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ABSTRACT
Elhamarnah, Yousef, A., Masters: June: 2019, Masters of science in Environmental
Engineering

Title: Rheological Characterization of Natural Deep Eutectic Solvents in CO2 Capture

Supervisor of Thesis: Hazim A. Qiblawey Co-supervisor of Thesis: Mustafa S.
Nasser

The rheological behavior of a fluid is an important property that has a distinct
impact on its flow behavior, which influences viscosity dependent phenomena and
applications such as pumping, mass transfer rates, and hydrodynamics. This thesis
herein intended to provide a detailed rheological description of mainly Lactic acid (LA)
and Malic acid (MA) based Natural deep eutectic solvents (NADES). The effect of
three different hydrogen bond acceptors (HBA) of B-Alanine, Betaine, Choline
Chloride nature upon its addition with a fixed hydrogen bond donor (HBD) component
at a fixed molar ratio of 1:1. The changes in the rheological properties as a function of
physical, thermal and mechanical parameters that provide an indication of the
material’s tolerance under different field operational circumstances for their potential
use as environmental green sorbents for CO capture were intensively investigated. The
shear flow and viscoelastic behaviors of all six samples were analyzed and studied for
the insurance of effective CO> capture. The use of a rheogram was used to describe the
effect of forward and backward temperature ramping on the apparent viscosity trend of
the LA-based NADES systems. The density was also measured and compared to the
apparent viscosity behavior under the effect of temperature. Moreover, the viscoelastic
properties were also thoroughly described to best describe and investigate the
disturbance in networks on the microstructure level in the NADES structure upon

frequency sweep. The rheological characterization of shear flow measurements was



evaluated using the Bingham model, which best implied on the apparent viscosity

formulated over shear rate and the dynamic yield stress of the NADES systems.

Keywords: natural deep eutectic solvents; rheology; viscoelastic; choline chloride;

betaine; lactic acid; Malic acid, B-Alanine, Betaine
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CHAPTER 1.INTRODUCTION

1.1 Introduction on green chemistry and solvents

Organic solvents such as aqueous and non-aqueous solvents were used until the
last decades. The solvent choice plays a vital role when scaling up a chemical process.
The considered solvent chosen for a process represents about 85% of the mass
utilization for a mass utilization in a manufacturing process [1]. The use of classical
organic solvents has shown several environmental and safety operational issues during
processing such as the emission of volatile organic carbons (VOCs). Therefore,
introducing alternative green solvents is essential. The term green chemistry aims the
replacement of harmful solvents that may cause side effects to the environment and
human health or to ideally achieve solvent free processes. Therefore, establishing a
sustainable solvent is a core requirement for improving the CO> capture process in post
combustion, as most of the energy utilized by the process is depended on the solvent
properties [2].
1.2 NADESs as a COz capture agent

In recent years, a new class derived from organic and natural raw material of
solvents was introduced to the field of green chemistry known as NADES [3-5]. The
potential of considering NADESs comes in their technological adoptability, which has
made them promising candidates for various applications and field operations such as
chemical engineering, separation operations, materials science and energy-related
processes [6-11]. These group of solvents are in current effort among researchers to
replace the intrinsic shortcomings of lonic liquids (ILs) as media for CO; capture [12].
Several studies on the use of NADESs for the sequestration of CO2 have shown their
positive impact for improving the enhancement of CO> capture and also the capture

process cost have been reported in recent literature [13-28].The development of the



NADES for CO: capture requires combinations of HBA: HBD that results in optimum
properties that favor the capturing process (e.g. low viscosity, low yield stress, high
thermal stability) [29]. For instance, the effect of alternating the HBA using five
different quaternary ammonium species for their study on CO> capture, using a fixed
HBD at a fixed molar ratio [17]. Other studies examined (in contrast to our research
group) the effect of increasing the molar ratio of HBA to HBD and vice versa using a
single NADES to examine the solubility of CO> [14,21-23,25]

As most of the fluids in industrial applications show a non-Newtonian behavior
under several operational conditions, predicting their actual behavior under different
conditions is a challenge. Rheology plays an important role in the design, evaluation
and optimization of typical/transdermal absorbents. It also complements the complex
issue of CO2 capture in petrochemical industries. Although several rheological
characterizations conducted by rheologists have demonstrated excellent performance
for their use in a wide range of applications especially for their potential in CO> capture
[22,24,25], due to the lack of NADES shear flow measurements at these conditions,
their flow behavior assessment was a difficult task for many researchers [30].

1.3 Definition and classifications of DESs

Deep eutectic solvents (DESs) are mixtures made up of at least two components
and may be multiple components in some other cases. The individual component has a
melting point higher than the mixture [31]. In general cases, DESs are formed by the
complexation of a quaternary ammonium halide salt in a solid form (i.e. hydrogen bond
acceptors (HBA)) molecular, with a hydrogen bond donor (HBD) molecule in the form
of solid and liquid in some cases, leading to the formation of a what so called a eutectic

system (Figure 1.1)
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Figure 1.1: The principle of DESs upon mixing HBA with HBD at a certain temperature
[32]

Figure 1.2, depicts the general behavior of a binary eutectic system. For a eutectic
system to form, the two main components of the system require complete miscibility in
the liquid system, while immiscible in their solid state. The liquidous line in the binary
system shows the temperatures where the components ‘A’ & ‘B’ start to melt. Below
this line, the mixtures exhibit a solid form. The enclosed regions show either the liquid
mixture of ‘A’ & ‘B’ with a solid of ‘A’, the liquid mixture of ‘A’ & ‘B’ with a solid
of ‘B’. The critical point in this diagram represents the region where the solidus and
liquidus regions meet (i.e. eutectic point), which corresponds to the eutectic

composition[33].
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Figure 1.2:Schematic binary phase diagram of a eutectic system with dual components
[34] .

1.4 Natural Deep Eutectic Solvents (NADES)

A specific class of DESs have recently received the attention of several
researchers from different disciplines. NADESs were first described by Choi et al.
[35,36] Interestingly, this remarkable combination of bio-renewable material known as
NADESs, considers Choline Chloride (ChCI), amino acids, natural carboxylic acids,
different sugars as the main components of the eutectic mixture. These novel solvents
are commonly known for their abundance in nature and relatively cheap starting
material, as they only require basic heating (below 100°C) of their raw material, in
comparison with commercial DESs and ILs [37]. Moreover, their biocompatibility and
biodegradability ease is one of the major drawbacks of several absorbents used in gas

separation processes such as handling, disposing, and recycling [38]. Till this moment,



researchers categorize NADES under the general formula of DESs. Therefore, in this
piece of work, their potential uses in different engineering fields are collected in order
to present their future importance as green solvents for different extraction and
separation processes. Table 1-1 shows the most recent studies for the physiochemical

characterization of NADESs that are available in open literature.



Table 1.1: Physical properties of various Choline Chloride NADESs employed in literature

Viscosity
NADES Halide Salt Mole Ratio Melting Point Density
Molecular structure (25°C) Reference
HBD (HBA:HBD) (°C) (g cm™)
(mPa.s)
Glycerol i 1:2 40 1.18 259 [39]
HoT Y o 1.2 450
Glycerol 1:3 -32.65 [40]
. 1.12 37
Ethylene Glycol v 1:2 -66 [39,41]
o
L 1.25 750

urea 1:2 12 [39,42,43]




Viscosity

NADES Halide Salt Mole Ratio Melting Point Density
Molecular structure (25°C) Reference
HBD (HBA:HBD) (°C) (g cm™)
(mPa.s)
o] e}
A 1124
Malonic Acid "o o 1:1 10 1.25 [39,44]
o}
Benzoic Acid O)%H 1:1 95 i i [44]
Phenol ©/ 1:3 - 1.095 58.8 [45]
OH
@xc”ﬂ 77.6
O-cresol 1:3 - 1.071 [45]




1.5 Therapeutic Deep Eutectic Solvents (THEDES)

The concept of THEDES are similar to NADES, the mixture is also prepared by
the combination of two components. The complexation usually occurs between a
receiver and recipient components known as the active pharmaceutical ingredient
(API). This class of DESs was first discovered d by Stott et al. [33] in 1998, who had
synthesized a DES mixture made up of menthol and ibuprofen, for the purpose of
predicting the effect of skin permeation and development. These solvents are bioactive
eutectic systems that are mainly a result of API. Although their main field of interest
nowadays are highlighted on their use as potential solvents for pharmaceutical
formations, and developers for drug permeability and solubility, yet some studies
believe that THEDESs may be used in other extraction or separation processes. Due to
their ease of preparation, product purity, and low reported viscosity [46]. However, the
lack of research has hindered the development of on this class of DES from the
characterization reports and molecular interaction associations between the systems. A

list of reported physical properties on THEDESs is given in table 1.2.



