¢) a = 0 mol-CO,/mol-DEA, (O) a = 0.1 mol-CO»/mol-
DEA, (0) a = 0.2 mol-CO,/mol-DEA, (<) a = 0.4 mol-CO»/mol-DEA, and (A) a = 0.6 mol-CO,/mol-
DEA. Experimental density data of aqueous amine solution (CO»-free basis) from [188]. Lines represent
the calculated values using modified Tammann-Tait (Equations 7.1 to 7.4) with the parameters given

in Table 7.21.
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Figure 7.44. Experimental density p, of the system DEA(1) + H,O(2) + CO(3) as a function of CO;
loading a, at pressure p = 0.1 MPa. Isotherms: (O) T'=293.15 K, () T=313.15 K, (<) T =333.15
K, and (A) T'=353.15 K. Experimental density data of aqueous amine solution (CO»-free basis) from

[188].
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Figure 7.45. Experimental density p, of the system DEA(1) + H.O(2) + CO»(3) as a function of
temperature T, at CO; loading o = 0.4 mol-CO,»/mol-DEA. Isobars: (L1) p = 0.1 MPa, (O) p =20 MPa,
(<) p =50 MPa, and (A) p = 100 MPa.

7.3.4.2. Comparison with Literature

Table 7.20 details the temperature, pressure, and CO; loading conditions reported in the references used
for the comparison of our density data. As shown in Figure 7.46, the relative deviations are within 0.2
%, which is within the uncertainties reported in the literature. The high uncertainty value in CO; loading

was the main contributor to the deviations observed in the comparison.
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Table 7.20. Measurement conditions of literature data used to compare the experimental density of DEA

+ H,O + CO; mixture measured in this work. CO; loading o in terms of mol-CO,/mol-amine.

Number
Reference | Densimeter Conditions Ula)* | Udp)®
of Points
Anton T=(313.15-353.15K
Han et al.
Paar DMA p=0.1 MPa 9 2% 1%
[126]
4500 0=0.1-04
*Relative expanded uncertainty in CO; loading (k = 2), %.
PRelative expanded uncertainty in density (k = 2), %.
(a)
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Figure 7.46. Relative deviations (%) of density measurements pexp, in comparison with literature values
pii. (a) Relative deviations vs pexp, ¥ (b) Relative deviations vs a. Literature for DEA + H,O + CO,: (L)
Han et al. [126].
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7.3.5. Discussion

For all the ternary systems studied, an increase in temperature caused a decrease in the measured
density, as can be seen in Figures 7.33, 7.37, 7.41, and 7.45. Pressure exhibited the opposite effect to
temperature on density (see Figures 7.31, 7.35, 7.39, and 7.43). All solutions showed an increase in
density as the CO, loading increased in terms of mol-CO,/mol-amine, with MEA experiencing the most
notable increase with an 11 % increase in density when the CO> loading increases from (0 to 0.6) mol-
COy/mol-amine, as illustrated in Figure 7.32. While for the rest of the solutions the change was 8 %
for MDEA solutions when the loading varies from (0 to 0.9) mol-CO»/mol-amine (see Figure 7.36), 7
% for AMP solutions when the loading varies from (0 to 0.5) mol-CO,/mol-amine (see Figure 7.40),
and 6 % for DEA solutions when the loading varies from (0 to 0.9) mol-CO»/mol-amine (see Figure

7.44).

Bicarbonate ions form a more compact hydration shell with the aqueous solution than carbamate ions
due to the much larger diameter of the latter. This leads to a reduction in the molar volume attributable
to CO; in the reaction of aqueous amine solutions with CO,, where bicarbonate is the main product
[83,107]. According to this approach, it would be logical to think that the density of aqueous amine
solutions that produce bicarbonate as a result of their reaction with CO> is higher than that of amines
that produce carbamates, since a decrease in the volume of the solution containing CO, would favour
an increase in density. However, another significant aspect, the mechanism of this reaction, must also
be taken into account. For example, MEA, a primary amine, forms carbamate, requiring two MEA
molecules per CO, molecule. This translates into an increase in the amount of amine and CO> required
in the reaction and therefore the density of the solution. On the other hand, MDEA, a tertiary amine,
forms bicarbonate in its reaction in an aqueous solution with CO,, with a molar ratio of 1:1 with CO,,
which leads to a decrease in the amount of amine and CO, required and, in the density, compared to
MEA solutions. This analysis is applied under identical conditions of CO> loading and amine mass
fraction based on the amine and H,O binary solution. Similar conclusions are reached by performing
the same analysis with a CO»-loaded aqueous DEA solution, a secondary amine that forms carbamate,
and a CO»-loaded aqueous AMP solution, a sterically hindered amine that, although it has a primary
amino group, the carbamate it forms is very unstable, and bicarbonate is the main product of the reaction

[32].

In summary, aqueous amine solutions (MDEA, AMP,...) that produce bicarbonate as the main product
in their reaction with CO have a lower density than aqueous amine solutions (MEA, DEA,...) that
produce carbamate. A decrease in the solution density allows the optimisation of the size of the

equipment involved in the CO; capture process with amines.
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7.3.6. Experimental Density Data Fitting

The experimental density for CO,-loaded aqueous amine solutions was also correlated (see Equations
7.1 to 7.4) using a Tammann-Tait equation [189] that was modified to render density as a function of
temperature, pressure, and the CO; molality » (mol-CO./kg-H,0O). Parameter’s standard error analysis

was used to reduce overfitting and optimise the parameter set.

The reference density, prr, is computed with Equation 7.2. po(7) is the density of the CO,-unloaded
aqueous amine solution at the reference pressure (p = 5 MPa) and at the given temperature. The
experimental density data for MEA + H,O, MDEA + H,0, and DEA + H,O mixtures used in the ternary
solutions fitting were taken from the literature [104,188], and the density data for the AMP + H,O

mixture is reported in this work (see Section 7.3.3).

_ pref(T:b) (7.1)
B(T: b) + pref(T)

[pref(T: b) — Po (T)] (7~2)
=ay b (T/T) +ay, b (T/T)¥? + ayy - b3/2 - (T/T.) + ay,
b2 (T/T)32 + ays - b3/2 - (T/T)? + azy - b? - (T/T.) + az, - b?
(T/T)¥? + azg - b2 - (T/T,)?

B(T,b) = Boo + Bor - (T/Te) + Boz - (T/T)?+ Boz - (T/T)? + P11 - b - (T/T.) + Pz (7.3)
“b-(T/T,)?

C =y, (7.4)

The implementation procedure was the same as for binary amine + H,O solutions following the
methodology proposed in Section 7.3.7. In order to evaluate the goodness-of-fit with this modified
Tammann-Tait equation, the following statistical parameters were determined: absolute average relative
deviation (AAD) calculated using Equation 7.5, maximum absolute relative deviation (MAD)

calculated using Equation 7.6, and standard deviation (o) calculated using Equation 7.7.

In the first fitting, which allowed the determination of the coefficients Soo, fo1, So2, o3, and yo in
Equations 7.2 and 7.3 for the aqueous amine solution without CO; loading (b3 = 0 mol-kg™), relative
deviations between the experimental and calculated values were obtained to be less than 0.02 %. The
second fitting allowed the optimisation of the rest of the coefficients. The numerical values of all of
them are shown in Table 7.21, along with the statistical parameters ADD, MAD and o calculated using
Equations 7.5, 7.6, and 7.7, respectively. The fitting residuals can be observed in Figures 7.47 to 7.50
for MEA + H,O + CO,, MDEA + H,0 + CO,, AMP + H,O + CO,, and DEA + H,O + CO,, respectively.
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All residuals are in good agreement with the density uncertainty. No systematic deviations are observed

in either molality or density.

Table 7.21. Parameters in Equations 7.1 to 7.4, and statistical parameters AAD, MAD and o.

Ternary Mixtures (amine + H,O + CO»)

Parameters

MEA MDEA AMP DEA
o1 150.19 182.88 250.20 162.0011
012 -110.90 -151.88 -218.86 -108.012
021 960.16 1625.5 3388.9 1589.2
022 -2529.8 -4458.1 -8985.3 -4123.05
0023 1696.2 3021.6 5931.7 2669.08
031 -417.57 -998.66 -1901.4 -928.08
032 1110.7 2732.4 5000.9 2423.9
033 -755.46 -1857.01 -3285.2 -1592.5
Boo -1822.5 -1747.6 65.00018 -1694.6
Bor 12114 11755 22443 11160
Boz -22001 -21651 -5108.7 -19836
Bos 12549 12512 2899.9 11023
B 87.795 41.596 -66.369 67.972
B2 -74.138 -27.453 166.48 -56.753
Y0 1.1929-10" 1.1154-10" 1.1142-10" 1.1723-10"
AAD 0.02 % 0.02 % 0.01 % 0.01 %
MAD 0.09 % 0.2 % 0.05 % 0.1 %
o/(kg-m?) 0.2 0.3 0.2 0.2
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Figure 7.47. Relative deviations (%) for MEA(1) + H,O(2) + CO»(3) mixture of experimental density

measurements, Oexp, in comparison with calculated density, pca, using Equations 7.1 to 7.4. (a) Relative

deviations vs peyp and (b) Relative deviations vs bs.
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Figure 7.48. Relative deviations (%) for MDEA(1) + H,O(2) + CO»(3) mixture of experimental density

measurements, Oexp, in comparison with calculated density, pca, using Equations 7.1 to 7.4. (a) Relative

deviations vs peyp and (b) Relative deviations vs bs.

170



CHAPTER 7: EXPERIMENTAL DENSITY

(@)

100- (pexp-pcal) .pexp-1

920 970 1020 1070 1120
Pexp/ (kg m)

(b)

<
)

e
—_
T

1
I
—_—

T

100 (pexp'pcal) pexp !
S
S
L 4
K
<O
<

o
)

0.5 1.0 1.5 2.0
b;/(mol-kg)

e
o

Figure 7.49. Relative deviations (%) for AMP(1) + H,O(2) + CO2(3) mixture of experimental density

measurements, Oexp, in comparison with calculated density, pca, using Equations 7.1 to 7.4. (a) Relative

deviations vs peyp and (b) Relative deviations vs bs.
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Figure 7.50. Relative deviations (%) for DEA(1) + H,O(2) + CO,(3) mixture of experimental density
measurements, Oexp, in comparison with calculated density, pca, using Equations 7.1 to 7.4. (a) Relative

deviations vs peyp and (b) Relative deviations vs bs.

7.3.6.1.  Comparison of Calculated Density with Experimental Literature Data

Density values for the ternary mixtures, calculated using Equations 7.1 to 7.4, were compared to
literature data (Chapter 1, Table 1.3), expanding the experimental density comparison presented in this

chapter. The results of this comparison are shown below.

e For the MEA + H,O + CO; mixture, comparisons were made using 6 references, totalling 188

data points. The average absolute relative deviation was 0.4 %, with a maximum of 1 % (see

Figure 7.51).

172



CHAPTER 7: EXPERIMENTAL DENSITY

e For the MDEA + H,O + CO; mixture, comparisons were made using 2 references, totalling 67
data points. The average absolute relative deviation was 0.6 %, with a maximum of 1 % (see
Figure 7.52).

o For the AMP + H,O + CO, mixture, comparisons were made using 1 reference, totalling 30
data points. The average absolute relative deviation was 0.2 %, with a maximum of 0.3 % (see
Figure 7.53).

e For the DEA + H,O + CO» mixture, comparisons were made using 2 references, totalling 70
data points. The average absolute relative deviation was 0.2 %, with a maximum of 0.7 % (see

Figure 7.54).

For the ternary mixtures, calculated density and literature values discrepancies result from experimental
uncertainties, notably in CO; loading. Variations in amine mass fraction, due to the lack of a dependent

model, also affect the observed relative deviation differences.

1.5

£ 0g ¢ =

T 00 +H— ;

: ' +
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= §
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a/(mol-CO,/mol-MEA)

Figure 7.51. Relative deviations (%) vs CO; loading o for MEA(1) + H>O(2) + CO»(3) mixture of
calculated density pel, using Equations 7.1 to 7.4, in comparison with density literature values pi.
Literature: (O) Amundsen et al. [108], (CJ) Han et al. [109], (<) Hartono et al. [110], (A) Zhang et al.
[112], () Karunarathne et al. [115], and (+) Weiland et al. [107].
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Figure 7.52. Relative deviations (%) vs CO; loading o for MDEA(1) + H>O(2) + CO»(3) mixture of
calculated density pca, using Equations 7.1 to 7.4, in comparison with density literature values pi.

Literature: (O) Han et al. [126], and (+) Weiland et al. [107].
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Figure 7.53. Relative deviations (%) vs CO, loading a for AMP(1) + H>O(2) + CO2(3) mixture of
calculated density peal, using Equations 7.1 to 7.4, in comparison with density literature values pii.

Literature: ([J) Stec et al. [83].
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Figure 7.54. Relative deviations (%) vs CO; loading o for DEA(1) + H,O(2) + CO»(3) mixture of
calculated density pca, using Equations 7.1 to 7.4, in comparison with density literature values pi.

Literature: (O) Han et al. [126], and (+) Weiland et al. [107].

7.4. Quaternary Mixtures. Aqueous Solution of Two Amines Loaded with CO;

The experimental densities of the quaternary mixture formed by an aqueous solution of two amines
loaded with CO; have been measured in a wide range of temperatures, pressures, and CO loading.
Since experimental data for the mixture without CO, loading were not available, the experimental
densities could not be correlated using the modified Tammann-Tait equation. An exhaustive search of
the literature revealed that, to the best of our knowledge, there are no references that report densities of

this mixture at the concentrations studied, so the comparison with the literature was not possible.

