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Freezing Point Depressions of Phase Change CO2 Solvents
Muhammad Waseem Arshad, Philip Loldrup Fosbøl, Nicolas von Solms, and Kaj Thomsen*

Technical University of Denmark, Department of Chemical and Biochemical Engineering, Center for Energy Resources Engineering
(CERE), Søltofts Plads Building 229, DK-2800 Kongens Lyngby, Denmark

ABSTRACT: Freezing point depressions (FPD) in phase change solvents
containing 2-(diethylamino)ethanol (DEEA) and 3-(methylamino)propylamine
(MAPA) were measured using a modified Beckmann apparatus. The
measurements were performed for the binary aqueous DEEA and MAPA
solutions, respectively, in the concentration ranges of (0 to 55) mass percent
and (0 to 32.5) mass percent of amine. For the ternary aqueous DEEA−MAPA
solutions, freezing points were measured for 5:1, 3:1, 1:1, 1:3, and 1:5 molar
ratios of DEEA/MAPA. The FPD method was extended for easy and accurate
measurement of freezing points in the CO2 loaded systems. It is based on
saturation of the solution by CO2 and then dilution by using a batch of the
original unloaded solution in order to get the solutions with different CO2
loadings. Freezing point measurements were then carried out for (12, 20, 30, and 33) mass percent DEEA solutions and (10, 20,
and 27) mass percent MAPA solutions at different CO2 loadings. The apparatus and the experimental method used showed good
repeatability and accuracy. The measured freezing point data were compared with monoethanolamine (MEA) and methyl
diethanolamine (MDEA) found in the literature. The experimental values indicate that the DEEA−water interaction is almost
similar to that of MEA−water interaction. MAPA has shown a stronger nonideal behavior compared to DEEA. A correlation for
the freezing points as a function of solution composition was formulated for the unloaded binary and ternary systems.

1. INTRODUCTION

Reactive absorption using amines is one of the most common
industrial technologies available today for the postcombustion
CO2 capture. These processes have been considered as the
most feasible route to capture CO2 from power plant flue gases.
This is due to their use in many industrial applications, such as
CO2 removal from reformer gases, acid gas removal from
natural gas, etc.1 The amine based scrubbing selectively
removes CO2 from the flue gases and releases a high-purity
CO2 offgas stream upon heating in a stripper column which is
suitable for storage without any further treatment. However,
the energy requirement for solvent regeneration is very high in
these processes.2,3 Therefore, the development of new solvent
systems with improved energy efficiency, innovative process
design, and technological improvements is necessary in order to
reduce the high capital cost and energy requirements for the
capture process.4,5

Primary and secondary amines are known for their fast
reaction rates and high heat of reaction due to formation of
carbamates with CO2.

6 Consequently they require high energy
for the reaction reversion. Tertiary amines, on the other hand,
have low heat of reactions due to formation of bicarbonates by
base catalysis of CO2 hydration7 and require relatively low
energy for solvent regeneration. These amines generally have
high CO2 loading capacity and low reaction rate.8,9 None of the
amine types have ideal properties for CO2 absorption, so mixed
amine systems have become very popular in order to exploit the
favorable properties of all types of amines.
A new set of solvents have recently emerged, which may be

called phase change solvents. They have shown potential to

reduce the energy requirements for solvent regeneration. These
solvents either form precipitate, for example, the Alstom chilled
ammonia (CAP) process10 or form two liquid phases, for
example, the DMX process11 and thermomorphic biphasic
solvents (TBS) systems.12 The TBS solvent systems release the
absorbed CO2 in the desorber at a much lower temperature of
80 °C or even below, compared to the conventional aqueous
alkanolamine solutions, which is typically 120 °C. They form
two liquid phases during solvent regeneration and become one
phase again during absorption and revert back to two phases
upon heating and agitating in the desorber.13−15 In the DMX
process developed by IFP Energies nouvelles, on the other
hand, the single phase solvent splits into two liquid phases after
CO2 absorption. The amine-rich phase with very low CO2

loading recycles back to the absorber without regeneration and
only the water-rich phase with very high CO2 loading goes to
the stripper for the thermal regeneration. Therefore, the energy
consumption for solvent regeneration can be lowered due to
reduced liquid flow rate in the stripper.11