Table 1.2: Physical properties of various THEDESS reported in literature

Viscosity
THEDES THEDES Mole Ratio (mPa.s)
Component  Molecular Structure Component Molecular structure (Component I: (25°C) Reference
| I Component II)
80.23
i (R,S)-(+)-menthol 7"
ibuprofen CHy e . 1:3 [46]
O
o OH
: 44,15
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Viscosity

THEDES Mole Ratio (mPa.s)
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Component |
1 Component 11)
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Viscosity
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Component |
1 Component I1)
Choline | o O " 2 15,000
_ {/r?:\/\OH} cr Ascorbic Acid TN [49]
Chloride OH
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1.6 Rheology

The word rheology is originated from historical Greek which is translated to
“The study of flow and deformation of matter” [50]. This area focuses on studying and
describing the different flow and deformation behaviors of different substances of
matter, liquids, different sorts of solids, that have diverse plastic flow behaviors.
Rheology offers a great value to studies on the relationship between different
parameters such as deformation, time, and different forces. The study of rheology
becomes important in sensitive areas such as petrochemical industries. In addition,
rheology is used as a semi-quantitative tool in characterization and quality control of
recent material under current research development. The rheology measurements for
NADES are important in order to characterize the flow behaviors under the effect of
different field operating conditions such as temperature, pressure, and shear rate for the
different combinations of the solvents.
1.7 Viscosity

The viscosity of a fluid is defined as the quantification of the resistance to
deformation under shear stress, which is mainly due to the internal friction within the
fluid [51] where parallel fluid layers move at varied velocities as shown the Figure 1.3.

The mathematical representation can be shown as following:

tT Ty (1)

Where 1 represents shear stress, 1 is the coefficient of dynamic viscosity and (du/dy) is

the shear rate
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Figure 1.3: The velocity, Shear rate and shear stress flow profiles between two

parallel plates for non-Newtonian fluids [52]

The flow resistance in fluids can occur due to several factors such as the
frictional forces between particles and fluids, intermolecular and intramolecular forces
that occur among the ions and electrically charged particles in the fluid. The parameters
that govern the viscosity of a fluid are temperature, time, pressure, shear rate, and the
nature of the fluid (i.e. physical and chemical composition of the fluid)

1.8  Fluid Flow Regimes

Fluids are mainly classified into two distinguished categories, Newtonian fluids
and non-Newtonian fluids. The Newtonian fluids are commonly known for their
constant viscosity over the change in shear or external force. Well defined Newtonian
liquids are also known for their low molecular weight, such as water, glycerol, and
acetone. On the other hand, non-Newtonian fluids have complete dependency on the
imposed shear rate, the reflected behavior of shear can either be thickening or thinning,

which can be represented by the Figure 1.4. In most studies, IL are commonly known
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for their non-Newtonian behavior but some studies have shown their ability to become
Newtonian fluids [51,53]. Furthermore, research conducted on NADES have shown
that they mainly behave as Newtonian fluids, however, independent studies imply that

they are similar to ILs, as they act as non-Newtonian fluids.

Shear Stress

\

Shear Rate

Figure 1.4: Rheological characterization of different material under the effect of shear
rate [52]

To investigate the flow behavior under varied shear rates, a rheogram is used to
evaluate the flowability of a NADES/ILs through its vastly dependency on the apparent
viscosity[53]. This parameter is best to define the non-Newtonian behavior of
NADES/ILs i.e. shear thinning, shear thickening. As the shear rate increases, materials
tend to illustrate a non-uniform viscosity profile at isothermal conditions [54]. As a

result, a successful viscosity profile characterization can describe the flow properties
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and deformation (Figure 1.5) which may indicate their expected field applications and

uses.

Viscosity

/
/
Q\\i\é /

o

_— Newtonian
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S,
— %
~dex.
“\{Q’c

N

“,
b

Shear Rate

Figure 1.5: Apparent viscosity of a fluid that depends on the shear rate at which it is

measured [52]

1.9 Thixotropy

Since the main analogy of NADES with shear rate is found to be classified under

non-Newtonian liquids category, the two types of time-dependent (i.e. thixotropic and

rheopexy) properties are mainly exhibited. The viscosity of thixotropic systems

generally decreases with time but also restructures to its original morphology after a

material-specific period of rest. Therefore, a thixotropic material is defined as the

material that becomes thinner when an external force is applied. However, when the

forces are removed, the internal structure re-establishes and rebuilds to its original
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structure after a period of time. On the other hand, the viscosity of rheopectic systems
commonly increases with time [55]. The diagram shown in Figure 1.6 shows the flow
path exhibited by thixotropic and rheopectic fluids respectively. It is clear that the fluids
do not follow the same path while the fluid tries to recover to its initial viscosity after
a certain shear rate is applied. The main reason behind this is that the fluid restores its

previous structure as a function of time when the stress applied is diminished.

Thixotropic
Fluid

Shear Stress

Rheopectic
Fluid

Shear Rate

Figure 1.6: Flow curve of Thixotropic and Rheopectic fluids [52]

1.10 Viscoelasticity

Elasticity is the result of a fluid at zero stress reduction to partially recover and
to behave as a liquid or an elastic solid [56]. The elastic properties of materials are
described by the storage modulus (G’, ratio of elastic stress over strain) and loss

modulus (G", the ratio of viscous stress over strain) are corresponding to the amount of
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energy stored and dissipated during deformation respectively. The effects of these two

moduli are combined into the complex modulus (G*) as shown in the following

equation

G*=G"+iG" @)

The viscoelastic material possesses complex dynamic viscosity (n*)

=< 3)
Where o is the angular frequency. Based on the literature reviewed, viscoelastic
properties have shown a relatively lower attention of studies in recent literature.
Viscoelastic oscillatory measurements were used to avoid any destruction of the
networks formed for the structured solvents such as ILs and NADES and to measure
the elastic viscoelastic properties of the solvents.
1.11 Research contribution
The findings of this study aim to fill the missing gaps in the field of NADES synthesis
and characterization used for CO> capture. Current research showed relatively lower
attention to studies related to rheological characterization. Although some researchers
chose to describe NADES using thermo-physical rheological characterization, yet the
focus in most publications are concerned with basic flow data, while paying less

attention to importance of the rheological viscoelastic and other properties of NADES.
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1.12 Research Objectives

The overall goal of this thesis is to investigate the potential use of NADES systems
for a better utilization in CO> capture. Accordingly, achieving this overall goal requires
fulfillment of three sub-objectives:

1. To understand rheological differences between the selected NADES
combinations and compare their shear flow behaviors with alternative NADES
present in literature.

2. To investigate the impact of different combinations of NADES based on the
thermos-rheological behavior for potential application in CO> capture.