7.4.1. DMEA + MAPA + H,0 + CO;

7.4.1.1. Experimental Density

The results of the density measurements of the aqueous amine solutions are presented in Table 7.22 for
DMEA + MAPA + H,0 + CO, with DMEA mass fraction (CO,-free basis) wpmea = 0.3000 and MAPA
mass fraction (CO;-free basis) wmapa = 0.1000. In order to analyse the impact of pressure, CO; loading,
and temperature, the experimental density data were plotted as a function of these variables for all the

studied systems, as can be observed in Figures 7.55 to 7.57.
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Table 7.22. Experimental densities p, for the system DMEA + MAPA + H,O + CO, with amine mass
fraction (CO,-free basis) w= 0.4000, at different conditions of temperature 7, pressure p, CO; loading

o in terms of mol-CO»/mol-amines.?

pl(kg-m™)
T/K
293.15 313.15 333.15 353.15 373.15 393.15
a=0.206
0.1 10193 10062 991.8  976.7
0.5 10194 10063 9920  976.8
1 10194 10064 9922  977.0
2 10197 10068  992.6 977.4
5 10208 10079 9939 9788 9624 945.1
10 1022.6 1009.8 996.0 9809 9649 947.8
15 10243 1011.6 9979 983.1 9672 950.4
20 10260 10134  999.9 9852  969.5 953.0
30 10293 1017.0 1003.7 9893 9740 957.9
40 10326 1020.5 1007.4 9934 9784 962.6
50 10358 10239 1011.0 9972 9825 967.1
60 10389 10272 10146 1001.0 986.6 971.6
70 1042.0 10304 1018.0 1004.7 990.5 975.8
80 10450 1033.6 1021.3 10082 9943 979.9
90 10479 1036.7 10247 1011.7 998.0 983.9
100 1050.8 1039.7 1027.8 1015.0 1001.6 987.7
a=10.401
0.1 1053.1 1040.5 10264 1011.6
0.5 10532 1040.5 1026.6 1011.8
1 10533 1040.7 1026.8 1012.0
2 1053.6 1041.0 10272 10124
5 10547 1042.1 10284 1013.7 997.7 980.7
10 10564 10439 10303 10157 1000.0 983.3
15  1058.0 10456 10322 1017.7 10023 985.8
20 1059.7 1047.4 10341 1019.8 1004.4 988.2
30 10629 10508 1037.7 1023.6 1008.7 992.8
40 1066.1 10542 10413 1027.5 1012.7 997.3

p/MPa
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50 1069.2 10574 1044.7 1031.2 1016.7 1001.7
60 10723 1060.7 1048.2 1034.7 1020.5 1005.9
70 10753 1063.8 1051.4 10383 1024.3 1009.9
80 1078.2 10669 1054.7 1041.7 1028.0 1013.8
90 1081.1 1070.0 1057.9 1045.0 1031.5 1017.5
100 1083.9 10729 1060.9 10483 1034.9 1021.2
a=0.600

0.1 1085.7 1072.9 1059.0 1044.6
0.5 1085.7 1073.0 1059.2 1044.8

1 1085.9 1073.1 1059.4 1044.9

2 1086.2 1073.5 1059.7 10453

5 1087.2 1074.5 1060.9 1046.5 1030.9 1013.8
10 1088.9 1076.2 1062.7 10485 1033.0 1016.2
15 1090.5 1077.9 1064.5 10504 1035.1 1018.6
20 1092.1 1079.6 1066.3 10523 1037.2 1020.8
30 1095.3 1083.0 1069.8 10559 1041.2 10253
40 1098.4 1086.2 1073.2 1059.6 1045.0 1029.7
50 1101.5 1089.3 1076.5 1063.1 1048.8 1033.7
60 1104.5 10925 1079.8 1066.5 1052.4 1037.8
70 1107.4 1095.6 1083.0 1069.9 1056.0 1041.7
80 11104 1098.6 1086.2 1073.1 1059.6 1045.5
90 1113.2 1101.6 1089.2 1076.4 1063.0 1049.1
100 1116.2 11045 1092.2 1079.6 1066.2 1052.7

0o=0.802

0.1 1113.2 1101.5 1088.5 1074.9
0.5 1113.3 1101.6 1088.7 1075.1

1 11134 1101.7 1088.8 1075.2

2 1113.8 1102.0 1089.2 1075.6

5 11148 1103.0 1090.3 1076.8 1061.6 1044.1
10 11164 1104.6 1092.1 1078.6 1063.6 1046.4
15 1117.9 11063 1093.8 1080.4 1065.6 1048.7
20 1119.5 11079 10954 10822 1067.6 1051.0
30 11225 1111.0 1098.8 1085.7 1071.4 1055.4
40 11255 1114.1 1102.0 1089.2 1075.1 1059.6
50 1128.5 1117.2 11052 1092.6 1078.7 1063.7
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60 1131.5 11202 1108.3 1095.7 10823 1067.5
70 11344 11232 11114 1099.0 1085.6 1071.3
80 1137.2 1126.1 11144 1102.1 1089.0 1075.0
90 1140.0 11289 11174 11053 10923 1078.6
100 1142.7 1131.8 1120.3 1108.3 1095.5 1082.0
*Expanded uncertainty (k= 2): U(T) = 0.02 K; Ui(p) = 0.0002; U(w) = 0.0004; Ux(a) =0.003 and U(p)

=2 kg'm?>.
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Figure 7.55. Experimental density p, of the system DMEA-MAPA(1) + H,O(2) + CO,(3) as a function
of pressure p, at temperature 7'= 293.15 K. CO; loadings: ((J) a = 0.2 mol-CO»/mol-amine, () a =
0.4 mol-CO/mol-amine, (A) a = 0.6 mol-CO,/mol-amine, and () o = 0.8 mol-CO»/mol-amine.
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Figure 7.56. Experimental density p, of the system DMEA-MAPA(1) + H,O(2) + CO»(3) as a function
of CO; loading a, at pressure p = 0.1 MPa. Isotherms: (O) 7'=293.15 K, () T=313.15K, () T'=
333.15K, and (A) T=353.15K.
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Figure 7.57. Experimental density p, of the system DMEA-MAPA(1) + H,O(2) + CO(3) as a function
of temperature 7, at CO; loading o = 0.4 mol-CO»/mol-amine. Isobars: (L) p = 0.1 MPa, (O) p =20
MPa, (<) p =50 MPa, and (A) p = 100 MPa.

As for the rest of the solutions studied, the experimental density increased with pressure and decreased
with temperature, as shown in Figures 7.55 and 7.57. An increase in CO; loading resulted in a 10 %
increase in density when the CO» loading changed from (0.2 to 0.8) mol-CO»/mol-amines, as detailed

in Figure 7.56.
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8. Experimental Isobaric Heat Capacity
8.1. Introduction

The isobaric heat capacity data obtained for the CO;-unloaded and CO,-loaded aqueous amine solutions
systems is valuable for optimising the energy efficiency of amine-based CO, capture processes. It can
also contribute to improving models used to simulate these processes and complete the thermodynamic

characterisation of these mixtures.

In this work the following chemicals samples were used: monoethanolamine (MEA), diethanolamine
(DEA), 2-(ethylamino)ethanol (EAE), methyldiethanolamine (MDEA), 2-(dimethylamino)ethanol
(DMEA), 2-diethylaminoethanol ~ (DEAE), 2-amino-2-methyl-1-propanol ~ (AMP), 3-
(methylamino)propylamine (MAPA), 1-methylpiperazine (1-MPZ), piperazine (PZ), water (H,O) and
carbon dioxide (CO,). This chapter focuses on the isobaric heat capacity measurements of five binary

(amine + H,O) and three ternary (amine + H>O + CO,) systems.
Isobaric heat capacity measurements were achieved on:

e Five binary systems: DEAE + H,O, EAE + H,O, MAPA + H,0, 1-MPZ + H,0 and AMP +
H>O.
e Three ternary systems: MEA + H,O + CO,, MDEA + H,O + CO», and AMP + H,O + CO,.

The measurements covered a pressure range of up to 25 MPa for binary solutions and 20 MPa for
ternary solutions, with temperatures ranging from 293.15 K to 353.15 K. For binary systems, four amine
mass fractions were measured (0.1 to 0.4), except for the AMP + H,O system where only a single mass
fraction of 0.3 was studied. The ternary systems were only measured at an amine mass fraction of 0.3.

The effect of varying CO, concentrations on these last systems was also studied.

Density plays a crucial role in calculating isobaric heat capacity, as detailed in Equation 5.3 in Chapter
5. This property was used for the mass flow determination and all the experimental data was measured
in this work. On the other hand, viscosity is a critical factor in the friction correction term used for
isobaric heat capacity calculations, as explained in Section 5.3 in Chapter 5. We relied on existing
experimental viscosity data from various sources for the aqueous amine mixtures studied. The source

of the experimental viscosity data is explained below.

e DEAE + H;O: Data from Maham et al. [67] and Karunarathne et al. [62].
e EAE + H,O: Data from Pandey & Mondal [73] and Viet et al. [72].

o MAPA + H,O: Data from Monteiro et al. [76].

e 1-MPZ + H,O: Data from Rayer et al. [78] and Vamja et al. [38].

182



CHAPTER 8: EXPERIMENTAL ISOBARIC HEAT CAPACITY

e AMP + H,O: Data from Mandal et al. [92] and Kummamuru et al. [100].
e MEA + H,O + CO,: Hartono et al. [110], Weiland et al. [107] and Zhang et al. [112].
e MDEA + H,O + CO,: Weiland et al. [107] and our viscosity measurements.

e AMP + H;O + COz: our viscosity measurements.

These references provided viscosity data relevant to our study conditions: atmospheric pressure,
temperatures ranging from 293.15 K to 353.15 K, and amine mass fractions of 0.1, 0.2, 0.3, and 0.4 in

binary systems and the corresponding conditions of CO; loading in ternary systems.

Estimating viscosity at high pressures was unnecessary for our purposes. Using the available ambient-
pressure viscosity data introduced a negligible error of only 0.03 % to the isobaric heat capacity, even
at the highest flow rate where the viscosity correction was largest. This error is significantly smaller

than the reported uncertainty in our measurements, being nearly an order of magnitude lower.

The isobaric heat capacity of the binary systems was correlated as a function of temperature and amine
mass fraction using the empirical equation proposed by Al-Ghawas et al. [105]. For the ternary systems
the symbolic regression software TuringBot [201] was employed to develop new correlation that
describe the behavior of the studied fluid. As a result, the statistical parameters obtained were in good
agreement with the experimental uncertainty. In addition, our data showed good agreement with the

limited references available in the literature, considering the associated uncertainties.

To enhance clarity for the variety of systems and compositions studied in this work, we have adopted a

numbering scheme for the mixture components: amine(1), H>O(2) and CO»(3).

8.2. Binary Mixtures. CO;-Unloaded Aqueous Amine Solutions
8.2.1. DEAE + H,O

8.2.1.1. Experimental Isobaric Heat Capacity

Isobaric heat capacities were measured at four temperatures from 293.15 K to 353.15 K, pressures up
to 25 MPa, and amine mass fractions of 0.1, 0.2, 0.3, and 0.4. The experimental values are shown in
Table 8.1 for DEAE + H»O. In order to analyse the influence of temperature, pressure, and amine mass
fraction on isobaric heat capacities, the experimental data were plotted as a function of temperature at
fixed pressure with different amine mass fractions (see Figure 8.1), as a function of pressure at fixed
temperature (313.15 K) with different amine mass fractions (see Figure 8.2), and finally, as a function

of amine mass fraction at atmospheric pressure (see Figure 8.3).
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Table 8.1. Experimental isobaric heat capacity c,/(kJ-kg’-K™"), for DEAE(1) + H,O(2) mixture at

different conditions of temperature 7, pressure p, and amine mass fraction w;.?

c/(kJ-kg'-K™)

T/K
p/MPa 293.15 313.15 333.15 353.15
w1 =0.1000
0.1 4.22 4.21 4.23 4.19
5 4.22 4.21 4.22 4.19
10 4.18 4.19 4.20 4.20
15 4.18 4.20 4.21 4.18
20 4.17 4.19 4.21 4.18
25 4.16 4.18 4.22 4.18
wi = 0.2000
0.1 4.24 4.19 4.23 4.23
5 4.28 4.19 4.21 4.22
10 4.26 4.17 4.19 4.22
15 4.26 4.23 4.19 4.24
20 4.24 4.20 4.20 4.23
25 4.26 4.18 4.21 4.23
w1 =0.3000
0.1 4.14 4.11 4.13 4.20
5 4.12 4.13 4.11 4.15
10 4.12 4.13 4.10 4.13
15 4.13 4.10 4.10 4.18
20 4.13 4.11 4.11 4.16
25 4.17 4.12 4.12 4.10
w1 = 0.4000
0.1 3.96 4.00 4.02 4.09
5 3.92 3.96 4.02 4.07
10 3.94 3.95 4.01 4.04
15 391 3.97 4.00 4.05
20 3.89 3.97 4.04 4.07
25 3.85 3.99 4.01 4.07

*Expanded uncertainties (k= 2): U(T) = 0.02 K, U(p) = 0.0005, Ux(w) = 0.0004 and Ux(c,) = 0.01.
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Figure 8.1. Experimental isobaric heat capacity c,, for DEAE(1) + H,O(2) mixture as a function of
temperature T, at pressure p = 0.1 MPa. Amine mass fraction: () w; =0, (&) wy = 0.1, () w; = 0.2,
(AN) wi =0.3, and (O) w, = 0.4. Experimental isobaric heat capacity data of pure water (w; = 0) from
NIST REFPROP database [180].
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Figure 8.2. Experimental isobaric heat capacity c,, for DEAE(1) + H>O(2) mixture as a function of
pressure p, at temperature 7= 313.15 K. Amine mass fraction: () w; =0, (&) wi = 0.1, (O) w1 = 0.2,
(AN) wi =0.3, and (O) w, = 0.4. Experimental isobaric heat capacity data of pure water (w; = 0) from
NIST REFPROP database [180].
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Figure 8.3. Experimental isobaric heat capacity c,, for DEAE(1) + H>O(2) mixture as a function of
amine mass fraction wi, at pressure p = 0.1 MPa. Isotherms: (A) 7=293.15 K, and (A) T=353.15 K.
Experimental isobaric heat capacity data of pure water (w; = 0) from NIST REFPROP database [180].