Two different amines, 2-(diethylamino)ethanol (DEEA) and
3-(methylamino)propylamine (MAPA), are under investigation
in this study. DEEA is a tertiary alkanolamine and MAPA has
two amine functional groups, a primary and a secondary (see
Figure 1). Therefore, we can exploit the favorable properties of
amines by blending DEEA and MAPA. Their blends have an
additional advantage of making liquid−liquid split when reacted
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Heat of Absorption of CO2 in Phase Change Solvents:
2‑(Diethylamino)ethanol and 3‑(Methylamino)propylamine
Muhammad Waseem Arshad,† Philip Loldrup Fosbøl,† Nicolas von Solms,† Hallvard Fjøsne Svendsen,‡

and Kaj Thomsen†,*
†Department of Chemical and Biochemical Engineering, Center for Energy Resources Engineering (CERE), Technical University of
Denmark, Søltofts Plads Building 229, DK-2800 Kongens Lyngby, Denmark
‡Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU), NO-7491 Trondheim, Norway

ABSTRACT: Heat of absorption of CO2 in phase change solvents con-
taining 2-(diethylamino)ethanol (DEEA) and 3-(methylamino)propyl-
amine (MAPA) were measured as a function of CO2 loading at different
temperatures using a commercially available reaction calorimeter. The
tested systems were aqueous single amines (5 M DEEA, 2 M MAPA,
and 1 M MAPA) and aqueous amine mixtures (5 M DEEA + 2 M MAPA
and 5 M DEEA + 1 M MAPA) which give two liquid phases on react-
ing with CO2. All parallel experiments have shown good repeatability.
The measurements were taken isothermally at three different temper-
atures, (40, 80, and 120) °C. The measured differential heat of absorp-
tion values were converted into integral values by integration. Heats of
absorption of CO2 in aqueous single amines were affected by changing
the solvent composition (large difference in concentrations) and CO2
feed pressure simultaneously. In addition to these two parameters, it also depends on temperature and the type of amine used.
Tertiary alkanolamine (DEEA) has shown greater dependency on these parameters compared to the diamine (MAPA)
containing both primary and secondary amine functional groups. In aqueous amine mixtures, heats of absorption depend on CO2
loading, temperature, and composition of the constituent amines in the mixture. All measured heat of absorption data were
compared with 30 mass % MEA used as a base case.

1. INTRODUCTION

Amine scrubbing is one of the most common postcombustion
CO2 capture technologies available today. Owing to its extensive
use in different industrial applications, for example, CO2 removal
from reformer gases, natural gas sweetening etc.,1 it has been
considered as the most feasible route for the postcombustion
capture. These amine scrubbing processes selectively absorb
CO2 from the flue gases and release a high-purity CO2 offgas
stream upon heating in a stripper which is suitable for storage
without any further treatment. However, it is well-known that
these processes are energy intensive.2,3 Innovative process design
and technological improvements are necessary in order to reduce
the high capital cost and energy requirements for the capture
processes.4 Besides this, it is also essential to develop solvent
systems with improved energy efficiency while retaining the
desirable properties of fast reaction rate, high loading and cyclic
capacities, low solvent degradation, low corrosiveness, and being
environmental friendly, etc. For energy efficient solvent systems,
besides reasonable heat of absorption, the equilibrium temper-
ature sensitivity should also be high in order to reduce the need
for stripping steam.5

Single amine solvent systems for CO2 capture were extensively
studied and reported in the open literature. Primary and sec-
ondary amines are very reactive toward CO2 as they form car-
bamates. They have high heats of reaction and fast reaction

rates.6 Consequently, high energy is required for the solvent
regeneration. Tertiary amines, on the other hand, form bicar-
bonates due to base catalysis of CO2 hydration.