3. Toanalyze the major issue of high viscosity in NADES systems under the effect
of different conditions by identifying the transport yield stress requirement for
pumping different NADES on a field size CO; capture conditioning operation.
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CHAPTER 2. LITERATURE REVIEW
The available literature that has been generated in the last decade on DESs and in
particular with NADESs thermophysical properties include physicochemical properties
such as densities, viscosities, gas solubilities etc... [22,24,57-60] Most of the recent
reported works focus on the implementation of these materials as novel gas capture
agents in order to substitute conventional amine-based solvents with the target of zero
upgrading of the existing infrastructure cost. One of the major challenges of these
materials is to regulate their pumping costs and deal with their viscous behavior of these
solvents. In order either DES or NADES to be considered as alternatives in chemical
processes in larger scales by the regulatory authorities, thermophysical properties that
include gas solubility performance as well as detailed rheological behavior must be
investigated for various potential systems and a systematic analysis of these materials
shall be studied in wide scale. Therefore, this review work is crucially important for
benchmarking the key rheological properties of NADESs and includes a thorough
analysis of already published information and that are available in open literature. In
this section, the fundamentals and basic backgrounds on theoretical rheology is
discussed in order to understand the analysis and content of the conducted experiments.
2.1 Ambient Temperature of NADES
The advantage in the flow behavior of NADES at room temperature over
traditional solvents is that they can be used and operated in different chemical industries
[61]. The lack of NADES shear flow measurements at room temperatures made it a
difficult task for many researchers to analyze the flow behaviors of different NADES.
The focus of this study is to highlight a series of NADES based on a choline chloride
as HBA that is coupled with alternating HBD. Reported data showed that the

rheological behavior of different mixtures of NADES at room temperature are showing
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a universal trend depending on the detailed microstructure of the HBD and HBA.
Solvents such as citric acid + glucose and choline chloride + citric acid at 1:1 mole
ratios (Figure 2.1) showed a shear-thinning behavior under a controlled shear rate of
0.1 - 1000 s at 23°C. The apparent viscosity initially fluctuated at ranges from 0.1 s
to 1 s from 450 to 230 Pa.s, but as it approached 1 s, a Newtonian plateau at a
viscosity of approximately 6 + 2 Pa.s was observed and the viscosity became
independent of the shear rate. Furthermore, Altamash et al. [24] studied four different
low viscosity NADES for the use in gas sorption processes of CO. and N2 which are
choline chloride + lactic acid, choline chloride + citric acid, choline chloride + malic
acid, choline chloride + lactic acid, and choline chloride + fructose. Nevertheless, the
shear flows have shown a common shear thinning behavior among all the solvents at
25°C under a shear rate domain of 0.01-1000 s at atmospheric pressure. The absolute
values of apparent viscosity showed that alternating the HBD has a significant effect
on the application of the NADES. The viscosity of choline chloride + citric acid was
significantly the highest among the rest, followed by choline chloride + malic acid
which had viscosity values of 1003.1, 40.079 Pa.s respectively. Conversely, chlorine
chloride + lactic acid and chlorine chloride + fructose showed a relatively lower
viscosity (0.412 and 0.625 Pa.s) in comparison with the other two systems. Although
this work showed the initial viscosity values for the mentioned systems, yet the apparent
viscosity profile for only the choline chloride + lactic acid was represented in a
rheogram (Figure 2.1). Das et al. [62] discussed the use of choline chloride + ethylene
glycol, choline chloride + urea, choline chloride + glycerol NADES with evenly
prepared mole ratios of 1:2 for the extraction of k-carrageenan from Kappaphycus
alvarezii. In spite the rheogram presented for the NADES mentioned, the focus was not

intensively qualitative. Although Das et al. [62] were among the few to study the flow
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behaviors of more than one type of NADES, however, they did not approach the
rheological explanation of the NADES behaviors at room temperature. Furthermore,
the study of this set of NADES was one of the most successfully prepared solvents in
terms of low viscosity. Initial viscosities at 10 s for anhydrous choline chloride +
ethylene glycol, choline chloride + urea, choline chloride + glycerol (Figure 2.1) was
measured as 0.16,0.42, and 0.35 Pa.s respectively., the change in apparent viscosity
after increasing the shear rate to 50 s was decreased to 0.046,0.127, and 0.12 Pa.s
respectively. As a result, the apparent viscosities measured in this study were
successfully the lowest values obtained in literature. Despite the general conclusion
about NADES is that they behave like non-Newtonian liquids (more towards solid-like
behavior) at room temperature under varied shear rate, yet Aroso et al.[57] also
elaborated on a series of HBD with choline chloride; xylose, glucose (Figure 2.1) and
sucrose have shown that they are very viscous liquids with a Newtonian behavior.
Rheological characterization of this set of NADES showed a constant trend in the
viscosity profile, which was completely independent to applied shear rate. The study
offered a sample rheogram for chlorine chloride + xylose (1:1) showing a constant
change in the viscosity profile of 116 Pa.s. In another published work, Aroso et al. [63]
presented the shear flow of Choline Chloride + glucose (1:1), alike to the conditions of
the previously studied NADES combinations. In both papers, the general discussion
was to set an agreement on the general behavior of NADES is that they are Newtonian
liquids, independent of shear rate, and with very high viscosity at room temperature
conditions. In contrast, Paula et al. [48] has discussed their disappointment of trying to
apply rheological characterization for a selection of NADES such as citric acid +
sucrose (1:1), citric acid + glucose (1:1), and choline chloride + citric acid (1:1, 2:1),

as most of them exhibited a solid-like behavior at room temperature. Likewise, Aroso
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et al. [57] also discussed his disability of performing rheological characterization on
choline chloride + citric acid (1:1) and choline chloride + tartaric acid (2:1,1:1,1:2) due
to the less mobility and high viscosity of the sample stating that the viscosity has
exceeded the equipment limits (<10,000 Pa.s). Yan et al. [64] reported that the chemical
nature of the component such as the halide salt type, mole ratio, and the HBD are the
main reasons of high viscosity at room temperature, which brings us to the conclusion

that NADES are solid-like material at room temperature conditions.
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Figure 2.1: log-log scale representation of the apparent viscosity (Pa.s) vs shear rate (s
1 for Choline Chloride Citric Acid (1:1)[48], Choline Chloride Lactic Acid (1:1) [24],
Choline Chloride xylose (1:1)[57] , Choline Chloride Glucose (1:1) [63], Choline
Chloride glycerol (1:2) [65], Choline Chloride Urea (1:2)[65], Choline Chloride Ethyl

Glycol (1:2) [65] at ambient temperature condition

2.2 Temperature dependency of NADES

The general analogy in NADES systems with increasing temperature is that the
viscosity trend decreases with increase in the shear rate. Yan et al. [64] elaborated on
the transport phenomena explanation for NADES systems, through his study on the
usage of NADES as a heat transfer fluid. The main reason behind the significant

decrease in viscosity with temperature increase is a result of the structural breakdown
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caused by the structure thermal expansion and shearing effect, they also observed that
at such conditions, the mixture starts to converge and physically behave as the pure
HBD. In other studies, at high temperature conditions, the molecules flow smoothly
and become less viscous because of the decrease in their internal resistance [66—68]. In
a series of studies, Aroso et al. [57,63] measured the apparent viscosity at a fixed shear
rate from 0.1-100 s under a series in the range of temperatures of 60 - 100 °C for
choline chloride + glucose and choline + xylose (1:1) (Figure 2.2) (Figure 2.3.e,f). As
the temperature increased, the initial viscosity (at 0.1 s™*) ranged from 10.34- 0.68 Pa.s
for the glucose system and from 2.29-0.42 Pa.s for the xylose system. At high shear
rate (100 s), the difference in magnitude for the viscosity reduced significantly, this is
due to the structural breakdown for all the systems. At low temperature conditions, the
viscosity of most NADES ranged from 0.05 Pa.s all the way up to 2000 Pa.s under
different shear effects varying from 0.01 s to 1000 s by only changing the hydrogen
bond donor and a slight addition of water contents for some components, while some
other relevant properties remained constant. However, the difference was minimized
when it came to high temperature conditions, the differences ranged from as little as
0.01 Pa.s to 2000 Pa.s over the same shear rate mentioned earlier. Hence, if the
application required being low temperature, attention should be given to the donor. On
the other hand, if the application is at high temperature, such dependence is not
significant. As the shear rate began to achieve 100 s, the change in viscosity was
minimal reaching steady-state conditions. It can be concluded from this study that at
high shear rate, the flow behavior for both tested NADES systems is independent of
temperature and shear rate. Furthermore, Altamash et al. [24,25] reported extensive
work on thermo-physical NADES characterization for a group of NADES systems at