8.2.1.2.  Comparison with Literature

Only one reference in the literature was found that provides experimental data on isobaric heat capacity
for DEAE aqueous solutions. This property is reported by Cabani et al. [69] in the form of apparent
molal heat capacity on a molality basis per gram of water (J-mol-K™"). As detailed in Table 8.2 the
average value of apparent molal heat capacity, CDCp ,at 313.15 K for a molal concentration range between
(0.35 and 0.99) mol-kg™' is 540 £8 J-mol™-K™' for DEAE + H,0. Our experimental isobaric heat capacity

data were converted to units of apparent molal heat capacity (J-mol'-K™') using Equation 8.1, as

proposed by the same research group in a prior publication [193].

1 1

q)Cpm = (b_l + M1> Cp — b_lcp'w (81)

where M is the amine molar mass, b1 is the amine molality and ¢, ,, is the water specific isobaric heat

capacity at a given temperature obtained from NIST REFPROP database [180].

Table 8.2. Measurement conditions of literature data used to compare the experimental isobaric heat

capacity data of DEAE + H,O measured in this work.

Binary mixture | bi/(mol-kg™) ¢Cpm_lit/(J'mol'1'K'1) cpm'exp/(lmol'l-K'l) RD?

DEAE + H,O 0.35-0.99 540 +8 52545 3%

*Relative deviation.

Upon conversions, relative deviations of 3 % was found, as shown in Table 8.2. These deviations are
considered acceptable, given the expected uncertainties and the fact that the reported apparent molal

heat capacity represents an average value across a range of molal concentrations.
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8.2.2.EAE + H;0

8.2.2.1. Experimental Isobaric Heat Capacity

Isobaric heat capacities were measured at four temperatures from 293.15 K to 353.15 K, pressures up
to 25 MPa, and amine mass fractions of 0.1, 0.2, 0.3, and 0.4. The experimental values are shown in
Table 8.3 for EAE + H,O. In order to analyse the influence of temperature, pressure, and amine mass
fraction on isobaric heat capacities, the experimental data were plotted as a function of temperature at
fixed pressure with different amine mass fractions (see Figure 8.4), as a function of pressure at fixed
temperature (313.15 K) with different amine mass fractions (see Figure 8.5), and finally, as a function

of amine mass fraction at atmospheric pressure (see Figure 8.6).

Table 8.3. Experimental isobaric heat capacity c,/(kJ-kg'-K™), for EAE(1) + H,O(2) mixture at

different conditions of temperature 7, pressure p, and amine mass fraction w;.?

c,/(kI kg K

T/K
p/MPa 293.15 313.15 333.15 353.15
wi =0.1000
0.1 4.23 4.19 4.22 4.26
5 4.18 4.18 4.21 4.25
10 4.23 4.19 4.19 4.23
15 4.24 4.15 4.19 4.24
20 4.22 4.15 4.21 4.22
25 4.21 4.15 4.20 4.24
w1 =0.2000
0.1 4.18 4.18 4.23 4.26
5 4.19 4.18 4.23 4.25
10 4.15 4.17 4.23 4.26
15 4.20 4.17 4.22 4.25
20 4.20 4.17 4.22 4.28
25 4.15 4.19 4.22 4.25
wi = 0.3000
0.1 4.11 4.12 4.18 4.21
5 4.09 4.10 4.17 4.20
10 4.10 4.09 4.15 4.20
15 4.08 4.10 4.16 4.19
20 4.09 4.09 4.17 4.20
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25 4.13 4.10 4.17 4.22
wi = 0.4002

0.1 3.97 4.00 4.06 4.12
5 3.98 3.94 4.04 4.11
10 3.98 3.99 4.06 4.08
15 3.96 3.96 4.06 4.08
20 3.97 3.97 4.05 4.09
25 3.99 3.96 4.06 4.10

*Expanded uncertainties (k = 2): U(T) = 0.02 K, Ui(p) = 0.0005, Ux(w) = 0.0004 and Ui(c,) = 0.01.
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Figure 8.4. Experimental isobaric heat capacity c,, for EAE(1) + H,O(2) mixture as a function of
temperature T, at pressure p = 0.1 MPa. Amine mass fraction: (<) w; =0, (&) wi = 0.1, () w1 = 0.2,
(A) wi =0.3, and (O) wi = 0.4. Experimental isobaric heat capacity data of pure water (w; = 0) from
NIST REFPROP database [180].
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Figure 8.5. Experimental isobaric heat capacity c,, for EAE(1) + H,O(2) mixture as a function of

pressure p, at temperature 7= 313.15 K. Amine mass fraction: (<) w; =0, (&) wi = 0.1, (O) w1 = 0.2,

188



CHAPTER 8: EXPERIMENTAL ISOBARIC HEAT CAPACITY

(AN) wi =0.3, and (O) w, = 0.4. Experimental isobaric heat capacity data of pure water (w; = 0) from
NIST REFPROP database [180].
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Figure 8.6. Experimental isobaric heat capacity c,, for EAE(1) + H>O(2) mixture as a function of amine
mass fraction wi, at pressure p = 0.1 MPa. Isotherms: (A) 7 = 293.15 K, and (A) 7 = 353.15 K.
Experimental isobaric heat capacity data of pure water (w; = 0) from NIST REFPROP database [180].

8.2.2.2.  Comparison with Literature

Cabani et al. [69] also provides experimental data on isobaric heat capacity for EAE aqueous solutions.
In order to carry out the comparison, the same methodology was followed as that used for the DEAE
solutions, explained in Section 8.2.1.2. As detailed in Table 8.4 the average value of apparent molal

heat capacity, cbcp, at 313.15 K for a molal concentration range between (0.36 and 0.98) mol-kg™ is 391

+10 J-mol "K' for EAE + H,0.

Table 8.4. Measurement conditions of literature data used to compare the experimental isobaric heat

capacity data of EAE + H,O measured in this work.

Binary mixtures | bi/(mol-kg™) <bcpm'lit/(J-mol'1-K'1) P /(J-molK™") | RD?

Cpm,exp

EAE + H,O 0.36-0.98 391 10 382 +4 2%

*Relative deviation.

A 2 % difference was observed for EAE + H,O after conversion (see Table 8.4). This deviation is
considered acceptable due to inherent uncertainties and because the reported apparent molal heat

capacity represents an average across a range of molal concentrations.

8.2.3. MAPA + H,O
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8.2.3.1. Experimental Isobaric Heat Capacity

Isobaric heat capacities were measured at four temperatures from 293.15 K to 353.15 K, pressures up
to 25 MPa, and amine mass fractions of 0.1, 0.2, 0.3, and 0.4. The experimental values are shown in
Table 8.5 for MAPA + HO. In order to analyse the influence of temperature, pressure, and amine mass
fraction on isobaric heat capacities, the experimental data were plotted as a function of temperature at
fixed pressure with different amine mass fractions (see Figure 8.7), as a function of pressure at fixed
temperature (313.15 K) with different amine mass fractions (see Figure 8.8), and finally, as a function

of amine mass fraction at atmospheric pressure (see Figure 8.9).

Table 8.5. Experimental isobaric heat capacity c,/(kJ-kg'-K™"), for MAPA(1) + H,O(2) mixture at

different conditions of temperature 7, pressure p, and amine mass fraction w;.?

c,/(kI kg K)

T/K
p/MPa 293.15 313.15 333.15 353.15
wi = 0.1000
0.1 4.21 4.20 4.24 4.29
5 4.21 4.17 4.22 4.27
10 4.18 4.16 4.22 4.25
15 4.22 4.16 4.20 4.25
20 4.24 4.16 4.21 4.26
25 4.21 4.18 4.21 4.26
w1 =0.2000
0.1 4.18 4.17 4.25 4.30
5 4.15 4.17 4.24 4.28
10 4.16 4.15 4.23 4.27
15 4.16 4.14 4.24 4.28
20 4.13 4.17 4.23 4.27
25 4.17 4.18 4.25 4.28
w1 =0.3000
0.1 4.09 4.16 4.20 4.23
5 4.07 4.11 4.20 4.22
10 4.06 4.14 4.17 4.20
15 4.08 4.13 4.16 4.22
20 4.08 4.14 4.17 4.19
25 4.06 4.13 4.15 4.18
wi = 0.4007
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0.1 3.92 3.99 4.07 4.11
5 3.92 3.97 4.06 4.13
10 3.94 3.99 4.07 4.14
15 3.90 3.94 4.09 4.16
20 3.96 3.98 4.08 4.19
25 3.88 3.97 4.08 4.18

*Expanded uncertainties (k = 2): U(T) = 0.02 K, Ui(p) = 0.0005, U/(w) = 0.0004 and U(c,) = 0.01.
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Figure 8.7. Experimental isobaric heat capacity c,, for MAPA(1) + H>O(2) mixture as a function of
temperature T, at pressure p = 0.1 MPa. Amine mass fraction: (<) w; =0, (&) wi = 0.1, () w1 = 0.2,
(A) wi =0.3, and (O) wi = 0.4. Experimental isobaric heat capacity data of pure water (w; = 0) from
NIST REFPROP database [180].

4.4
—'g 42 g % > ” KE
Py
= 40 © o
g O
=38
3.6 1 1 1 1 1
0 5 10 15 20 25

p/MPa

Figure 8.8. Experimental isobaric heat capacity c,, for MAPA(1) + H,O(2) mixture as a function of
pressure p, at temperature 7= 313.15 K. Amine mass fraction: () w; =0, (&) wi = 0.1, (O) wy = 0.2,
(A) wi =0.3, and (O) wy = 0.4. Experimental isobaric heat capacity data of pure water (w; = 0) from
NIST REFPROP database [180].
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Figure 8.9. Experimental isobaric heat capacity c,, for MAPA(1) + H,O(2) mixture as a function of
amine mass fraction wi, at pressure p = 0.1 MPa. Isotherms: (A) 7=293.15K, and (A) T'=353.15 K.
Experimental isobaric heat capacity data of pure water (w; = 0) from NIST REFPROP database [180].

8.2.4. 1-MPZ + H,O

8.2.4.1. Experimental Isobaric Heat Capacity

Isobaric heat capacities were measured at four temperatures from 293.15 K to 353.15 K, pressures up
to 25 MPa, and amine mass fractions of 0.1, 0.2, 0.3, and 0.4. The experimental values are shown in
Table 8.6 for 1-MPZ + H,O. In order to analyse the influence of temperature, pressure, and amine mass
fraction on isobaric heat capacities, the experimental data were plotted as a function of temperature at
fixed pressure with different amine mass fractions (see Figure 8.10), as a function of pressure at fixed
temperature (313.15 K) with different amine mass fractions (see Figure 8.11), and finally, as a function

of amine mass fraction at atmospheric pressure (see Figure 8.12).

Table 8.6. Experimental isobaric heat capacity c,/(kJ-kg'-K™"), for 1-MPZ(1) + H,O(2) mixture at

different conditions of temperature 7, pressure p, and amine mass fraction wy.?

¢,/(kJ kg K™

T/K
p/MPa 293.15 313.15 333.15 353.15
w1 =0.1001
0.1 4.19 4.17 4.17 4.20
5 4.16 4.15 4.17 4.21
10 4.14 4.16 4.16 4.18
15 4.14 4.14 4.16 4.18
20 4.17 4.14 4.14 4.17
25 4.09 4.15 4.16 4.18
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wi = 0.2002
0.1 4.02 4.04 4.11 4.13
5 4.03 4.05 4.11 4.16
10 4.04 4.05 4.12 4.16
15 4.01 4.06 4.11 4.13
20 4.04 4.07 4.12 4.17
25 4.03 4.06 4.13 4.14

w1 =10.3001
0.1 3.97 4.01 4.07 4.15
5 3.96 4.01 4.07 4.13
10 3.96 4.00 4.07 4.13
15 3.95 4.00 4.06 4.11
20 3.96 3.97 4.07 4.13
25 3.97 4.01 4.08 4.12

wi = 0.4002
0.1 3.76 3.85 3.93 4.03
5 3.78 3.79 3.93 4.03
10 3.73 3.80 3.92 4.03
15 3.77 3.79 3.93 4.03
20 3.77 3.80 3.93 4.02
25 3.79 3.81 3.94 4.02

*Expanded uncertainties (k= 2): U(T) = 0.02 K, U(p) = 0.0005, Ux(w) = 0.0004 and Ui(c,) = 0.01.
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Figure 8.10. Experimental isobaric heat capacity c,, for 1-MPZ(1) + H,O(2) mixture as a function of
temperature T, at pressure p = 0.1 MPa. Amine mass fraction: (<) w; =0, (&) wi = 0.1, () w1 = 0.2,

(AN) wr = 0.3, and (O) wy = 0.4. Experimental isobaric heat capacity data of pure water (w; = 0) from
NIST REFPROP database [180].
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Figure 8.11. Experimental isobaric heat capacity c,, for 1-MPZ(1) + H,O(2) mixture as a function of
pressure p, at temperature 7= 313.15 K. Amine mass fraction: () w; =0, (&) wi = 0.1, (O) w1 = 0.2,
(A) wr =0.3, and (O) wy = 0.4. Experimental isobaric heat capacity data of pure water (w; = 0) from
NIST REFPROP database [180].
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Figure 8.12. Experimental isobaric heat capacity c,, for I-MPZ(1) + H,O(2) mixture as a function of
amine mass fraction wi, at pressure p = 0.1 MPa. Isotherms: (A) 7=293.15 K, and (A) T=353.15 K.
Experimental isobaric heat capacity data of pure water (w; = 0) from NIST REFPROP database [180].