7 They have low
heats of reaction leading to low energy requirements for the
reaction reversion. These amines generally have high CO2
loading capacity and a low reaction rate.8,9 Each type of amine
group is associated with its own merits and demerits. Therefore,
amine blends have become an attractive choice to exploit the
favorable properties of both amine types. Various amine blends
(e.g., MEA + MDEA) have been studied and reported in the
literature.10,11

Recently, a new class of mixed amine solvent systems is emerg-
ing, which may be called phase change solvents. They have
shown a potential to reduce the solvent regeneration energy.
These phase change solvents either form precipitates on CO2

absorption such as the Alstom chilled ammonia process (CAP)12

or make a liquid−liquid split, for example, the DMX process13,14

and thermomorphic biphasic solvents (TBS) systems.15 The
TBS systems, after CO2 absorption, regenerate at a relatively
lower temperature of 80 °C compared to the regeneration
temperature of conventional alkanolamine solutions (∼120 °C).
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Equilibrium Total Pressure and CO2 Solubility in Binary
and Ternary Aqueous Solutions of 2‑(Diethylamino)ethanol
(DEEA) and 3‑(Methylamino)propylamine (MAPA)
Muhammad Waseem Arshad,† Hallvard Fjøsne Svendsen,‡ Philip Loldrup Fosbøl,† Nicolas von Solms,†

and Kaj Thomsen*,†

†Department of Chemical and Biochemical Engineering, Center for Energy Resources Engineering (CERE), Technical University of
Denmark (DTU), Søltofts Plads Building 229, DK-2800 Kongens Lyngby, Denmark
‡Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU), NO-7491 Trondheim, Norway

ABSTRACT: Equilibrium total pressures were measured and
equilibrium CO2 partial pressures were calculated from the
measured total pressure data in binary and ternary aqueous solutions
of 2-(diethylamino)ethanol (DEEA) and 3-(methylamino)-
propylamine (MAPA). The measurements were carried out in
a commercially available calorimeter used as an equilibrium
cell. The examined systems were the binary aqueous solutions
of 5 M DEEA, 2 M MAPA, and 1 M MAPA and the ternary
aqueous mixtures of 5 M DEEA + 2 M MAPA (5D2M) and
5 M DEEA + 1 M MAPA (5D1M), which gave liquid−liquid
phase split upon CO2 absorption. The total pressures were measured and the CO2 partial pressures were calculated as a function
of CO2 loading at three different temperatures 40 °C, 80 °C, and 120 °C. All experiments were reproduced with good
repeatability. The measurements were carried out for 30 mass % MEA solutions to validate the experimental method. All the
measured data were also compared with the results of 30 mass % MEA as a reference case. 5 M DEEA has shown high cyclic
capacity. Both 2 M and 1 M MAPA showed high loading capacities at 40 °C and 120 °C. The aqueous amine mixtures, 5D2M
and 5D1M, gave fairly good cyclic capacities and their results depend on the concentration of the promoter (MAPA) in the
mixture. Approximate enthalpies of absorption of CO2 in all the tested aqueous amine systems were estimated from the CO2
solubility data. The measured total pressure and the estimated CO2 solubility data can be useful in thermodynamic modeling of
the capture systems when aqueous DEEA−MAPA solutions are used as capture solvents.