different temperatures for their promising use as cheap, and environmentally green
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absorbents in CO- capture. As per their study on the four-different choline chloride 1:1
based NADES, they also extended the work to study the mole ratio effect under the
effect of different temperatures for a solitary NADES system. In their work, choline
chloride + phenylacetic acid system was measured at varied temperatures (35,55,75,
and 90 °C). The apparent viscosity at continuous shear rate increase from 0.01 to 100
s was decreasing at all the applied temperatures. Their findings were similarly
consistent with the general trend of NADES systems investigated in the literature.
Moreover, the effect of mole ratio for the phenylacetic acid exhibited a dual behavior
notice, for mole ratios of (1:2) and (1:3) under an intermediate shear rate of 10 s, the
flow behavior showed usual shear-thinning due to the breakdown of its structure.
Although most of the studied look at the shear flow behavior of NADES, Altamash et
al. [25] were the only to conduct a study on the different molar ratio behavior for a
single system, which shows the lack in rheological properties for such an effect. The
explained trends previously explained can be shown in Figure 2.3.e,f. Based on this
conclusion, Ghaedi et al.[66] , who had conducted a group of studies based on six
similar based HBA of phosphonium using three molar ratios of 1:4,1:10, and 1:16 under
a temperature range from 25°C to 70°C also shows a matching agreement with the
findings of Altamash et al.. They have showed that the increase of temperature
decreases the viscosity with increasing quantity of HBD in a NADES system. On the
other hand, the 1:4 system showed an unusual semi-solid material behavior at 35°C.
Furthermore, when the viscosity as a function of temperature was measured for the 1:4
mole ratio, a viscosity value of over 6000 Pa.s was initially exhibited. However, with
increasing the temperature, when the melting point (55°C) was achieved, a gel-like
material began to form and the viscosity dramatically dropped to 1.2 Pa.s. In addition,

Altamash et al [25] came to another interesting conclusion, in which they elaborated on
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the molar ratio effectiveness on NADES viscosity as a function of temperature. As it
was said that the molar ratio becomes an independent factor on viscosity at higher
temperature ranges, while it significantly affects the behavior at low temperature
conditions. This inference will have a significant application in many areas that require
low viscosity at high temperatures to minimize pumping costs and practical usage in
solvent applications that will increase the mass transport rates [66]. The systems choline
chloride + lactic acid, choline chloride + citric acid, choline chloride + malic acid,
choline chloride + malic acid, and choline chloride + fructose shown in Figure 2.2 to
Figure 2.6 also validated their explanation to the behavior of the NADES. This latter
result is in keeping with the previous studies showing that the viscosity decreases with

temperature even at different NADES systems.
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Figure 2.2: log-log representation of the apparent viscosity vs shear rate of different
NADES: chorine chloride + glucose (1:1)[63], choline chloride + xylose (1:1)[57],
choline chloride + phenylacetic Acid (1:2)[25], choline chloride + phenylacetic acid
(1:3)[25], choline chloride + phenylacetic acid (1:4)[25], choline chloride + lactic acid

(1:1)[24] at high temperature conditions.
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Figure 2.3: log-log representation of the apparent viscosity vs shear rate of different
NADES systems at incremented temperatures for: choline chloride + phenylacetic acid

(1:2) [25]
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Figure 2.4: log-log representation of the apparent viscosity vs shear rate of different

NADES systems at incremented temperatures for: choline chloride + phenylacetic acid

(1:3) [25]

Apparent Viscosity (Pa.s)

o Choline Chloride + PhenylAcetic Acid (1:4) [35°C]

100000 - Choline Chloride + PhenylAcetic Acid (1:4) [65°C)
% Choline Chloride + PhenylAcetic Acid (1:4) [75°C]
10000 + - o Choline Chioride + PhenylAcetic Acid (1:4) [80°C]
0o
1000  Popy
Lrjj:j“j
100 4 Pongng,
%0005y,
10 P00y,
1 3
o
0.1 4 v Ko,
h MRRG ARRSS
A A A A A A A A A A
0.014 P CPTrer s s sesesvesesed
0.001 - T ]
0.1 1 10 100

Shear Rate (s™)

Figure 2.5: log-log representation of the apparent viscosity vs shear rate of different

NADES systems at incremented temperatures for: choline chloride + phenylacetic acid

(1:4) [25]
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Figure 2.6: log-log representation of the apparent viscosity vs shear rate of different

NADES systems at incremented temperatures for: choline chloride + lactic acid (1:1)
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Figure 2.7: log-log representation of the apparent viscosity vs shear rate of different

NADES systems at incremented temperatures for: choline chloride + glucose (1:1) [63]
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Figure 2.8: log-log representation of the apparent viscosity vs shear rate of different

NADES systems at incremented temperatures for: choline chloride + xylose (1:1) [57]

2.3 Hydration Effect of NADES

Water plays a major role as a solvent for many living organisms and cells. Simple
inclusion of water to flowing systems such as mineral oil makes it a versatile solution
in several applications. The addition of water as a co-solvent to a NADES system can
be considered as an impurity when handled in commercial applications that
consequently lead to a significant change in the nature of a NADES. For instance,
through moderate addition of water to a NADES, the phase separation ability and its
absorption capability can be controlled [69-71]. In addition, hydration of NADES also

has a significant effect in the creation and the shape control of nanoparticle
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synthesis.[72] Water addition has also been shown to negatively affect the solubility of
CO2 on NADES with the increase of water percentage [69]. The interaction of water
with binary tailor-made NADES system gives an additional reason to study the
mechanisms involved in terms of molecular structure and the physiochemical
properties, as these interactions clearly show its importance in different applications
[73] . In the same study by Aroso et al [63][57], a specific rheological investigation was
reported for the choline chloride + xylose (1:1) and choline chloride + glucose (1:1)
(Figure 2.9) systems at different water contents of 0,1,3, and 5 wt. % at various different
temperatures. At null water content, the relatively vast shear viscosity for glucose
showed a constant Newtonian behavior over the shear rate of 0.1 to 100 s™. The shear
viscosity was initially reported as 2000 Pa.s over the shear domain at ambient
conditions. As the water content was increased to the system, the shear viscosity began
to significantly decrease with shear especially at room temperature, where the viscosity
was found to decreased to 400 Pa.s with only 1% added, 90 Pa.s at 3 wt% , and 25 Pa.s
at 5% of water, respectively. In comparison with higher temperatures, at 100°C, the
effect of hydration was negligible, as the change between the four water percentages
only altered the viscosity from 1 Pa.s to 0.3 Pa.s. Dai et al. [74] has shown that the
strong hydrogen bonding between the HBA and HBD are weakened down when water
molecules are added. This is explained by the fact that the presence of any small amount
of water molecules tend to form hydrogen bonds that decreases the viscosity that acts
as plasticizer. Likewise, the choline chloride + xylose (1:1) system showed the same
behavior over different water content under elevated shear rates. At room temperature,
the shear viscosity showed a moderately lower order of magnitude than the glucose at
0% water, where the viscosity was found approximately to be 110 Pa.s. At 1,3, and 5