8.2.4.2. Comparison with Literature

For the 1-MPZ + H,O binary mixture, we found only one reference in the literature carried out by
Poozesh et al. [79] reporting molar isobaric heat capacities in a range of amine mole fractions from
Xamine = (0.099 to 1) mol/mol, temperatures from 7'= (298.15 to 353.15) K, and at atmospheric pressure
p = 0.1 MPa. The expanded relative uncertainty (k = 2) in molar isobaric heat capacity cpm reported in
Poozesh et al. [79] study was 1 %. From this study [79] three comparable data points have been found
in terms of measurement conditions with respect to our work, as shown in Figure 8.13. Relative
deviations of less than 1 % have been obtained in the comparison, which is in good agreement with the

reported uncertainty for the measurement.
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Figure 8.13. Relative deviations (%) of molar isobaric heat capacity measurements Cpmexp, i

comparison with literature values cpm it Literature for 1-MPZ + H,O: (LJ) Poozesh et al. [79].

8.2.5. AMP + H,O

8.2.5.1.  Experimental Isobaric Heat Capacity

Isobaric heat capacities were measured at four temperatures from 293.15 K to 353.15 K, pressures up
to 20 MPa, and amine mass fractions of 0.3. The experimental values are shown in Table 8.7 for AMP
+ H>0. The system was studied at a specific mass fraction to enable the use of data from the CO,-free
solution. This data was involved in developing a model to describe how CO, loading affects the

solution, as it will be discussed in Section 8.3.4.

Table 8.7. Experimental isobaric heat capacity c,/(kJ-kg™-K™), for AMP(1) + H,O(2) mixture at amine

a

mass fraction w; = 0.3015 and different conditions of temperature 7, and pressure p.

c/(kJ-kg1-K™)

T/K
p/MPa 293.15 313.15 333.15 353.15
0.1 3.91 4.07 4.12 4.18
10 3.91 4.11 4.13 4.18
20 3.95 4.07 4.16 4.16

*Expanded uncertainties (k= 2): U(T) = 0.02 K, Ux(p) = 0.0005, Ux(w) = 0.0004 and U:(c,) = 0.01.
8.2.6. Discussion

Poling et al. [139] suggest that at a reduced temperature below 0.7, there is no strong dependence of
temperature on liquid heat capacity. This is valid for the reduced range of temperatures studied for the

binary mixtures. Figure 8.1 shows that the isobaric heat capacity increases by an average of 4 % from

195



CHAPTER 8: EXPERIMENTAL ISOBARIC HEAT CAPACITY

(293.15 to 353.15) K in the DEAE + H»O mixture for a wpgag = 0.4. While, for the EAE + H,O mixture,

Figure 8.4 shows average increases of 2 %, 3 %, and 3 % for weag = 0.2, 0.3, and 0.4, respectively.

Regarding MAPA aqueous solutions (Figure 8.7), the change with temperature was noticeable for all
mass fractions, with increases from 2 % to 6 % at wmapa range from 0.1 to 0.4. For the 1-MPZ + H,O
binary solution, as can be seen in Figure 8.10, an increase in temperature resulted in increases in ¢, of
3 %, 4 %, and 7 % for wi.mpz = 0.2, 0.3, and 0.4, respectively. This behaviour agrees with the fact that
temperature has a slight influence on the isobaric heat capacity of pure amines [79,146,148,194,195].
For the 1-MPZ solution (wi-mpz = 0.1), the change in ¢, as a function of temperature is less than the
measurement uncertainty. DEAE aqueous solutions with wpgag = 0.2 showed a minimum in ¢, at a

temperature of 313.15 K.

The effect of pressure on ¢, at a fixed temperature of 313.15 K for these mixtures is shown in Figures
8.2, 8.5, 8.8, and 8.11 for aqueous solutions of DEAE, EAE, MAPA, or 1-MPZ amines, respectively.
For the DEAE + H,O system, a decrease of 2 % can be observed for wpgag = 0.3 at 353.15 K, and 3 %
for wpeag = 0.4 at 293.15 K. For the MAPA + H,O mixture, a decrease of 2 % was observed for wyapa
=0.3 at 293.15 K, and an increase of 2 % for wmapa = 0.4 at 353.15 K. The 1-MPZ aqueous solution at
wimpz = 0.1 experienced a 2 % decrease in ¢, at a temperature of 293.15 K. For the rest of the amine
mass fractions and temperature conditions, the change in ¢, with pressure is within the measurement

uncertainty.

As the amine mass fraction increases from 0.1 to 0.4, the isobaric heat capacity decreases, as can be
seen in Figures 8.3, 8.6, 8.9, and 8.12. In these terms, ¢, decreases by an average of 4 % for DEAE +
H,0 and for EAE + H;0, 3 % for MAPA + H;0, and 7 % for 1-MPZ + H,O mixtures. A maximum (see
Figures 8.3, 8.6, 8.9, and 8.12) in ¢, was observed when wamine = 0.1 for aqueous solutions of EAE,

MAPA, or 1-MPZ, while for DEAE solutions the maximum was found at wamine = 0.2.

While ¢, was measured for a wider range of amine mass fractions and pressures for other solutions, data
for the AMP + H,O mixture was limited to a single amine mass fraction (0.3) and a narrower pressure
range. This focus was chosen to allow for a more detailed analysis of the influence of CO, loading on
this mixture, which will be discussed in Section 8.3.4. For the AMP + H,O mixture, the change in
isobaric heat capacity with temperature was within 7 %, while with pressure it remained within the

measurement uncertainty.

8.2.7. Experimental Isobaric Heat Capacity Data Fitting

Experimental isobaric heat capacities for the binary mixtures were correlated with temperature 7, and
amine mass fraction wy, using Equation 8.2. These empirical equations were initially proposed by Al-

Ghawas et al. [105] for densities of aqueous amine solutions. This model has been successfully used to
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correlate isobaric heat capacity as a function of temperature and amine mass fraction in aqueous amino
acid solutions in the study by Song et al. [202] and more recently in the work by Kim et al. [203] on

aqueous solutions of 2-(isopropylamino)ethanol.
cp(T, wi) = kqq + kg - wy + (kpq +kpp - wy + ko3 -wi?) - T (8.2)

where ki1, ki2, k21, k22 and k»3 are the fitting parameters; w; is the amine mass fraction; and T is the

temperature.

First, the coefficients ki1 and k2| in Equation 8.2 were optimised for the amine mass fraction w; = 0
(pure water). The isobaric heat capacity data for pure water were taken from the NIST REFPROP
database [180]. Once these values were determined, the remaining parameters k12, k22 and k23 were fitted.
The Levenberg-Marquardt algorithm [191] implemented in MATLAB R2023b [190] was used to
optimise both fits. The objective function was to minimise the difference between the sum of the squares
of the experimental and calculated isobaric heat capacity values. The isobaric heat capacity
measurements were fitted to a 5-parameter correlation model. The goodness-of-fit was determined by
calculating the statistical parameters: average absolute relative deviation (AAD), maximum absolute
relative deviation (MAD) and standard deviation (o). All these equations were shown previously in

Equations 7.5, 7.6 and 7.7 in Chapter 7.

All the fitted coefficients are shown in Table 8.8, along with the statistical parameters AAD, MAD,
and 0. As can be seen in Figure 8.14, the fitting residuals are within the measurement uncertainty in
most cases, except for two points belonging to the DEAE + H,O and four points for 1-MPZ + H,O that
deviate slightly above 1 %. No systematic deviations are observed in either the isobaric heat capacity

or the amine mass fraction.

Table 8.8. Fitted parameters k11, k12, k21, k22 and k3 in Equation 8.2, and statistical parameters AAD,
MAD, and o.

Mixtures
Parameters DEAE + H,O EAE + H,O MAPA+H;0O 1-MPZ + H,O
ki 4.116 4.116 4.116 4.116
ki -1.111 -2.050 -2.728 -3.729
ki 2.182-10* 2.182:10* 2.182-10* 2.182-10*
k2 5.476:107 8.407-107 1.106-10 1.131-102
k3 -8.291-107 -8.039-10°  -9.651-10°  -4.875-107
AAD 0.4 % 0.2 % 0.3 % 0.5 %
MAD 1% 0.7 % 0.9 % 1%
o/(kJ-kg-K") 0.03 0.02 0.02 0.03
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Figure 8.14. Relative deviations (%) between experimental isobaric heat capacity ¢,,exp, and calculated
isobaric heat capacity cp.l, using Equation 8.2. (a) Relative deviations vs cpexp, ¥ (b) Relative
deviations vs Wamine. Mixtures: (A) DEAE + H,0, (O) EAE + H,0, (&) MAPA + H>O, and (OJ) 1-

MPZ + H;0. Dashed lines represent the relative expanded uncertainty of our measurements.

8.2.7.1.  Comparison of Calculated Isobaric Heat Capacity with Experimental

Literature Data

Only one literature source, Poozesh et al. [79], provided isobaric heat capacity data for the systems
under studied (specifically 1-MPZ + H»0) across a broad range of molar composition and temperature
(see Section 8.2.4.2). To enhance our comparison, we calculated 9 additional temperature points using
Equation 8.2. This expanded dataset showed an average absolute relative deviation of 2 %, with a
maximum of 3 %, as illustrated in Figure 8.15. The source of the observed deviations is not clearly

understood, and this represents an aspect requiring in-depth investigation.
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Figure 8.15. Relative deviations (%) vs temperature 7 for 1-MPZ + H,O mixture of calculated isobaric
heat capacity ¢, ca using Equation 8.2, in comparison with isobaric heat capacity literature values cp .

Literature: (L1) Poozesh et al. [79].
8.3. Ternary Mixtures. CO;-Loaded Aqueous Amine Solutions
8.3.1. MEA + H,0 + CO;,

8.3.1.1. Experimental Isobaric Heat Capacity

Isobaric heat capacities were measured at four temperatures from 293.15 K to 353.15 K, three pressures
from (0.1 to 20) MPa, and different CO, loading. The experimental values are shown in Table 8.9 for
MEA + H,0 + CO;. The influence of the temperature, pressure, and CO, loading can be seen in Figures

8.16 to 8.18.

Table 8.9. Experimental isobaric heat capacity c,, for the system MEA(1) + H,O(2) + CO»(3) with
amine mass fraction (CO»-free basis) w; = 0.3002, at different conditions of temperature 7, pressure p,

and CO; loading a.*

c/(kJ-kg1-K™)

T/K
p/MPa  293.15 313.15  333.15 353.15
a=0.200
0.1 3.61 3.62 3.69 3.78
10 3.60 3.67 3.71 3.78
20 3.65 3.66 3.71 3.80
a=0.300
0.1 3.53 3.55 3.65 3.72
10 3.54 3.55 3.67 3.73
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20 3.57 3.58 3.69 3.75
a=0.400

0.1 3.47 3.46 3.53

10 3.49 3.48 3.55

20 3.48 3.52 3.57
o =0.609

0.1 3.29 3.33 3.45

10 3.33 3.34 3.47

20 3.30 3.35 3.52

*Expanded uncertainties (k = 2): U(T) = 0.02 K, Ux(p) = 0.0005, U(w) = 0.0004, Ux(a) = 0.003 and
Ui(cy) = 0.01.
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Figure 8.16. Experimental isobaric heat capacity c,, of the system MEA(1) + H,O(2) + CO»(3) as a
function of CO; loading a, at pressure p = 0.1 MPa. Isotherms: (A) 7=293.15 K, (O) T=313.15 K,
(&) T'=333.15K, and ([J) 7= 353.15 K. Experimental isobaric heat capacity data of aqueous amine
solution (CO»-free basis) from [183].
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Figure 8.17. Experimental isobaric heat capacity c,, of the system MEA(1) + HoO(2) + CO»(3) as a
function of temperature T, at pressure p = 0.1 MPa. CO; loadings: (<) & = 0 mol-CO»/mol-MEA, (<)
a = 0.2 mol-CO»/mol-MEA, (LJ) a = 0.3 mol-CO»/mol-MEA, (A) a = 0.4 mol-CO»/mol-MEA, and
(O) a = 0.6 mol-CO,/mol-MEA. Experimental isobaric heat capacity data of aqueous amine solution

(CO,-free basis) from [183].
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Figure 8.18. Experimental isobaric heat capacity c,, of the system MEA(1) + H,O(2) + CO»(3) as a
function of pressure p. CO; loadings: (@) a = 0.2 mol-CO»/mol-MEA and 7=333.15 K, (l) o = 0.4
mol-COz/mol-MEA and T'=333.15 K, (L) a = 0.2 mol-CO»/mol-MEA and 7=313.15 K, and (O) a =
0.4 mol-CO»/mol-MEA and 7=313.15 K.

8.3.2. MDEA + H,0 + CO;

8.3.2.1.  Experimental Isobaric Heat Capacity

Isobaric heat capacities were measured at four temperatures from 293.15 K to 353.15 K, three pressures

from (0.1 to 20) MPa, and different CO> loading. The experimental values are shown in Table 8.10 for
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MDEA + H;0 + CO,. The influence of the temperature, pressure, and CO, loading can be seen in
Figures 8.19 to 8.21.