1. INTRODUCTION

Carbon dioxide (CO2) is a well-known greenhouse gas and a
major contributor to the global warming.1 Fossil fuel based
power generation is one of the major sources of CO2 emissions
worldwide.2 The other large CO2 emitting point sources are
iron and steel industry, cement production plants, refineries,
natural gas processing plants, and petrochemical production
plants.3 Carbon capture and storage (CCS) is considered as a
potential solution to reduce the CO2 emissions and to mitigate
the climate change.4 Among the available CCS technologies,
the amine based absorption−desorption capture process is
considered as the most mature technology due to its extensive
use in different industrial application such as acid gas removal
from natural gas.5 This technology can be retrofitted to the
existing power generation plants, and the techno-economic
feasibility studies indicate that the technology will remain
competitive in the coming future.6,7 However, the major
challenge with the amine scrubbing is the high energy
requirements of the process.8 Technical improvements in the
capture process and improved process design are one way to
reduce the high energy demand of the process, the other being
the design of energy efficient solvent systems.9

On the basis of the characteristics of different groups of
amines, several amine-based solvent systems have been studied
and reported in the literature. A few examples are (a) aqueous
single alkanolamine solutions such as primary (monoethanol-
amine, MEA), secondary (diethanolamine, DEA), and tertiary
(triethanolamine, TEA, and methyldiethanolamine, MDEA)
alkanolamines,5 (b) aqueous amine blends (tertiary amine
blended with primary or secondary amines as a promoter such
as MEA + MDEA and DEA + MDEA)10 to exploit the favorable
properties of different types of amines, and (c) sterically hindered
amines11 and cyclic amine (e.g., piperazine)12 both as single
aqueous solutions13−15 or as a blend of both together16−18 or a
blend of each with other amines.19−21 One of the basic purposes of
these and many other studies reported in the literature is to get the
best solvent system with the characteristics of high CO2 loading
and cyclic capacity, fast reaction kinetics, low heat of absorption,
low thermal and chemical degradation, low corrosion tendency,
environmentally benign, and possibility of operating at elevated
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Binary and ternary VLE of the 2-(diethylamino)-ethanol
(DEEA)/3-(methylamino)-propylamine (MAPA)/water system
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H I G H L I G H T S

� Binary, ternary VLE data measured for DEEA/H2O, DEEA/MAPA and DEEA/MAPA/H2O.
� Titration technique developed to quantify the DEEA/MAPA system.
� The UNIQUAC framework implemented and the parameters are fitted.
� Activity coefficients of DEEA/MAPA in ternary found lower than for binary systems.
� An inconsistency seen between water activity coefficients from VLE and SLE results.
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a b s t r a c t

A mixed 2-(diethylamino)-ethanol (DEEA) and 3-(methylamino)-propylamine (MAPA) system could be
an attractive alternative solvent to improve the performance of CO2 capture for low partial pressure
cases. This solvent has the advantages of forming two liquid phases upon CO2 loading, one rich in CO2

and the other very low in CO2. Having a highly concentrated rich solvent improvements could be reached
by reducing the sensible heat and improving the equilibrium sensitivity hence reducing the need for
stripping steam. Also it is possible that the heat of absorption may change to the better.

To better understand this system in designing the separation unit requires substantial work on
characterization of the solvent. One important aspect is to provide equilibrium data. In this work new
ebulliometric VLE data for the binary DEEA/H2O and DEEA/MAPA systems and the ternary DEEA/MAPA/
H2O system are reported at different temperatures and concentrations. Results show that pure MAPA is
more volatile than DEEA, but in aqueous solution MAPA was found to be less volatile. A mix of DEEA and
MAPA in aqueous solution tends to lower the volatility thus makes the system more advantageous by
reducing volatility. The activity coefficients for the species in the ternary aqueous system are found to be
lower than the activity coefficients obtained from the corresponding binary aqueous mixtures.

The UNIQUAC framework was implemented to represent the experimental data. The six UNIQUAC
parameters were determined and were able to predict P-T-x-y, activity coefficient, excess enthalpy and
freezing point depression for both the binary and ternary systems. However, a small inconsistency was
observed between water activity coefficients determined from ebulliometer and freezing point depres-
sion measurements.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Amine mixtures which potentially form two phases at higher CO2

concentration have recently received attention as a CCS technology.
The changes in technology comprises two major elements, solvent
and process development. When two phases occur the regeneration

heat requirement could be expected to be lower as only a lower
phase, being a highly concentrated rich solvent is sent to the stripper
and the sensible heat loss could be reduced. By forming a second
phase the equilibrium temperature sensitivity could be improved
thereby reducing the need for stripping steam and also the heat of
absorption may be affected positively.