wit% water content, the viscosity decreased to 80, 22, 10 Pa.s, respectively. On the other
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hand, at higher temperatures under the same shear rate, the temperature had
insignificant effects on the shear viscosity, as the shear viscosity was only lowered from
0.3 Pa.s to 0.2 Pa.s at 100°C for this system. Das et al.[62] considered three different
NADES systems as discussed (i.e. choline chloride + urea/ethylene glycol/glycerol
(1:2) previously. The study involved the investigation of adding 10% wt of H>O (Figure
2.9) of each system respectively. The main purpose of applying rheology in this study
was to highlight the nature of k-carrageenan in the gel formation using different
solvents. The apparent viscosity for all the systems was measured at room temperature
conditions under moderate shear rates of 10-50 s'; where all the NADES showed non-
Newtonian behavior in all cases. Its viscosity values showed a gradual decline as the
shear rate interval was increased. Shear flow behaviors mainly showed that the
anhydrate NADES had a lower degree of followability, which makes them a stiff-like
solvents over the measured domain. On the other hand, hydrated NADES showed a
relatively higher degree of flowability and less stiff behavior. It can concluded that
these solvents can be used in applications that are water-content depended such as
pumping. Consequently, hydrated NADES were favored over the non-hydrated
NADES, as the hydrated were more superior in quality and more effective in the

extraction.
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Figure 2.9: log-log representation of the apparent viscosity vs shear rate of different
NADES systems with different hydration ratios : choline chloride + glucose (1:1)[63],
choline chloride + glucose (1:1) + 5% H20[63], choline chloride + xylose (1:1) [57]+
choline chloride + xylose (1:1) + 5% H20[57], choline chloride + glycerol (1:2) [65],
choline chloride + glycerol (1:2) + 10% H20[65], choline chloride + urea (1:2)[65] ,
choline chloride + urea (1:2) + 10% H20 [65], choline chloride + ethylene glycol

(1:2)[65], choline chloride + ethylene glycol (1:2) + 10% H.0O [65] at ambient condition

Next the behavior of different combinations for NADES/ILs is considered i.e.
changing the cation and anion in IL while varying the Hydrogen Bond Donor (HBD)

and holding the Hydrogen Bond Acceptor (HBA) constant for NADES. A combination
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of all the recent efforts conducted on all the solvents were extracted, grouped, and
categorized in order to visualize the main factors that can potentially influence the
change in apparent viscosity over high shear rate. Due to the relevance of Natural Deep
Eutectic Solvents rheology on process design and performance, many studies on the
apparent viscosity are published in literature. Table 2.1 gives an intensive overview of
all the key research papers, mainly highlighting the initial viscosity and steady-state
viscosity for all the solvents with different scenarios. It shows the type of NADES with
the type of additive studied, shear rate range, temperature range, and the fixed shear

rate for the apparent viscosity against measurements if found.
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Table 2.1: Overview on the rheological characterization and experimental setups for shear flow behaviors for varies tailor-made Natural Deep
Eutectic Solvents

Additiv Viscosity Vs Shear rate Viscosity vs Temperature
e
Full name Shear Temp  Initial Steady- Tem Initial  Steady- Ref
rate . Viscosit state p. Viscos state
range y Viscosity ity Viscosity
(sh (°C) (Pa.s) (Pa.s) (°C) (Pas) (Pa.s)
Choline Chloride + Ethylene - - - - - 27-87 0.4 0.15
Glycol (1:2) [75]
Choline Chloride + Ethylene - - - - - 27-87  0.44 0.1
Glycol (1:2)
Choline Chloride + Glycerol (1:2) - - - - - 27-87 2.5 0.3
Choline Chloride + Urea (1:2) - - - - - 27-87 5 0.6
Choline Chloride + Malonic Acid - - - - - 27-87 129 2
(1:1)
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Additiv Viscosity Vs Shear rate Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Temp. Initial  Steady- Ref
rate . Viscosit rate Viscos state
range y range ity Viscosity
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Choline Chloride + Malonic Acid - - - - - 27-87 0.5 0.55
(1:1)
Choline Chloride + Ethylene - - - - - 17-87 0.4 0.15
Glycol (1:2)
Choline Chloride + Ethylene 5wit% - - - - 17-87 0.3 0.14
Glycol (1:2) H.0
Choline Chloride + Ethylene 20wWt% - - - - 17-87 0.18 0.1
Glycol (1:2) H.0
Choline Chloride + Ethylene 25wWt% - - - - 17-87 0.15 0.09
Glycol (1:2) H-0
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Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Temp. Initial Shear
rate Viscosit rate Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Choline Chloride + Ethylene - - - - - 17-87 051 0.13
Glycol (1:2)
refCholine Chloride + Ethylene 5wt% - - - - 17-87  0.37 0.12
Glycol (1:2) H.0
Choline Chloride + Ethylene 10wt% - - - - 17-87 0.33 0.11
Glycol (1:2) H.0
Choline Chloride + Malonic Acid - - - - - 17-87 0.16 0.08
(1:1)
Choline Chloride + Malonic Acid - - - - - 17-87 0.12 0.075

(1:1)
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Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Temp. Initial Shear
rate Viscosit rate Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Choline Chloride + Malonic Acid - - - - - 17-87  0.07 0.065
(1:1)
Choline Chloride + Urea (1:2) - - - - - 17-87 7.6 1.1
Choline Chloride + Urea (1:2) - - - - - 17-87 15 1
Choline Chloride + Urea (1:2) - - - - - 17-87 1.2 1
Benzyltributylammonium Chloride - 1-1000 25 0.4 0.4 20-70  0.65 0.1
+ Phenol (1:3) [76]
Benzyltributylammonium Chloride - 1-1000 25 0.2 0.2 20-70 0.32 0.1

+ Ethylene Glycol (1:3)
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Additiv Viscosity Vs Shear rate Viscosity vs Temperature
e
Full name Shear Temp Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Benzyltributylammonium Chloride - 1-1000 25 10 10 20-70  2.26 0.2
+ Lactic Acid (1:3)
Benzyltributylammonium Chloride - 1-1000 25 3 3 20-70 1.8 0.22
+ Glycerol (1:3)
Citric Acid + Glucose (1:1) - 0.1- 23 280 30 - - - [48]
1000
Choline Chloride + Citric Acid - 0.01- 23 350 3.5 - - -
(1:1) 1000
Choline Chloride + Urea (1:2) - - - - - 20- 1.5 0.05
100 [77]
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Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Temp. Initial Shear
rate Viscosit rate Viscos rate
range y range ity range
(sh (°C) (Pa.s) (Pa.s)
Choline Chloride + Urea (1:2) - - - - 20- 0.75 0.05
100
Choline Chloride + Urea (1:2) - - - - 20- 0.39 0.05
100
Choline Chloride + Urea (1:2) - - - - 20- 0.32 0.05
100
Choline Chloride + Urea (1:2) - - - - 20- 0.21 0.05
100
Choline Chloride + Urea (1:2) - - - - 20- 1.67 0.1
100