Table 8.10. Experimental isobaric heat capacity c,, for the system MDEA(1) + H,O(2) + CO»(3) with
amine mass fraction (CO,-free basis) w; = 0.3000, at different conditions of temperature 7, pressure p,

and CO; loading a.”

c,/(kI kg K)

T/K
p/MPa  293.15 313.15 333.15  353.15

a=0.200

0.1 3.62 3.73 3.79 3.88

10 3.68 3.72 3.76 3.94

20 3.71 3.74 3.82 3.96
a=0.300

0.1 3.51 3.56 3.62 3.75

10 3.56 3.51 3.74 3.76

20 3.56 3.54 3.83 3.83
a=0.600

0.1 3.38 3.47 3.56

10 3.40 3.46 3.54

20 3.44 3.48 3.53

“Expanded uncertainties (k = 2): U(T) = 0.02 K, U(p) = 0.0005, U(w) = 0.0004, U(a) = 0.003 and
Ui(cpy) = 0.01.
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Figure 8.19. Experimental isobaric heat capacity c,, of the system MDEA(1) + H>O(2) + CO»(3) as a
function of CO; loading a, at pressure p = 0.1 MPa. Isotherms: (A) T'=293.15K, (O) T=313.15K,

202



CHAPTER 8: EXPERIMENTAL ISOBARIC HEAT CAPACITY

(&) T'=333.15K, and ((0) T=353.15 K. Experimental density data of aqueous amine solution (CO»-
free basis) from [183].
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Figure 8.20. Experimental isobaric heat capacity c,, of the system MDEA(1) + HoO(2) + CO»(3) as a
function of temperature 7, at pressure p = 0.1 MPa. CO; loadings: (*) & = 0 mol-CO,/mol-MDEA, (<)
a = 0.2 mol-COy/mol-MDEA, (J) a = 0.3 mol-CO/mol-MDEA, and (O) a = 0.6 mol-CO,/mol-

MDEA. Experimental isobaric heat capacity data of aqueous amine solution (CO,-free basis) from

[183].
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Figure 8.21. Experimental isobaric heat capacity c,, of the system MDEA(1) + H,O(2) + CO»(3) as a
function of pressure p. CO; loadings: (@) a = 0.2 mol-CO»/mol-MDEA and 7=353.15K, (l) a=0.3
mol-CO»/mol-MDEA and 7= 353.15 K, ([1) a = 0.2 mol-CO»/mol-MDEA and 7= 293.15 K, and (O)
a = 0.3 mol-CO»/mol-MDEA and 7'=293.15 K.
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8.3.3. AMP + H,0 + CO;

8.3.3.1. Experimental Isobaric Heat Capacity

Isobaric heat capacities were measured at four temperatures from 293.15 K to 353.15 K, three pressures
from (0.1 to 20) MPa, and different CO, loading. The experimental values are shown in Table 8.11 for
AMP + H,0 + CO:. The influence of the temperature, pressure, and CO, loading can be seen in Figures

8.22 to 8.24.

Table 8.11. Experimental isobaric heat capacity c,, for the system AMP(1) + H,O(2) + CO»(3) with

amine mass fraction (CO,-free basis) w; = 0.3015, at different conditions of temperature 7, pressure p,

and CO; loading a.*
c/(kJ-kg-K™)
T/K
p/MPa 29315 313.15  333.15  353.15
a=10.100
0.1 3.89 3.94 4.03 4.11
10 3.98 4.07 4.10 4.13
20 4.11 4.10 4.18 4.12
a=0.200
0.1 3.67 3.79 3.83 3.86
10 3.79 3.92 3.96 3.95
20 3.91 3.98 4.06 4.03
*Expanded uncertainties (k = 2): U(T) = 0.02 K, U(p) = 0.0005, U(w) = 0.0004, U(a) = 0.003 and
Ui(cpy) = 0.01.
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Figure 8.22. Experimental isobaric heat capacity c,, of the system AMP(1) + H,O(2) + CO»(3) as a
function of CO; loading a, at pressure p = 0.1 MPa. Isotherms: (A) 7=293.15K, (O) T=313.15K,
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(&) T'=333.15K, and ((0) T = 353.15 K. Experimental density data of aqueous amine solution (CO»-

free basis) reported in this work.
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Figure 8.23. Experimental isobaric heat capacity c,, of the system AMP(1) + H,O(2) + CO»(3) as a
function of temperature 7, at pressure p = 0.1 MPa. CO; loadings: (*¢) & = 0 mol-CO»/mol-AMP, (O)
a = 0.1 mol-CO»/mol-AMP, and (<>) a = 0.2 mol-CO,/mol-AMP. Experimental isobaric heat capacity

data of aqueous amine solution (CO,-free basis) reported in this work.
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Figure 8.24. Experimental isobaric heat capacity c,, of the system AMP(1) + H,O(2) + CO»(3) as a
function of pressure p. CO; loadings: () a = 0.1 mol-CO»/mol-AMP and 7= 353.15 K, (@) a =0.2
mol-CO2/mol-AMP and 7= 353.15 K, (O) a = 0.1 mol-CO»/mol-AMP and 7= 293.15K, and (L) a =
0.2 mol-CO2/mol-AMP and T =293.15 K.

8.3.4. Discussion

Tables 8.9 and 8.10 show some missing data points. This is due to a Le Chatelier effect observed at
the highest CO; loading. When temperature increases at high CO, loading, the equilibrium between the

aqueous amine solution and CO; shifts towards the endothermic reaction, favouring the conversion of
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products back into reactants. This shift was confirmed by a decrease in density, indicating a lower CO>
loading in the solution, and by an increase in pH, which suggests a decrease in CO; loading according
to equilibrium models. In Table 8.11, AMP solutions reached a maximum CO; loading of 0.2 mol-

CO»/mol-AMP due to bubble formation in the flow calorimeter at higher loadings.

An increase in CO; loading led to a decrease in isobaric heat capacity. For MEA solutions, the decrease
was 13 % when a changed from (0 to 0.6) mol-CO»/mol-MEA, for MDEA solutions 10 % when a
changed from (0 to 0.6) mol-CO»/mol-MDEA, and for AMP solutions 5 % when a changed from (0 to
0.2) mol-CO»/mol-AMP, as can be seen in Figures 8.16, 8.19 and 8.22. Regarding temperature,
increases in ¢, were observed in the studied range: from (4 to 5) % for MEA solutions (see Figures
8.17), from (6 to 7) % for MDEA solutions (see Figure 8.20), and 5 % for AMP solutions (see Figure
8.23). Pressure, unlike for binary amine-water solutions, had a slightly more pronounced effect under
some experimental conditions. In Figure 8.21, a 2 % change in isobaric heat capacity was observed for
MDEA solutions for a = 0.2 mol-CO»/mol-MDEA at 7= 293.15 K and for the same CO, loading at T’
=353.15 K, as well as a 6 % change when a = 0.3 mol-CO,/mol-MDEA at 7= 333.15 K. For aqueous
MEA solutions, changes in ¢, with pressure were less than 2 % for all conditions, as can be seen in

Figure 8.18. While for aqueous AMP solutions, changes less than 6 % were seen in Figure 8.24.
8.3.5. Experimental Isobaric Heat Capacity Data Fitting

The symbolic regression software TuringBot [201] was used to generate equations describing the
behaviour of the isobaric heat capacity of the CO;-loaded aqueous amine solutions as a function of
temperature 7 and CO» loading a. This robust and versatile tool has demonstrated its effectiveness in
previous studies [204—206]. The motivation behind using this particular method is driven by the need
to find the equation that best adapts to the behavior of ¢, as a function of temperature and CO; loading.
A single equation, suitable for binary systems, cannot adequately account for the specific characteristics
of these reactive systems. The resultant equations for MEA solutions, MDEA solutions and AMP

solutions are listed in Equations 8.3, 8.4 and 8.5, respectively.

(8.3)
Cp(T,Ol) = b1 + b2 ‘ b3 T a
d3 ca (8.4)
T = -T
¢p(T,a) = dy + +<d4—d5-a+a2)
cp(T,a)=e; +e, - T—e3-T-a? (8.5)

where ¢, is the isobaric heat capacity in kJ-kg"-K™'; b;, d; and e; are the fitted parameters for each system

respectively; T is the temperature in Kelvin; and a is the CO; loading in mol-CO,/mol-amine.
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The fitted coefficients and statistical parameters (AAD, MAD, and o) are presented in Tables 8.12, 8.13
and 8.14 for MEA + H,O + CO,, MDEA + H,0 + CO,, and AMP + H,O + COx, respectively. Figure
8.25 shows that the model’s predictions generally agree with the experimental data within the
measurement uncertainty. Minor deviations (slightly above 1 %) were observed for one data point in
the MEA solutions and two in the AMP solutions. No systematic deviations were observed in either

isobaric heat capacity or CO, loading.

Table 8.12. Fitted parameters in Equations 8.3 and statistical parameters AAD, MAD, and ¢ for MEA
+ H20 + CO; mixture.

Parameters MEA + HO + CO;
b 2.6005
by 3.699-107
b3 9.0578-10"
AAD 0.6 %
MAD 1%
o/(kJ-kg'-K™) 0.03

Table 8.13. Fitted parameters in Equations 8.4 and statistical parameters AAD, MAD, and ¢ for MDEA

+ H,0 + CO, mixture.

Parameters MDEA + H,0 + CO,
d 2.592
d> 4.146-107
ds 1.117-10"
ds -2.288:10"
ds -7.170-10"
AAD 0.3 %
MAD 0.8 %
o/(kJ kg K™ 0.02

Table 8.14. Fitted parameters in Equations 8.5 and statistical parameters AAD, MAD, and ¢ for AMP

+ H,0O + CO, mixture.

Parameters AMP + H,0 + CO,
el 2.754
e 4.062-10°
e 2.173-102
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AAD 0.5%
MAD 1 %
o/(kJ- kg K™ 0.03
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Figure 8.25. Relative deviations (%) between experimental isobaric heat capacity ¢p,exp, and calculated
isobaric heat capacity ¢, ca, using Equation 8.3, 8.4 and 8.5 for (O) MEA + H,O + CO,, (A) MDEA
+ H,0 + CO,, and ([J) AMP + H,O + CO», respectively. (a) Relative deviations vs ¢, exp, and (b) Relative
deviations vs CO, loading a. Dashed lines represent the relative expanded uncertainty of our

measurements.

8.3.5.1.  Comparison of Calculated Isobaric Heat Capacity with Experimental

Literature Data

Weiland et al. [124] provided the only literature data for isobaric heat capacity of MEA + H,O + CO;
and MDEA + H,O + CO, mixtures at 298.15 K, covering a wide range of CO; loadings. To allow this
comparison, we calculated 5 points for MEA + H,O + CO; (using Equation 8.3) and 10 points for
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MDEA + H,0 + CO; (using Equation 8.4). As shown in Figure 8.26, the resulting dataset showed an
average absolute relative deviation between our calculated values and Weiland et al.’s data of 1 %
(maximum 2 %) for MEA solutions and 2 % (maximum 3 %) for MDEA solutions.. These deviations

arise from limitations in experimental uncertainties in the literature data (particularly CO, loading).
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Figure 8.26. Relative deviations (%) vs CO; loading o of calculated isobaric heat capacity cp,cal using
Equation 8.3 for (O) MEA + H,O + CO; and Equation 8.4 for (A) MDEA + H,O + CO, in
comparison with the isobaric heat capacity literature values ¢, ;.. Literature: Weiland et al. [124] (both

mixtures).
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CHAPTER 9: EXPERIMENTAL DENSITY AND VISCOSITY

9. Experimental Density and Viscosity
9.1. Introduction

Tertiary amines are known for their high CO, capture capacity and low enthalpy of absorption, as
detailed in Chapter 1. However, their main drawback compared to primary or secondary amines is the
slow reaction kinetics with CO,. To address this, blended amines have gained attention due to their
combination of high CO, absorption and fast reaction rates. Recently researchers have focused on using
piperazine (PZ) and 2-amino-2-methyl-1-propanol (AMP) to promote the reaction between tertiary
amines and CO,. These studies have examined the kinetics of CO; absorption, CO; solubility, and the
performance of these mixtures in pilot plants [40—48]. Despite this, there is still a lack of data on

thermophysical properties such as density and viscosity, particularly at high CO, loading.
Dynamic viscosities measurements were achieved on:

o Two ternary systems: MDEA + H,O + CO, and AMP + H,O + CO..
o Two quaternary systems: MDEA + PZ + H,O + CO; and MDEA + AMP + H,O + COx.

Researchers such as [45,125,128,130,201] have studied the influence of CO, loading on the density and
viscosity of MDEA + PZ + H,O + CO; and MDEA + AMP + H,O + CO, mixtures at various
temperatures. However, only two references [100,129] provide experimental data across a wide range

of amines mass fractions (CO;-free basis).

In this chapter, density measurements were carried out using an Anton Paar DMA 445 vibrating tube
densimeter and viscosity was measured using a Ubbelohde capillary viscometer. These apparatus had
been used in the Thermophysics Laboratory at the Imperial College London (UK) and they are described
in detail in Chapter 6. The temperature ranged from 293.15 K to 353.15 K, and the pressure was
maintained at atmospheric levels. For the systems MDEA + H,O + CO, and AMP + H,O + CO; the
experimental density data are reported in Chapter 7, as they were measured using an Anton Paar DMA
HPM vibrating tube densimeter. The experimental density measurements presented in this chapter were
conducted to enable the calculation of dynamic viscosity in the quaternary systems, according to the
Equation 6.2 detailed in Chapter 6. The dynamic viscosity data was correlated using modified Vogel-

Fulcher-Tammann (VFT) equations, the specifics of which will be discussed later.

To enhance clarity for the variety of systems and compositions studied in this work, we have adopted a
numbering scheme for the mixture components: MDEA(1), promoter: PZ or AMP (2), H,O(3) and
COx(4).
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9.2. Ternary Mixtures
9.2.1. MDEA + H,0 + CO;

9.2.1.1. Experimental Viscosity

The results of the viscosity measurements are presented in Table 9.1 for MDEA + H,O + CO,. To
analyse the impact of CO; loading and temperature, the experimental dynamic viscosity data were
plotted as a function of these variables, as shown in Figure 9.1. Density experimental data for the
dynamic viscosity calculation of the CO»-unloaded solution were taken from Sobrino et al. [104]. For

the CO»-loaded solution, density measurements are reported in Chapter 7 of this work.