The DMX process by IFPEN is based on special solvents forming
two immiscible phases and is now under testing in Italy (Raynal
et al., 2011). This process is claimed to give a specific reboiler duty as
low as 2.1 GJ/tonne CO2 captured which is significantly lower than
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1. Introduction 
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bNorwegian University of Science and Technology (NTNU), Department of Chemical Engineering, NO-7491 Trondheim, Norway 

Abstract 

A reaction calorimeter was used to measure the differential heat of absorption of CO2 in phase change solvents as a 
function of temperature, CO2 loading and solvent composition. The measurements were taken for aqueous solutions 
of 2-(diethylamino)ethanol (DEEA), 3-(methylamino)propylamine (MAPA) and their mixture. The tested 
compositions were 5M DEEA, 2M MAPA and their mixture, 5M DEEA + 2M MAPA which gives two liquid phases 
on reacting with CO2. Experimental measurements were also carried out for 30% MEA used as a base case. The 
measurements were taken isothermally at three different temperatures 40, 80 and 120oC at a CO2 feed pressure of 600 
kPa. In single aqueous amine solutions, heat of absorption increases with increase in temperature and depends on the 
type of amine used. DEEA, a tertiary amine, has lower heat of absorption compared to MAPA being a diamine with 
primary and secondary amine functional groups. For amine mixtures, heat of absorption is a function of CO2 loading 
and temperature. The heat of absorption against CO2 loading depends on the composition of the amines in the 
mixture. All the measured data in this work were compared with 30% MEA at absorption (40oC) and desorption 
(120oC) conditions. 
 

 

 
 
Keywords: Heat of absorption; Calorimeter; Phase change solvents; CO2 capture; DEEA; MAPA 

Carbon dioxide absorption using amines is the most common operation for CO2 capture from power 
plant flue gases. The amine-based absorption processes selectively absorb CO2 and release a high-purity 
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Aqueous Solubility of Piperazine and 2-Amino-2-methyl-1-propanol
plus Their Mixtures Using an Improved Freezing-Point Depression
Method
Philip Loldrup Fosbøl,* Randi Neerup, Muhammad Waseem Arshad, Zacarias Tecle, and Kaj Thomsen

Department of Chemical and Biochemical Engineering, Center for Energy Resources Engineering (CERE), Technical University of
Denmark (DTU), Søltofts Plads, Building 229, DK-2800 Kongens Lyngby, Denmark

ABSTRACT: In this work the solid�liquid equilibrium (SLE) and freezing-point depression (FPD) in the electrolytic binary
aqueous systems piperazine (PZ, CAS No. 110-85-0) and aqueous 2-amino-2-methyl-1-propanol (AMP, CAS No. 124-68-5) were
measured. The FPD and solubility were also determined in the ternary AMP�PZ�H2O system. Amethod was developed by which
solubility can be determined at higher temperatures using the FPD setup. A total of 86 data points are listed in the full concentration
range from (�35 to 90) �C. The solid phases piperazine hexahydrate (PZ 3 6H2O), piperazine hemihydrate (PZ 3 1/2H2O), and
anhydrous PZ precipitated during the experiments. The data can be used in the formulation, prevention, or intentional formation of
slurries in piperazine solvents for promoting CO2 capture using absorption and desorption.

1. INTRODUCTION

CO2 capture is an openly debated topic for carbon emission
reduction to reduce pollution by greenhouse gases. Process
streams containing carbon dioxide can be cleaned by absorption
in aqueous liquid solvents. Amines, strong bases, or combination
of the two are typically used as active components. The low heats
of absorption and desorption are design criteria that reduce the
cost of energy in regeneration of the solvent. This is obtained by
using sterically hindered amines. The result is often slow reaction
kinetics between the solvent and CO2. Consequently piperazine
(PZ) is being used in solution formulation to create an enhanced
CO2 capture solvent. PZ can be used with both amine and potash
solutions (K2CO3) to increase the rate of absorption and thereby
promote the CO2 capture.