42



Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Choline Chloride + Urea (1:2) - - - - 20- 0.91 0.1
100
Choline Chloride + Urea (1:2) - - - - 20- 0.49 0.1
100
Choline Chloride + Urea (1:2) - - - - 20- 0.35 0.1
100
Choline Chloride + Urea (1:2) - - - - 20- 0.2 0.1
100
Choline Chloride + Urea (1:2) - - - - 20- 5 0.12
100
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Additiv Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Tem Initial Shear
rate . Viscosit rate p. Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Choline Chloride + Urea (1:2) - - - - 20- 13 0.12
100
Choline Chloride + Urea (1:2) - - - - 20- 0.3 0.12
100
Choline Chloride + Urea (1:2) - - - - 20- 0.2 0.12
100
Choline Chloride + Urea (1:2) - - - - 20- 0.15 0.12
100
Choline Chloride + Xylose (1:1) 0.1-100 10 450 430 - - - [57]
Choline Chloride + Xylose (1:1) 0.1-100 20 110 90 - - -
Choline Chloride + Xylose (1:1) 0.1-100 30 35 30 - - -
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Additiv Viscosity Vs Shear rate Viscosity vs Temperature
e
Full name Shear Temp Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate

range y range ity range

(sh) (°C) (Pa.s) (Pa.s) (°C) (Pas) (Pa.s)
Choline Chloride + Xylose (1:1) 0.1-100 40 12 10 - - -
Choline Chloride + Xylose (1:1) 0.1-100 50 5 4 - - -
Choline Chloride + Xylose (1:1) 0.1-100 60 2 2 - - -
Choline Chloride + Xylose (1:1) 0.1-100 70 11 1 - - -
Choline Chloride + Xylose (1:1) 0.1-100 80 0.8 0.65 - - -
Choline Chloride + Xylose (1:1) 0.1-100 90 0.6 0.4 - - -
Choline Chloride + Xylose (1:1) 0.1-100 100 0.4 0.2 - - -
Choline Chloride + Xylose (1:1) 0.1-100 10 300 250 - - -
Choline Chloride + Xylose (1:1) 0.1-100 20 80 80 - - -
Choline Chloride + Xylose (1:1) 0.1-100 30 26 25 - - -
Choline Chloride + Xylose (1:1) 0.1-100 40 9 9 - - -
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Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate

range y range ity range

(sh) (°C) (Pa.s) (Pa.s) (°C) (Pas) (Pa.s)
Choline Chloride + Xylose (1:1) 0.1-100 50 4 3.5 - - -
Choline Chloride + Xylose (1:1) 0.1-100 60 2 15 - - -
Choline Chloride + Xylose (1:1) 0.1-100 70 1 0.9 - - -
Choline Chloride + Xylose (1:1) 0.1-100 80 0.7 0.45 - - -
Choline Chloride + Xylose (1:1) 0.1-100 90 0.5 0.3 - - -
Choline Chloride + Xylose (1:1) 0.1-100 100 0.4 0.18 - - -
Choline Chloride + Xylose (1:1) 0.1-100 10 70 60 - - -
Choline Chloride + Xylose (1:1) 0.1-100 20 20 19 - - -
Choline Chloride + Xylose (1:1) 0.1-100 30 8 8 - - -
Choline Chloride + Xylose (1:1) 0.1-100 40 3.8 3 - - -
Choline Chloride + Xylose (1:1) 0.1-100 50 1.9 15 - - -
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Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C) (Pas) (Pa.s)
Choline Chloride + Xylose (1:1) 0.1-100 60 1 0.8 - - -
Choline Chloride + Xylose (1:1) 0.1-100 70 0.8 0.42 - - -
Choline Chloride + Xylose (1:1) 0.1-100 80 0.5 0.28 - - -
Choline Chloride + Xylose (1:1) 0.1-100 90 0.4 0.19 - - -
Choline Chloride + Xylose (1:1) 0.1-100 100 0.38 0.13 - - -
Choline Chloride + Xylose (1:1) 0.1-100 10 25 21 - - -
Choline Chloride + Xylose (1:1) 0.1-100 20 10 10 - - -
Choline Chloride + Xylose (1:1) 0.1-100 30 4.8 4.1 - - -
Choline Chloride + Xylose (1:1) 0.1-100 40 2.6 2 - - -
Choline Chloride + Xylose (1:1) 0.1-100 50 15 15 - - -
Choline Chloride + Xylose (1:1) 0.1-100 60 0.8 0.7 - - -
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Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Choline Chloride + Xylose (1:1) 0.1-100 70 0.6 0.45 - - -
Choline Chloride + Xylose (1:1) 0.1-100 80 0.5 0.25 - - -
Choline Chloride + Xylose (1:1) 0.1-100 90 0.4 0.2 - - -
Choline Chloride + Xylose (1:1) 0.1-100 100 0.3 0.12 - - -
Choline Chloride + PhenylAcetic 0.1-100 35 1 0.45 27-97 0.8 0.2 [25]
Acid (1:2)
Choline Chloride + PhenylAcetic 0.1-100 35 8 0.4 27-97 6 0.2
Acid (1:3)
Choline Chloride + PhenylAcetic 0.1-100 35 8000 8.1 27-97 7000 0.1

Acid (1:4)
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Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Choline Chloride + PhenylAcetic 0.1-100 55 0.4 0.08 - - -
Acid (1:2)
Choline Chloride + PhenylAcetic 0.1-100 55 0.38 0.07 - - -
Acid (1:3)
Choline Chloride + PhenylAcetic 0.1-100 55 1 0.035 - - -
Acid (1:4)
Choline Chloride + PhenylAcetic 0.1-100 75 0.3 0.042 - - -
Acid (1:2)
Choline Chloride + PhenylAcetic 0.1-100 75 0.18 0.03 - - -

Acid (1:3)
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Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear
rate Viscosit rate
range y range
(sh (°C) (Pa.s) (Pa.s)
Choline Chloride + PhenylAcetic 0.1-100 75 0.1 0.02
Acid (1:4)
Choline Chloride + PhenylAcetic 0.1-100 90 0.15 0.03
Acid (1:2)
Choline Chloride + PhenylAcetic 0.1-100 90 0.15 0.025
Acid (1:3)
Choline Chloride + PhenylAcetic 0.1-100 90 0.5 0.015
Acid (1:4)
Choline Chloride + Thiourea (1:2) 0-200 60 1.39 0.4

[78]

50



Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Chlorine Chloride : Urea (1:2) - 10-50 25 550 350 - - - [62]
Choline Chloride + Ethylene - 10-50 25 200 70 - - -
Glycol (1:2)
Chlorine Chloride : Glycerol (1:2) - 10-50 25 550 400 - - -
Chlorine Chloride : Urea (1:2) - 10-50 25 20 10 - - -
Choline Chloride + Ethylene - 10-50 25 200 40 - - -
Glycol (1:2)
Chlorine Chloride : Glycerol (1:2) - 10-50 25 20 4 - - -
Chlorine Chloride : Glucose (1:1) - 0.1-100 10 - - - - - [63]
Chlorine Chloride : Glucose (1:1) - 0.1-100 20 2000 2000 - - -
Chlorine Chloride : Glucose (1:1) - 0.1-100 30 350 348 - - -
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Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Chlorine Chloride : Glucose (1:1) 0.1-100 40 100 900 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 50 27 25 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 60 10 10 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 70 5 4 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 80 2 2 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 90 1 1 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 100 0.7 0.6 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 10 2000 1950 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 20 600 600 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 30 110 100 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 40 35 30 - - -
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Additiv Viscosity Vs Shear rate Viscosity vs Temperature

e

Full name Shear Temp Initial Shear Tem Initial Shear

rate . Viscosit rate p. Viscos rate

range y range ity range

(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Chlorine Chloride : Glucose (1:1) 0.1-100 50 15 15 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 60 7 7 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 70 3 35 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 80 1.8 1.8 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 90 1 1 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 100 0.5 0.5 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 10 350 300 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 20 90 80 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 30 20 18 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 40 9 9 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 50 5.5 6 - - -
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Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Chlorine Chloride : Glucose (1:1) 0.1-100 60 2 3 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 70 15 1.8 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 80 0.8 0.8 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 90 0.6 0.6 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 100 0.4 0.25 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 10 68 60 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 20 25 20 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 30 10 9 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 40 4.5 4 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 50 2.8 2 - - -
Chlorine Chloride : Glucose (1:1) 0.1-100 60 15 1 - - -
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Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Chlorine Chloride : Glucose (1:1) - 0.1-100 70 1 0.8 - - -
Chlorine Chloride : Glucose (1:1) - 0.1-100 80 0.7 0.55 - - -
Chlorine Chloride : Glucose (1:1) - 0.1-100 90 0.5 0.4 - - -
Chlorine Chloride : Glucose (1:1) - 0.1-100 100 0.4 0.2 - - -
- - - - - 17-97 041 0.09
Chlorine Chloride : Glycerol (1:2)
Choline Chloride + Ethylene - - - - - 17-97 0.1 0.05
Glycol (1:2)
Chlorine Chloride : Citric Acid 7.8wWt% 0.1- 25 0.35 0.42 - - - [79]
(1:1) PVA 1000
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Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Chlorine Chloride : Citric Acid - 0.1- 25 0.56 0.58 - - -
(1:1) 1000
9.8 wt%
PVA
Chlorine Chloride : Lactic Acid - 0.01- 25 1.6 0.4 - - - [62]
(1:1) 100
Chlorine Chloride : Lactic Acid - 0.01- 45 14 0.18 - - -
(1:1) 100
Chlorine Chloride : Lactic Acid - 0.01- 65 2 0.08 - - -
(1:1) 100
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Additiv Viscosity Vs Shear rate Viscosity vs Temperature