Table 9.1. Experimental flow time ¢, kinematic viscosity v, and dynamic viscosity #, for the system
MDEA(1) + H,O(2) + CO2(3) with amine mass fraction (CO»-free basis) wi = 0.2997, at different

conditions of temperature 7, and CO; loading o in terms of mol-CO,/mol-MDEA?,

a T/K tls v/((mm?-s1)  y/(mPa-s)

292.96 730.28 3.64 3.73
0 313.08 388.45 1.93 1.97
333.12 242.11 1.21 1.21
353.15 167.97 0.84 0.83
292.95 727.27 3.62 3.75
313.07 393.14 1.96 2.01

0.099
333.10 247.07 1.23 1.25
353.14 171.99 0.86 0.86
292.95 728.74 3.63 3.79
313.08 398.60 1.99 2.05

0.209
333.11 251.00 1.25 1.28
353.14 175.35 0.87 0.88
292.96 721.94 3.60 3.82
0.424 313.08 407.22 2.03 2.13
333.11 260.52 1.30 1.35
292.95 717.74 3.57 3.86

0.646
313.08 407.22 2.03 2.17
292.96 709.44 3.53 3.86

0.795
313.08 412.71 2.06 2.22

“Expanded uncertainty (k = 2): U(T) = 0.02 K; U(w) = 0.0003; Us(a) = 0.004 and Us(y7) = 0.01.
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Figure 9.1. Experimental dynamic viscosity #, of the system MDEA + H,O + CO; as a function of CO,
loading a. Isotherms: (O) T'=293 K, ((0) T=313 K, (A) T=333 K, and (<) T = 353 K. Solid line:

calculated viscosities using VFT modified correlation (Equation 9.4).

9.2.1.2. Comparison with Literature

The experimental conditions of the references used for the comparison of MDEA + H,O (CO,-free
solution) are shown in Table 9.2. The relative deviations between the experimental dynamic viscosity

data and the values reported in the literature are shown in Figure 9.2.

Table 9.2. Measurement conditions of literature data used to compare the experimental dynamic

viscosity of MDEA(1) + H,O(2) mixture measured in this work at p = 0.1 MPa.

Reference Viscometer Conditions Number of Points U?
Mandal et al. wi1=0.30
Ostwald Viscometer 2 NA®
[92] T=(303.15-313.15 K
Sobrino et al. Falling Body w1 =0.3000 A 30,
0
[104] Viscometer T'=(293.15-313.15) K
) Cannon-Fenske wi=0.30
Li et al. [89] 3 NA®

Routine Viscometer T'=(303.15-333.15 K

Two Cannon-Fenske-

type viscometers (sizes
Rinker et al. wi=0.30
50 and 100) and one 2 NAP
[106] T=(333.15-353.15 K
Ubbelohde-type

viscometer (size 0)

Al-Ghawas et Cannon-Fenske w1 =0.

al. [105] Routine Viscometer T'=(303.15-333.15 K

3 NA®
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Anton-Paar Physica

MCR
Kummamuru w1 =0.30
101 rheometer with a 2 3%
etal. [129] T'=(303.15-313.15 K
double-gap

pressure cell XL

"Relative expanded uncertainty (k = 2), %.
"NA: Not Available.
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Figure 9.2. Relative deviations (%) of experimental dynamic viscosity measurements #exp, in
comparison with literature values 7. Literature for MDEA + H>O: (O) Mandal et al. [92], (L) Sobrino
etal. [104], () Lietal. [89], (A) Rinker et al. [106], (+) Al-Ghawas et al. [105] and (><) Kummamuru

et al. [129]. Dashed lines represent the relative expanded uncertainty of our density measurements.

9.2.2. AMP + H,0 + CO,

9.2.2.1.  Experimental Viscosity

The results of the viscosity measurements are presented in Table 9.3 for AMP + H,O + CO,. To analyse
the impact of CO; loading and temperature, the experimental dynamic viscosity data were plotted as a
function of these variables, as shown in Figure 9.3. Density experimental data for the dynamic viscosity

calculation of both CO-unloaded solution and CO»-loaded solution are reported in Chapter 7 of this

work.
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Table 9.3. Experimental flow time ¢, kinematic viscosity v, and dynamic viscosity #, for the system
AMP(1) + H,0(2) + CO2(3) with amine mass fraction (CO,-free basis) w; = 0.2997, at different

conditions of temperature 7, and CO; loading o in terms of mol-CO,/mol-AMP?.

a T/K t/s v/(mm?2-s)  y/(mPa-s)
292.96 915.85 4.56 4.56
302.94 617.52 3.08 3.06
313.08 440.17 2.19 2.17
0 323.09 332.51 1.66 1.62
333.11 260.32 1.30 1.26
353.14 174.47 0.87 0.83
292.96 166.92 5.10 5.19
302.94 683.30 3.40 3.44
313.08 482.65 2.40 2.41
0.092
323.09 359.90 1.79 1.79
333.11 279.53 1.39 1.38
353.15 185.67 0.92 0.90
292.96 184.91 5.65 5.84
302.94 753.92 3.75 3.85
0.184 313.08 528.76 2.63 2.68
323.09 390.54 1.94 1.97
333.10 300.95 1.50 1.51
353.14 197.64 0.98 0.97
292.96 228.13 6.97 7.41
302.94 901.46 4.49 4.73
0.376 313.08 617.66 3.08 3.22
323.09 450.56 2.24 2.33
333.11 343.26 1.71 1.76
353.14 221.47 1.10 1.12
292.96 245.75 7.51 8.07
302.94 157.58 4.82 5.14
0.482 313.08 661.21 3.29 3.49
323.09 480.08 2.39 2.51
333.11 364.79 1.82 1.90
0.804 292.96 258.25 7.89 8.68
302.92 171.45 5.24 5.73
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’ 313.08 745.90 3.71 4.04
*Expanded uncertainty (k=2): U(T) = 0.02 K; U(w) = 0.0003; Ux(a) = 0.004 and U,(7) = 0.01.
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Figure 9.3. Experimental dynamic viscosity #, of the system AMP + H,O + CO, as a function of CO,
loading a. Isotherms: (O) T=293 K, () T=303 K, (A) T=313K, (<) T=323 K, () T=333K,
and (@) 7=353 K. Solid line: calculated viscosities using VFT modified correlation (Equation 9.5).

9.2.2.2. Comparison with Literature

The experimental conditions of the references used for the comparison of AMP + H,O (CO»-free
solution) are shown in Table 9.4. The relative deviations between the experimental dynamic viscosity

data and the values reported in the literature are shown in Figure 9.4.

Table 9.4. Measurement conditions of literature data used to compare the experimental dynamic

viscosity of AMP(1) + H,O(2) mixture measured in this work at p = 0.1 MPa.

Reference Viscometer Conditions Number of Points U?
Mandal et al. wi;=0.30
Ostwald Viscometer 4 NA®
[92] T=(293.15-323.15 K
) Cannon-Fenske wi=0.30
Li et al. [89] _ ) 5 3%
Routine Viscometer T'=(303.15-353.15 K
Stabinger-type
Rezaei et al. kinematic viscometer wi=0.30
4 0.7 %
[93] (SVM3000, Anton T'=(303.15-333.15 K
Paar)
Samanta et al. wi;=0.30
Ostwald Viscometer 2 2%
[82] T'=(303.15-313.15 K

217



CHAPTER 9: EXPERIMENTAL DENSITY AND VISCOSITY

Kummamuru Anton-Paar Physica wi=0.3

et al. [100] MCR 101 rheometer T'=(303.15-353.15) K

5 2%

*Relative expanded uncertainty (k= 2), %.
"NA: Not Available.
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Figure 9.4. Relative deviations (%) of experimental dynamic viscosity measurements #eyp, in
comparison with literature values 7. Literature for AMP + H>O: (O) Mandal et al. [92], (<) Li et al.
[89], (A) Rezaei et al. [93], ((0) Samanta et al. [82], and (°¢) Kummamuru et al. [100]. Dashed lines

represent the relative expanded uncertainty of our density measurements.
9.2.3.Discussion

An increase in temperature leads to a decrease in dynamic viscosity across all studied systems. When
temperature rises from (293 to 353) K, the dynamic viscosity of the MDEA + H,O + CO, mixture
decreases by up to 78 %, while for AMP + H,O + CO; mixture, the reduction was less than 85 %.

Increasing the CO; loading leads to an increase in the dynamic viscosity across all studied mixtures. At
T'=313 K, the dynamic viscosity of the MDEA + H,O + CO; mixture rises by 13 % when CO; loading
change from a =0 to a = 0.8. For the AMP + H,O + CO, mixture at the same temperature, the dynamic
viscosity increases significantly by 86 % under the same change in CO; loading. As shown in Figure
9.5, AMP solutions are highly sensitive to change the dynamic viscosity when the CO; loading increases
compared to other CO»-loaded aqueous amine solutions reported in the literature by Zhang et al. [112]

and in this work under the same conditions of temperature and amine mass fraction on a CO,-free basis.
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Figure 9.5. Experimental dynamic viscosity #, at amine mass fraction (CO,-free basis) w = 0.3 and
temperature 7 = 313 K. Mixtures: (®) AMP + H,O + CO,, (®) MDEA + H,O + CO,, (®) DEAE +
H,O + CO,[112], (®) DMAE + H,O + CO; [112], (®) MEA + H,O + CO; [112], (@) MEA + H,O +
CO,[110], and (@) MEA + H>O + CO; [108]. Dashed lines are the quadratic fittings for each system.

A comparison of our dynamic viscosity data with experimental literature values was achievable for the
binary systems MDEA + H,O and AMP + HO, as can be observed in Tables 9.2 and 9.4. As illustrated
in Figures 9.2 and 9.4, a certain degree of data dispersion can be observed, which is a consequence of
the inherent challenges associated with viscosity measurements. Furthermore, the literature data often
lacks information regarding the uncertainty associated with the reported dynamic viscosity values,
further complicating the assessment of the accuracy of the experimental data. For the MDEA + H,O
mixture, 16 data points exhibit an average absolute relative deviation of 3 % with a maximum of 8 %.
For the AMP + H,O mixture, 20 data points showed an average absolute relative deviation of 3 % with

a maximum of 6 %.
9.3. Quaternary Mixtures
9.3.1. MDEA + PZ + H,0 + CO; (Wamines = 0.4000 CO,-free basis)
9.3.1.1. Experimental Density

Experimental density data, necessary for the dynamic viscosity calculation for MDEA + PZ + H,0 +
CO, with MDEA mass fraction (CO,-free basis) wi; = 0.3500 and PZ mass fraction (CO,-free basis) w»
=0.0500 are presented in Table 9.5. Figure 9.6 illustrates the trends of density as a function of CO;

loading at different temperatures.
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Table 9.5. Experimental density p, for the system MDEA(1) + PZ(2) + H,O(3) + CO»(4) with MDEA
mass fraction (CO,-free basis) w; = 0.3500 and PZ mass fraction (CO,-free basis) w, = 0.0500, at

different conditions of temperature 7, and CO; loading o in terms of mol-CO,/mol-amines.

pl(kg-m™)
T/K
293.15 303.15 313.15 323.15 333.15 353.15
0=0
1035.7 1030.1 1024.2 1017.7 1011.3 994.1
a=0.156
1056.3 1050.8 1045.1 1038.7 1032.6 1018.5
a=0.189
1062.3 1056.6 1050.2 1044.5 1037 1023.7
a=0.386
1088.4 1082.9 1077 1070.9 1064
a=0.682

1124.9 1119.2 1113.4
*Expanded uncertainty (k =2): U(T) = 0.02 K; U{(w) = 0.0003; U(a) = 0.4 % and Ux(p) = 0.06 %.
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Figure 9.6. Experimental density p, of the system MDEA(1) + PZ(2) + H,O(3) + CO»(4) as a function
of CO; loading a. Isotherms: (O) T=293.15 K, () T=303.15K, (A) T=313.15K, (&) T'=323.15
K, (W) 7=333.15K, and (@) T=353.15 K.

9.3.1.2. Experimental Viscosity

In Table 9.6, the experimental dynamic viscosity for MDEA + PZ + H,0 + CO2 (Wamines = 0.4000 CO»-
free basis) is presented. To analyse the impact of CO; loading and temperature, the experimental

dynamic viscosity data were plotted as a function of these variables, as shown in Figure 9.7.
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Table 9.6. Experimental flow time ¢, kinematic viscosity v, and dynamic viscosity #, using the
Ubbelohde capillary viscometer for the system MDEA(1) + PZ(2) + H,O(3) + CO2(4) with MDEA
mass fraction (CO,-free basis) w; = 0.3500 and PZ mass fraction (CO,-free basis) w, = 0.0500, at

different conditions of temperature 7, and CO; loading o in terms of mol-CO»/mol-amines®.

a T/K t/s v/(mm?*s')  p/(mPa-s)

292.96 226.40 6.92 7.17

302.94 151.85 4.64 4.78

313.08 658.63 3.28 3.36

0 323.09 488.37 2.43 2.48
333.11 374.69 1.87 1.89

353.14 241.32 1.20 1.19

292.96 23041 7.04 7.43

302.93 157.15 4.80 5.05

0.156 313.08 692.69 3.45 3.61
323.09 519.13 2.59 2.69

333.11 400.31 1.99 2.06

353.14 260.57 1.30 1.32

292.96 232.11 7.09 7.54

302.94 158.78 4.85 5.13

0.189 313.08 702.59 3.50 3.67
323.09 525.87 2.62 2.74

333.11 407.89 2.03 2.11

353.15 265.14 1.32 1.35

292.97 239.28 7.31 7.96

302.94 165.88 5.07 5.49

0.386 313.08 739.95 3.68 3.97
323.09 558.61 2.78 2.98

333.11 438.30 2.18 2.32

292.96 245.63 7.51 8.44

0.682 302.94 173.47 5.30 5.93
313.08 784.06 3.90 4.35

*Expanded uncertainty (k =2): U(T) = 0.02 K; U{(w) = 0.0003; Ux(a) = 0.004 and U(7) = 0.01.
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Figure 9.7. Experimental dynamic viscosity #, of the system MDEA + PZ + H,O + CO; with total amine
mass fraction (CO»-free basis) w= 0.4000, as a function of CO; loading «. Isotherms: (O) T=293 K,
(O)T=303K,(A)T=313K, () T=323K, (W) T=333K, and (®) T=353 K. Solid line: calculated

viscosities using VFT modified correlation (Equation 9.6).
9.3.2.MDEA + AMP + H,0 + CO;
9.3.2.1. Experimental Density

Density experimental data necessary for the dynamic viscosity calculation for MDEA + AMP + H,O +
CO; with MDEA mass fraction (CO»-free basis) wi = 0.3500 and AMP mass fraction (CO»-free basis)
wz=0.0500 are presented in Table 9.7. Figure 9.8 illustrates the trends of density as a function of CO;

loading at different temperatures.