A lower PZ concentration was typically used in literature.
Recently the scope has changed, and PZ is now being used at
higher concentrations. On increasing the concentration, the
solubility limit of PZ is being reached, especially during winter
temperatures and even up to room temperature. The unexpected
formation of slurries and solids downstream may create unfore-
seen process conditions, decrease efficiency, and create clogging
which will result in unfortunate hazardous operations. In general
it could be interesting to provoke the formation of CO2 contain-
ing solids and thereby facilitate and increase the capacity of
the capture solvent. CO2 deprived solids are rarely preferable in
terms of CO2 capture.

The aim of this work is to determine the solid�liquid phase
boundary in the two binary PZ�H2O and AMP�H2O systems
and also in the ternary AMP�PZ�H2O system. 2-Amino-
2-methyl-1-propanol (AMP) is a sterically hindered amine. CO2

absorption in AMP solutions can be promoted by adding PZ.
An additional goal of this work was to enhance the utiliza-

tion of freezing-point depression (FPD) equipment develop-
ing a method for the purpose of studying solid�liquid equi-
librium (SLE) behavior in solutions precipitating solids other
than ice.

PZ is a compound which has a variety of applications; for
example, it has been used for animal and human intake in the
treatment of roundworm infections as an anthelmintic.1,2

The SLE phase boundaries of the aqueous PZ system were
examined very early by Berthelot,3 further by Rosso and
Carbonnel,4 and in summary by Carbonnel and Rosso.5 Berthelot3

stated the existence of the hexahydrate PZ 3 6H2O, the hemihy-
drate PZ 3 1/2H2O, and possibly a monohydrate. The differential
scanning calorimetry (DSC) analysis by Rosso and Carbonnel4

confirmed the formation of the following PZ solid hydrate
phases, hexahydrate, hemihydrate, and anhydrous PZ with the
equilibrium reactions:

PZ 3 6H2OðsÞ a PZðaqÞ þ 6H2OðlÞ ð1Þ

PZ 3
1
2
H2OðsÞ a PZðaqÞ þ 1

2
H2OðlÞ ð2Þ

PZðsÞ a PZðaqÞ ð3Þ

Rosso and Carbonnel especially note that the system has
two eutectic points, at�1 �C between ice and hexahydrate and
at 33 �C between hexahydrate and hemihydrate, including a
peritectic point at 58 �C at the intersection between hemihydrate
and anhydrous PZ. The hexahydrate melts at 44 �C, and
anhydrous PZ melts at 104 �C, as determined by Berthelot,3

Schwarzenbach,6 and Rosso and Carbonnel.4 A more accurate
anhydrous melting point was estimated by Witschonke7 of
(111.4 and 111) �C by Hetzer et al.,8 which is in line with the
chemical supplier of this work. Rosso and Carbonnel4 present a
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Abstract 

Equilibrium solubility of CO2 were measured in aqueous solutions of Monoethanolamine (MEA) and N,N-diethylethanolamine 
(DEEA). Equilibrium cells are generally used for these measurements. In this study, the equilibrium data were measured from 
the calorimetry. For this purpose a reaction calorimeter (model CPA 122 from ChemiSens AB, Sweden) was used. The 
advantage of this method is being the measurement of both heats of absorption and equilibrium solubility data of CO2 at the 
same time. The measurements were performed for 30 mass % MEA and 5M DEEA solutions as a function of CO2 loading at 
three different temperatures 40, 80 and 120oC. The measured 30 mass % MEA and 5M DEEA data were compared with the 
literature data obtained from different equilibrium cells which validated the use of calorimeters for equilibrium solubility 
measurements. 
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