e
Full name Shear Temp Initial Shear Tem Initial Shear
rate . Viscosit rate p. Viscos rate
range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)
Chlorine Chloride : Lactic Acid - 0.01- 85 0.58 0.04 - - -
(1:1) 100
Chlorine Chloride : Lactic Acid - - - - - 1595 0.28 0.08
(1:1)
Chlorine Chloride : Malic Acid - - - - - 15-95 35 0.3
(1:1)
Chlorine Chloride : Citric Acid - - - - - 15-95 1000 0.95
(1:1)

Chlorine Chloride : Fructose (1:1) - - - - - 15-95 0.36 0.1




Full name

Additiv

Viscosity Vs Shear rate

Viscosity vs Temperature

e

Shear Temp  Initial Shear Tem Initial Shear
rate Viscosit rate p. Viscos rate

range y range ity range
(sh) (°C) (Pa.s) (Pa.s) (°C)  (Pas) (Pa.s)

Chlorine Chloride : p-
toluensulfonic acid (2:1)
Chlorine Chloride : trichloracetic
acid (2:1)

Chlorine Chloride :
monochloroacetic acid (2:1)
Chlorine Chloride : propionic acid

(2:1)

7--67  1.83 0.1
7--67 1 0.09
7--67 0.2 0.05
7--67 0.1 0.05

[80]
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2.4 Viscoelastic behavior of NADES

Mukesh et al.[81] prepared choline chloride and orcinol with a polymerized 0.35,
0.5 and 1% v/v of 2-hydroxyethyl methacrylate (HEMA). Results revealed that the
nature of this polymerized gel combination was highly stretchable. The quality of the
gel from the physical strength and reusability was described through the structural
matrix of the solvent. When HEMA and NADES solution (unpolymerized mixture)
were measured, the magnitude of G''>G’, meaning that the formed mixture was viscous.
On the other hand, the polymerized mixture showed values of G'>>G", indicating a
true gel formation. Furthermore, crossover of the moduli only occurred at high
frequencies in the unpolymerized mixture, which showed a liquid-like solution, while
no crossover was found before for the polymerized HEMA with increasing frequency.
Moreover, the stretching/flexible behavior was studied by considering the recovery of
G' of the ion-gel obtained for the 1:0.35 NADES:HEMA. The sample was loaded under
varied stain at 1 Hz frequency for 300 s, while strain was applied to the sample, both
of the moduli decreased until 500% of the applied strain was established. The strain
effect was continued on the ion gel to study the fracture on the sample. It was shown
that both of the moduli remained almost constant for the entire duration, meaning that
the ion gels were not affected by strain and unfractured. As a result, this showed how
this combination of polymerized NADES can be an excellent flexible and durable
nature ion gel with a high stretchable nature. Das et al. [65] studied the viscoelasticity
of three different deep eutectic solvents prepared by the complexation of choline
chloride with urea, ethylene glycol and glycerol as well as their hydrated counterparts
were used for the selective extraction of a hydrocolloid (k-carrageenan) from sea moss
algae (Kappaphycus. Alvarezii). The time dependency measurements for all the kC gels

showed a gel like behavior (G'>>G'") during the entire period of extraction, where the
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difference between the G’ and G'’ was relatively high for the case the kC gels extracted
using choline chloride + glycerol (1:2) and hydrated choline chloride + ethylene glycol
1:2. Moreover, they concluded that the presence of the NADES enhanced less stiffness
and better viscoelasticity in comparison with other conventional exaction methods like
water as a solvent. Furthermore, the crossover of G' and G'found as a result of
increasing the angular frequency for all the kC gel systems, spots the attention of how
weak the gels are, whereas the G''and predominate over the G’ for a wide frequency
range, which shows that the presence of different flow components in the tailored gel
that are viscous liquids at lower frequencies. However, at higher frequency ranges, the
G' started to become predominant in manganite over G'' indicating an elastic nature of
these gels. Furthermore, Altamash et al. [22,24] looked at the interaction forces between
different pure combinations of HBA (choline chloride, B-alanine, and betaine) with
different natural organic HBD (lactic acid, malic acid, citric acid, and fructose) with
1:1 molar ratios using oscillatory viscoelasticity. Throughout their studies, they have
shown a consistent agreement between all the combinations in terms of the solvent
behavior even at high temperatures, where the values of G'’ were always higher than
G' over the applied frequency from 0.1 — 100 rad/s. As a result, this shows that all the
solvents were viscous liquids at all temperatures. The differences between G’ and G’
reveal the presence of the initiative flow components within the gel structure. As the
storage modulus diminishes (G' —0) an ideal viscous flow behavior (i.e. less stiffness)
is witnessed. However, at high frequency and room temperature, the sample that
contains malic acid as a HBD showed values of G’ (7.2 x 10* Pa for betaine + malic
acid and 3.3 x 10* Pa for alanine + malic acid) which is higher than G"'in comparison
with lactic acid based magnitudes (2.3 x 10% Pa for B-alanine + lactic acid and 1.1 x

102 Pa for betaine + lactic acid). Moreover, they have concluded that with the increase
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in temperature for the NADES, all the systems showed shear thinning behaviors over
the applied frequency as a result of the interaction forces between the HBA and HBD
forces and the thermal expansion. In conclusion, they elaborated on highly
recommending choline chloride + lactic acid, betaine + lactic acid, B-alanine + lactic
acid, and choline chloride + fructose for CO applications since preheating or pumping

of sorbents is required.
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Table 2.2: Overview on the rheological characterization and experimental setups for Oscillatory behaviors for various tailor-made Natural Deep

Eutectic Solvents (NADES) at ambient conditions.