Table 9.7. Experimental density p, for the system MDEA(1) + AMP(2) + H,O(3) + CO»(4) with MDEA
mass fraction (CO»-free basis) wi = 0.3500 and AMP mass fraction (CO»-free basis) w, = 0.0500, at

different conditions of temperature 7, and CO; loading a in terms of mol-CO,/mol-amines.

pl(kg-m?)
T/'K
293.15 303.15 313.15 323.15 333.15 353.15
o=0
1031.8 1026.3 1020.3 1013.3 1007 989.3
0=0.100
1047.1 1041.5 1035.2 1025.6 1021.9 1007.4
0.=10.200
1061.5 1055.5 1049.1 1042.5 1035.8 1019.3
o= 0.400
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1087.2 1081.4 1075 1068.2 1057.8
a=10.707
1124.2 1118.5 1112.2
“Expanded uncertainty (k= 2): U(T) = 0.02 K; U{(w) = 0.0003; U(a) = 0.4 % and U.(p) = 0.06 %.
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Figure 9.8. Experimental density p, of the system MDEA(1) + AMP(2) + H,O(3) + CO»(4) as a function
of CO; loading a. Isotherms: (O) T=293.15K, () T=303.15K, (A) T=313.15K, (&) T=323.15
K, (l) 7=333.15K, and (@) T=353.15 K.

9.3.2.2. Experimental Viscosity

In Table 9.8, the experimental dynamic viscosity for MDEA + AMP + H>0 + COz (Wamines = 0.4000
CO,-free basis) is presented. To analyse the impact of CO> loading and temperature, the experimental

dynamic viscosity data were plotted as a function of these variables, as shown in Figure 9.9.

Table 9.8. Experimental flow time ¢, kinematic viscosity v, and dynamic viscosity #, for the system
MDEA(1) + AMP(2) + H,O(3) + CO,(4) with MDEA mass fraction (CO,-free basis) wi = 0.3500 and
AMP mass fraction (CO»-free basis) w, = 0.0500, at different conditions of temperature 7, and CO,

loading & in terms of mol-CO,/mol-amines®.

a T/K t/s v/((mm?-s1)  p/(mPa-s)
292.96 214.20 6.55 6.75
302.93 883.60 4.40 4.52
313.08 626.76 3.12 3.18
0 323.08 469.36 2.34 2.37
333.11 358.28 1.78 1.80
353.14 231.89 1.15 1.14
0.100 292.96 229.20 7.00 7.33
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302.93 154.21 4.71 4.91
313.07 675.29 3.36 3.48
323.09 502.96 2.50 2.57
333.11 384.90 1.92 1.96
353.14 249.10 1.24 1.25
292.96 236.30 7.22 7.67
302.94 159.50 4.87 5.14
313.08 694.26 3.46 3.63
0.200
323.09 519.34 2.59 2.70
333.11 397.43 1.98 2.05
353.14 257.88 1.28 1.31
292.96 244.71 7.48 8.13
302.93 167.65 5.12 5.54
0.400 313.07 741.99 3.70 3.97
323.08 554.08 2.76 2.95
333.11 427.42 2.13 2.25
292.96 252.15 7.71 8.66
0.707 302.93 176.28 5.39 6.03
313.08 786.23 3.92 4.35

*Expanded uncertainty (k =2): U(T) = 0.02 K; U{(w) = 0.0003; Ux(ax) = 0.004 and U(77) = 0.01.
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Figure 9.9. Experimental dynamic viscosity #, of the system MDEA + AMP + H,O + CO, with total
amine mass fraction (CO,-free basis) w= 0.4000, as a function of CO, loading a. Isotherms: (O) T =
293K, () T=303K, (A) T=313K, (<) T=323K, (l) T=333K, and (@) 7= 353 K. Solid line:

calculated viscosities using VFT modified correlation (Equation 9.7).
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9.3.3.MDEA + PZ + H;0 + CO2 (Wamines = 0.3021 CO;-free basis)
9.3.3.1. Experimental Density

Density experimental data necessary for the dynamic viscosity calculation for MDEA + PZ + H,0 +
CO; with MDEA mass fraction (CO,-free basis) w; = 0.2024 and PZ mass fraction (CO,-free basis) w»
= 0.0997 are presented in Table 9.9. Figure 9.10 illustrates the trends of density as a function of CO,

loading at different temperatures.

Table 9.9. Experimental density p, kinematic viscosity v, and dynamic viscosity #, for the system
MDEA(1) + PZ(2) + HO(3) + CO,(4) with MDEA mass fraction (CO,-free basis) w; = 0.2024 and PZ
mass fraction (CO;-free basis) w, = 0.0997, at different conditions of temperature 7, and CO, loading a

in terms of mol-CO,/mol-amines.

pl(kg-m?)
T/K
293.15 303.15 313.15 323.15 333.15 353.15
a=0
1024.5 1020.1 1014.7 1009.3 1003.4 986.6
a=0.300
1058 1053.5 1048.5 1042.8 1037.1 1024.3
a=0.504
1079.4 1074.8 1069.8 1064.2 1056.6
a=0.774

1107.4  1102.7 1097.7
*Expanded uncertainty (k= 2): U(T) = 0.02 K; U«(w) = 0.0003; Ux(a) = 0.4 % and Ux(p) = 0.06 %.
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Figure 9.10. Experimental density p, of the system MDEA(1) + PZ(2) + H,O(3) + CO(4) with total
amine mass fraction (CO,-free basis) w= 0.3021, as a function of CO, loading a. Isotherms: (O) T =
293.15K, () T=303.15K, (A) T=313.15K, () T=323.15K, (W) T=333.15K, and (@) T =
353.15 K.

9.3.3.2. Experimental Viscosity

In Table 9.10, the experimental dynamic viscosity for MDEA + PZ + H,0 + CO2 (Wamines = 0.3021 CO»-
free basis) is presented. To analyse the impact of CO; loading and temperature, the experimental

dynamic viscosity data were plotted as a function of these variables, as shown in Figure 9.11.

Table 9.10. Experimental flow time ¢, kinematic viscosity v, and dynamic viscosity #, for the system
MDEA(1) + PZ(2) + H,O(3) + CO»(4) with MDEA mass fraction (CO»-free basis) w; = 0.2024 and PZ
mass fraction (CO,-free basis) w>= 0.0997, at different conditions of temperature 7, and CO; loading a

in terms of mol-CO,/mol-amines.

a T/K t/s v/((mm?-s1)  p/(mPa-s)
292.96 875.27 4.36 4.47
302.94 614.73 3.06 3.12
313.08 450.77 2.24 2.28
0 323.09 343.63 1.71 1.73
333.11 271.73 1.35 1.36
353.14 183.35 0.91 0.90
292.84 878.52 4.38 4.63
302.93 629.16 3.13 3.30
0.300 313.07 469.99 2.34 2.45
323.09 365.23 1.82 1.90
333.10 292.75 1.46 1.51

226



CHAPTER 9: EXPERIMENTAL DENSITY AND VISCOSITY

353.14 201.74 1.00 1.03
292.96 883.36 4.40 4.75
302.93 642.88 3.20 3.44
0.504 313.08 484.75 2.41 2.58
323.09 379.88 1.89 2.01
333.11 306.14 1.52 1.61
292.96 888.31 4.42 4.90
0.774 302.93 652.54 3.25 3.58
313.07 497.41 248 2.72

*Expanded uncertainty (k =2): U(T) = 0.02 K; U{(w) = 0.0003; Ux(a) = 0.004 and U(77) = 0.01.
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Figure 9.11. Experimental dynamic viscosity #, of the system MDEA + PZ + H,O + CO; with total
amine mass fraction (CO,-free basis) w= 0.3021, as a function of CO, loading a. Isotherms: (O) T =
293K, () T=303K, (A) T=313K, (<) T=323K, (l) T=333K, and (@) 7= 353 K. Solid line:

calculated viscosities using VFT modified correlation (Equation 9.6).

9.3.3.3. Experimental Viscosity Comparison with Literature

The relative deviations between the experimental dynamic viscosity data and the values reported in the
only study found in the literature for the MDEA + PZ + H,O with total amine mass fraction w=0.3021

system at the specific amine mass fraction are illustrated in Figure 9.12.
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Figure 9.12. Relative deviations (%) of the experimental dynamic viscosity, of the system MDEA + PZ
+ H,O with total amine mass fraction w = 0.3021, measured using the capillary viscometer 7cvy, in

comparison with the data reported by Kummamuru et al. [129].
9.3.4. Discussion

Regarding density, an increase in temperature from (293.15 to 353.15) K results in a 4 % decrease in
density for all the studied quaternary systems. Conversely, when CO; loading increase from a =0 to a
= (.7, the density increases by 9 % for both MDEA + PZ + H,0 + CO2 (Wamines = 0.4) and MDEA +
AMP + H,0 + CO; mixtures and by 8 % for MDEA + PZ + H,0 + CO2 (Wamines = 0.3) system when
CO:; loading increase from o = 0 to a = 0.8. As shown in Figure 9.13, the densities of the MDEA + PZ
+ H>O + CO; and MDEA + AMP + H,O + CO, mixtures were higher than the densities reported by
Patzschke et al. [202] for DEAE + PZ + H,O + CO, and DMAE + PZ + H,O + COs, at equivalent amine
mass fraction and temperature. In addition, Figure 9.13 shows a minimal difference (less than 1 %)

between the densities of MDEA + PZ + H,O + CO;, and MDEA + AMP + H,O + CO, mixtures.

At 313 K, when the CO, loading increase from a = 0 to & = 0.7 the dynamic viscosity increases by 29
% and 37 % in MDEA + PZ + H,0 + CO2 (Wamines = 0.4000) and MDEA + AMP + H,O + CO; systems,
respectively. As observed in Figure 9.14, the contribution of CO; loading in the dynamic viscosity is
lower in these systems compared to similar systems reported in the literature by Patzschke et al. [202]
under the same temperature and amine mass fraction on a CO,-free basis. For example, the viscosity of
the DEAE + PZ + H;0 + CO2 (Wamines = 0.4) mixture increases by 78 % when the CO-, loading change
from o = 0 to @ = 0.8, as reported by Patzschke et al. [202]. Systems containing MDEA exhibit lower
viscosity than those shown in Figure 9.14, which is advantageous for optimising CO, capture process
unit sizing, enhancing mass transfer rates, and improving the operation of pumps, heat exchangers, and
gas-liquid contactors. Additionally, Figure 9.14 shows that the viscosity for the MDEA + PZ + H,O +
CO2 (Wamines = 0.4000) and MDEA + AMP + H,O + CO; systems differ by less than 6 %. A 19 % of
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increment was observed in the dynamic viscosity of MDEA + PZ + H,0 + CO3 (Wamines = 0.3021) when

CO: loading increased from o = 0 to o = 0.8 at temperature of 313 K.
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Figure 9.13. Experimental density p, at total amine mass fraction (CO,-free basis) w = 0.4 and
temperature 7 = 313 K. Mixtures: (A) DEAE + PZ + H,O + CO; [202], (A) DMEA + PZ + H,O +
CO2[202], (A) MDEA + PZ + H,O + CO, and (A) MDEA + AMP + H,0 + CO,.
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Figure 9.14. Experimental dynamic viscosity #, at total amine mass fraction (CO,-free basis) w = 0.4
and temperature 7= 313 K. Mixtures: (A) DEAE + PZ + H,O + CO,[202], (A) DMEA + PZ + H,O
+ C02[202], (A) MDEA + PZ + H,0 + CO, and (A) MDEA + AMP + H,0 + CO,.

A single literature reference [129] reports experimental dynamic viscosity data for the MDEA + PZ +
H,O + CO; system at a MDEA mass fraction (CO»-free basis) of wvpea = 0.20 and PZ mass fraction
(CO»-free basis) wpz = 0.10. These measurements were conducted at a pressure of 0.4 MPa, which
differs slightly from our experimental pressure of 0.1 MPa. While this pressure difference slightly
affects the viscosity, the high combined uncertainty of 0.30 mPa at a 95.5 % confidence level reported
by Kummamuru et al. [129] covers all five data points, as can be seen in Figure 9.12. To the best of

our knowledge, no experimental dynamic viscosity data is available in the literature for the remaining
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quaternary systems under the specific composition and temperature conditions investigated in this

study.
9.4. Experimental Density Data Fitting

The experimental density of the CO»-loaded solutions (quaternary mixtures) was studied in relation to
temperature and CO, loading. A simplified version of the model proposed by Zhang et al. [112] and
Patzschke et al. [202], which omits the amine mass fraction component, was employed. The density of
the loaded mixtures (p.) was found to be linearly proportional to the product of CO; loading (see
Equation 9.2). This correlation method, originally developed by Liu et al. [203], was previously
adapted by Zhang et al. [112] and Patzschke et al. [202], those who modified the denominator to include
the density of water (pw). This adjustment minimises the influence of temperature on the density of the
CO,-unloaded solution (po) (see Equation 9.1), as detailed in Zhang et al. [112] and Patzschke et al.
[202]. The goodness-of-fit was assessed by calculating the statistical parameters AAD and MAD (see
Equations 7.5 and 7.6 in Chapter 7).

T
pL(T, @) =po-(1+c-a) 9.2)

where py is the density of the CO,-unloaded solution; py, is the density of the water; a; and a, are two
fitting’s parameters; 7 is the experimental temperature; 7y is the reference temperature (283.15 K); pr

is the density of the CO,-loaded solution; « is the CO; loading, and c¢ is a fitting’s parameter.

All the fitted coefficients are shown in Tables 9.11 and 9.12, along with the statistical parameters AAD
and MAD. As can be seen in Table 9.12 and Figure 9.15, despite the fitting residuals being larger than
the experimental density uncertainty, they show good agreement with the findings of Zhang et al. [112]
and Patzschke et al. [202].

Table 9.11. Fitted coefficients a1, a; and ¢ in Equations 9.1 and 9.2.

Parameters | MDEA + PZ + H,O + MDEA + AMP + H,0O + MDEA + PZ + H,0O +
CO2 (Wamines = 0.4000) CO2 (Wamines = 0.4000) CO2 (Wamines = 0.3021)

m 1.1062 1.1079 1.0778

a -0.06665 -0.0719 -0.0495

c 0.1304 0.1309 0.1067
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Table 9.12. Statistical parameters AAD and MAD in density fitting.

CO;-free solutions | CO;-loaded solutions
System
AAD MAD AAD MAD
MDEA + PZ + H,O + CO,
0.04 % 0.06 % 0.1% 0.5%
(Wamines = 0.4000)
MDEA + AMP + H,O + CO,
0.03 % 0.08 % 0.1 % 0.5%
(Wamines = 0.4000)
MDEA + PZ + H,O + CO,
0.05 % 0.09 % 0.09 % 0.5%
(Wamincs = 0.3021)
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Figure 9.15. Relative deviations (%) between experimental density pexp, and calculated density peal,
using Equations 9.1 and 9.2 vs CO; loading a. Mixtures: (A) MDEA + PZ + H,0 + CO3 (Wamines =
0.4000 CO;-free basis), (O) MDEA + AMP + H,O + CO,, and (1) MDEA + PZ + H;0 + CO2 (Wamines
=0.3021 COs-free basis).

9.5. Experimental Viscosity Data Fitting

The experimental viscosity data was correlated with temperature and CO; loading using models based
on the Vogel-Fulcher-Tammann (VFT) model (see Equation 9.3). To optimise the models and reduce
the number of parameters, symbolic regression (using TuringBot software [192]) was employed to
identify the most effective mathematical form within the general structure of Equation 9.3. This same
method was followed successfully by Zhang et al. [112] and Patzschke et al. [202] in their studies. The

goodness-of-fit was assessed by calculating the statistical parameters AAD and MAD (see Equations

7.5 and 7.6 in Chapter 7).
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B(a)
T+C

(9.3)

=A(a) +

" Hg(’;)) ]

The resultant equations are: Equation 9.4 for MDEA + H,O + CO,, Equation 9.5 for AMP + H,O +
CO,, Equation 9.6 for MDEA + PZ + H,O + CO,, and Equation 9.7 for MDEA + AMP + H,O + CO,.

ln _T’(T, a) 1 —a - bl a+ bz (94)
ENG) RS
n(re)y] _ _ b, 9.5)
| | =@t a @ s
In n(T,a) ] . b1 a+ b2 (9.6)
ENGY A
In [n(T a) . b1 a? + b2 .7
e 1= 4 T Ty =

where 7 is the viscosity of the CO,-loaded solution; 7, is the viscosity of the water; a is the CO; loading;
T is the experimental temperature; T is the reference temperature (283.15 K); and a1, a2, b1, b, and C

are fitting’s parameters.

All the fitted coefficients are shown in Table 9.13, along with the statistical parameters AAD and MAD.
The average absolute deviation (AAD) for viscosity predictions was generally within the experimental
uncertainty, apart from the AMP solution, as detailed in Table 9.13. However, the quaternary mixtures
with higher total amine mass fractions exhibited deviations up to 2 % (see Figures 9.18 and 9.19).
Despite extensive efforts with various models and modified Vogel-Fulcher-Tammann (VFT) equation
structures, this represents the best fit achieved. While not ideal, these results demonstrate lower
deviations compared to those reported in the literature, including studies by researchers like Zhang et

al. [112] and Patzschke et al. [202], who employed modified VFT models and observed even larger

deviations.

Table 9.13. Fitted coefficients in Equations 9.4 to 9.7 for each studied system.

Parameters MDEA + H,O | AMP+H,O+ | MDEA+PZ | MDEA + MDEA + PZ
+ CO; (Eq. CO; (Eq.9.5) | +H,O+CO; | AMP+H,O+ | +H,O + CO;
9.4) (Wamines = CO2(Eq.9.7) | (Wamines =
0.4000 CO»- 0.3021 CO»-
free basis) free basis)
(Eq. 9.6) (Eq. 9.6)
a 0.7257 1.149 1.232 0.6971 0.9187
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a -0.1220
b -0.2628 0.3529 -0.3475 -0.1667 -0.2861
ba 0.5067 0.6851 0.6640 0.5307
C 0.6505 0.8134 0.6887 0.6885 0.6806
AAD 0.4 % 2.0 % 0.6 % 0.8 % 0.4 %
MAD 0.9 % 5% 2% 2% 1%
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Figure 9.16. Relative deviations (%) between experimental dynamic viscosity 7ex, and calculated
dynamic viscosity 7ca using Equation 9.4 vs CO; loading a. Isotherms: (O) T=293 K, (LJ) 7= 313
K, (A) T=333 K, and (<) T =353 K. Mixture: MDEA + H,O + CO..
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Figure 9.17. Relative deviations (%) between experimental dynamic viscosity #. and calculated
dynamic viscosity 7ca using Equation 9.5 vs CO; loading a. Isotherms: (O) 7= 293 K, (L) 7= 303
K, (A)T=313K, () T=323K, (Hl) T=333 K, and (@) 7= 353 K. Mixture: AMP + H,0O + CO,.
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Figure 9.18. Relative deviations (%) between experimental dynamic viscosity 7. and calculated
dynamic viscosity 7ca using Equation 9.6 vs CO; loading a. Isotherms: (O) T=293 K, (L) 7= 303
K, (A)T=313K, (<) T=323K, (H) T=333 K, and (®) 7= 353 K. Mixture: MDEA + PZ + H,0 +

CO2 (Wamines = 0.4000 CO»-free basis).
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Figure 9.19. Relative deviations (%) between experimental dynamic viscosity #.q and calculated
dynamic viscosity #ca using Equation 9.7 vs CO; loading a. Isotherms: (O) T=293 K, (1) 7= 303
K, (A)T=313K, () T=323K, (W) T=333 K, and (@) 7= 353 K. Mixture: MDEA + AMP + H,0

+ CO..
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Figure 9.20. Relative deviations (%) between experimental dynamic viscosity #.q and calculated
dynamic viscosity 7ca using Equation 9.6 vs CO> loading a. Isotherms: (O) T'=293 K, (IJ) 7= 303
K, (A)T=313K, (<) T=323K, (l) T=333K, and (®) 7= 353 K. Mixture: MDEA + PZ + H,O +

CO2 (Wamines = 0.3021 CO»-free basis).

9.5.1. Comparison of Calculated Dynamic Viscosity with Experimental Literature Data

Dynamic viscosity calculations, based on Equation 9.6, were carried out for the MDEA + PZ + H,O +
CO; with MDEA mass fraction (CO»-free basis) w; = 0.2024 and PZ mass fraction (CO,-free basis) w»
= 0.0997. These calculations were compared to the only literature reference providing data for this
specific amine composition: Kummamuru et al. [129]. As illustrated in Figure 9.21 and Table 9.14, 31
comparison points across CO» loadings of 0, 0.6, and 0.68 were evaluated. All calculated values were

found to be within the expanded uncertainty of 0.30 mPa-s reported by Kummamuru et al.
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Figure 9.21. Relative deviations (%) vs CO; loading a of calculated dynamic viscosity 7 using
Equation 9.6 for MDEA + PZ + H,0 + CO3 (Wamines = 0.3021 CO»-free basis), in comparison with the

dynamic viscosity experimental literature values 7. Literature: Kummamuru et al. [129]. CO; loading:
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(O) a = 0 mol-COz/mol-amines, ([1) a = 0.6 mol-CO»/mol-amines, and (A) a = 0.68 mol-CO,/mol-

amines.

Table 9.14. Comparison between calculated dynamic viscosity #c. using Equation 9.6 for MDEA + PZ
+ H,0 + CO2 (Wamines = 0.3021 CO»-free basis) with the dynamic viscosity experimental literature values

mir Kummamuru et al. [129]. CO; loading o in terms of mol-CO»/mol-amines.

a=0 a=0.60 a=0.68

T/K Hie HearHiit it Heat-Hiit m Hear-Niit

303.15 3.28 -0.2

308.15 2.81 -0.2 2.84 0.2 3.06 0.004

313.15 2.39 -0.1 245 0.2 2.67 0.02

318.15 2.09 -0.1 2.17 0.2 2.37 0.01

323.15 1.81 -0.08 1.9 0.2 2.1 0.02

328.15 1.62 -0.09 1.71 0.1 1.89 0.01

333.15 1.43 -0.07 1.53 0.1 1.7 0.01

338.15 1.3 -0.08 1.41 0.1 1.56  -0.004

343.15 1.17 -0.07 1.3 0.08 1.43 -0.01

348.15 1.06 -0.07 1.19 0.07 1.31 -0.01

353.15 0.95 -0.05 1.09 0.07 1.19 0.01
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CONCLUSIONS

This research investigates the thermodynamic properties of amine-based CO, absorbents, focusing on

binary, ternary, and quaternary mixtures.

1. A comprehensive literature review revealed significant gaps in existing data, particularly
for measurements at elevated temperatures and pressures, as well as for CO:-loaded

aqueous amine solutions.

2. Experimental procedures involved handling hazardous substances and operating under
high-pressure and high-temperature conditions. Safety enhancements were implemented,
including the installation of safety valves and rupture discs. Strict personal protective

equipment protocols were enforced to minimise risks associated with handling amines.

3. Equilibrium cells was used for precise CO; loading into aqueous amine solutions with a

relative expanded uncertainty lower than 0.4 % (95.5 % confidence level).

4. Experimental data for density, viscosity, and isobaric heat capacity were obtained over a
wide range of temperatures, pressures, and concentrations. These data are crucial for
optimising CO- capture processes, particularly in areas like fluid dynamics modelling, mass
transfer calculations, equipment selection (pumps, packing), and energy efficiency

assessments.

5. Density measurements were conducted using a vibrating tube densimeter (Anton Paar
DMA HPM) with a maximum relative expanded uncertainty of 0.2 % (95.5 % confidence

level).

e Measurements were conducted at temperatures from 293.15 K to 393.15 K and pressure
up to 100 MPa.

e Density increased with pressure and CO, loading.

e Density decreased with increasing temperature and amine mass fraction.

e Good agreement with literature data within reported uncertainties.

¢ A modified Tammann-Tait equation effectively correlated density data with respect to
pressure, temperature, and molality, achieving adequate agreement with experimental

values.

6. Isobaric heat capacity measurements were performed using a flow calorimeter with a

relative expanded uncertainty of 1% (95.5 % confidence level).
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e Measurements were conducted at temperatures from 293.15 K to 353.15 K and pressure
up to (20 or 25) MPa.

e Isobaric heat capacity showed minimal dependence on temperature and pressure.

e Isobaric heat capacity decreased with increasing amine mass fraction and CO, loading.

e Good agreement with limited available literature data.

o Empirical correlations accurately model the isobaric heat capacity as a function of

temperature and concentration for CO»-unloaded and CO»-loaded solutions.

7. Viscosity measurements were conducted using an Ubbelohde capillary viscometer with a

relative expanded uncertainty of 1 % (95.5 % confidence).

e Measurements were conducted at temperatures up to 353.15 K and atmospheric pressure.

e Viscosity decreased significantly with increasing temperature.

e Viscosity decreased with increasing CO; loading.

o Experimental results were in good agreement with available literature data, considering
the inherent challenges and uncertainties associated with viscosity measurements.

e The modified VFT model was adequate to correlate viscosity with temperature and CO;

loading.
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FUTURE WORK

While this thesis has made significant progress in measuring the thermophysical properties of CO»-
loaded aqueous amine solutions, significant research challenges remain. Future investigations should

prioritise the following:

1. Study the effect of amine mass fraction on the thermodynamic properties of CO,-loaded
aqueous amine solutions.

2. Investigate the pressure dependence of viscosity in CO;-unloaded and CO»-loaded aqueous
amine solutions.

3. Develop correlation models for the thermodynamic properties of CO»-loaded aqueous amine
solutions as a function of temperature, pressure, CO; loading, and amine mass fraction.

4. Develop predictive models for the thermodynamic properties of CO»-loaded aqueous amine
solutions.

5. Estimate and compare the reaction kinetics of CO, absorption in different loaded aqueous amine
solutions.

6. Compare the measured thermophysical properties of CO,-loaded aqueous amine solutions with

literature data for amino acid-based CO; absorbents.
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