Angular Frequency Strain amplitude
DES used Additive Observations and conclusions measurements References
range (%)

1) using pure NADES as solvents showed

viscous liquid behaviour in the angular

choline chloride+ urea 1:2 frequency range of 500-650 s-1.
0%
choline chloride+ ethylene 2) After the crossover of the moduli, the store G',G" vs angular
Hydrated 0.1% and
glycol 1:2 0.05- 800 1/s modulus started to became predominant over  frequency,Complex [62]
10% frequency 0.01 Hz
choline chloride+ glycerol the loss modulus indicating elastic nature of  viscosity vs temperaure
Hydrated
1:2 the gels at higher frequency range
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Angular Frequency Strain amplitude measurements
Name Additive Observations and conclusions References
range (%) conducted
1) The greater difference in the values of G”
and G’ (e.g. G” » (') indicating presence of
more flow components in the gels making the
gels behave like viscous liquid and as the
Betaine + Malic acid G'—0 the material behave as ideal viscous G',G" vs angular
Betaine + Lactic acid flow behavior frequency, complex
- 0.1-100 rad/s 0.10 [22]
B-alanine + Malic acid 2)The values of G’,G", and n* de- creased as viscosity, G, G" vs
B-alanine + Lactic acid the temperature increased for all NADES temperature
systems as expected for the shear thinning

materials and this is mainly due to the changes
in the interaction forces between the hydrogen
bond donor and hydrogen accepter of the

NADES and due to the thermal expansion




2.5 Rheological Modeling
The aim of rheological modeling is to find a suitable and applicable fit for the
experimental data collected after conducting the rheological measurements using
mathematical models of different polynomial degrees. The models will describe the
behavior of the fluid using the relationship between shear stress and shear rate. The
collected data is then graphically represented for the shear rate-shear stress model,
which will determine the best fit for the model. Several rheological models have been
used and developed in literature in order to describe the rheological characteristics of
NADES solvents and others as well. However, it is important to mention that no typical
rheological model will give a clear explanation on the flow characteristics for all the
NADES systems over their entire shear rate domain. After a rheological model is found
suitable, the rheological data are then extended to model the flow behavior in other
geometries (i.e. pipe flow or annular flow). Section 2.5 and onwards describe different
rheological models from literature that focus on studying the flow resistance for
NADES systems and the significant meaning of the equation being described.
2.5.1 Arrhenius Equation
The temperature dependency of the viscosity represents an exponential-like
decay for most ILs and NADES. In order to account for the overall effect of
temperature, a governing equation known as the Arrhenius equation is mostly used to
describe the flow resistance for both ILs and NADES under different temperatures. This

equation can be defined as in equation (1):

E,
= e 4
Inn lnn0+RT 4)
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In this equation 7 is the dynamic viscosity (10°Pa. s) that is measured at each

temperature, 1, is the viscosity parameter (10°Pa.s) and also referred to as the pre-

exponential factor in other references [82], R is the universal gas constant
(kJ.mol™t.K~1), T is the absolute temperature (K) and E, is the activation energy of
the flow (kJ.mol™1) . Throughout their studies on suspension rheology of hematite in
ILs and pure ILs, Altin et al.[83] explained that the Ea parameter explains the structural
form of the ILs, and they concluded that the strong intermolecular forces between the
ions resulted in larger values of E4 for the suspension ILs with lower (20 %wt. of Fe2O3)
than the ones with higher (% 40 wt Fe;0s3). Likewise, Pamies et al.[82] also showed
that the addition of aligned and non-aligned multiwalled carbon nanotubes (MWCNTS)
influence the activation energy of 1-ethyl-3-methylimadolium tosylate, as these
additives have the ability to enhance the capacity of dispersion to flow in comparison
with pure ILs and eventually lowering the activation energy. On the other hand,
activation energy for NADES systems implies that the degree of flowability is
dependent on the constituent particles [76]. In order for the solvent to flow, it must
overcome the barrier energy of the E,. Similar to ILs, the higher E4 generally describes
the difficulty for particles to move. Furthermore, Aroso et al. [57] looked at the
activation energy effect for choline chloride + xylose. Results have shown that the
activation energy also decreases with the increase of water content present in the
system, as the substantially hydrogen bond interactions decreases. It is also noteworthy
to mention that the Arrhenius expression is a subclass of the general VVogel-Fulcher—
Tamman (VFT), having To = 0. Table 2.3 lists the Arrhenius model parameters for the

selected NADES.
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Table 2.3. Arrhenius model parameters for different Natural Deep Eutectic Solvents

(NADES)

Mo Ea
NADES References
(10° x Pa.s) (kJ/mol)

benzyltributylammonium chloride +

0.04 56.8
phenol (1:3)
benzyltributylammonium chloride +
3.05 449 [76]
ethylene glycol (1:3)
benzyltributylammonium chlori
0.0008 71.9
de + lactic acid (1:3)
benzyltributylammonium chloride +
0.017 63.9
glycerol (1:3)
choline chloride xyolose @ 1:1 0.018 71.02
choline chloride glucose @ 1:1 59x10° 91.52
choline chloride sucrose @ 1:1 3.9x10°% 104.5
choline chloride citric acid @ 1:1 5.5x10° 96.15
choline chloride tartaric acid @ 1:1 3.1x10°6 102.08
[57]
betaine citric acid @ 1:1 43x10° 97.79
betaine tartaric acid @ 1:1 6.9 x 10 101.94

2.5.2 Vogel-Fulcher-Tammann Equation
The general followability and transport property of ILs and NADES can also be
modeled using The Vogel-Fulcher—Tamman (VFT) expression, which is a temperature

dependence fitting model that best describes the molecular interactions, such as the van
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der Waals type weak interactions and strong hydrogen bonding [84]. The parameters

(Table 2.4) of this model include; n: dynamic viscosity (Pa.s), 7o 1, A" (Equation 5-

7): limiting high-temperature viscosity (Pa.s), B': parameter related to free activation

energy (K), T: temperature (K), Ty/Tw: Vogel temperature (K). Cui et al. [80] used a

slightly modified notation to describe the Vogel-Fulcher—Tammann, where they

replaced the B’ parameter with activation energy and the Kg using E, /K.

B
— A'eT-T
n=A4e’ "o

D*( Ty

n=mnoe’ T-To’

Ea

n=1,e T

(5)

(6)

()

Table 2.4: Vogel-Fulcher-Tammann model parameters for different Natural Deep Eutectic

Solvents (NADES)

T
noor A’ B' or
NADES (Pas) K) To Reference

(K)
benzyltributylammonium chloride + phenol (1:3) 7.21x10° 748 211
benzyltrlputylammonlum chloride + ethylene 185x 105 1295 161
glycol (1:3)
benzyltributylammonium chloride + lactic acid 5
(1:3) 3.23x 10~ 1046 209 [76]
l(af-r;z)yltrlbutylammonlum chloride + glycerol 720x10% 1619 173
choline chloride p- toluenesulfonic acid 1.30x 10* 8478 200
choline chloride trichloroacetic acid 6.29x 10° 1033 181 [80]
ihf.l(;ne chloride monochlo- roacetic acid @ 195%x10* 788 183
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Te
or

noor A' B To

NADES (Pas) « K

Reference

choline chloride propionic acid @ 1:1:0 1.06 x 10% 855 162 [80]

2.5.3 Bingham Equation

The Bingham equation describes the viscosity function and to estimate the
dynamic yield stress values [24], basically implies that the material is solid-like at low
rates and stresses [85]. In addition, this model accounts for the behavior of many shear-
thinning materials at low shear rates, but the calculated value of shear stress depends
on the shear rate ranges used for the extrapolation procedure [59]. The Bingham model
just takes into account the region with constant slope and in this case, it covers higher
shear rates [86]. Another possibility is that the fluid behaves as a Bingham plastic, like
for example toothpaste, in which the viscosity appears to be infinite until a certain value
of shear stress is achieved [48]. The Bingham Equation for non-Newtonian fluids is

given as following

| ©)
T=1Tp + NV
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Where T represents the shear stress, tg is the Bingham yield stress and ng is the
Bingham plastic viscosity, y is the shear rate. The magnitude of tg is a useful parameter
that can be used as indicative of the amount of minimum stress required disrupting the
networked structure in order to initiate the flow. A yield stress below tg for the mixture
means that the mixture behaves as a rigid solid [24]. In general, the yield stresses of all
NADES decreased with increasing temperature as expected for the shear thinning
materials. The differences in the yield stress values are mainly due to the changes in
molecular mobility, such as chain rigidity, interaction forces between the hydrogen
bond donor and hydrogen accepter of the NADES and the molecular weight. The
change of the yield stress values as a function of temperature is similar to the viscosity

data (Table 2.6) [24].
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Table 2.5: Bingham model parameters for different Natural Deep Eutectic Solvents

(NADES)

Tp U):i
NADES Ref.

(mPa) (mPa.s)

choline chloride + phenylacetic acid based @

16.8 73.6
1:2-55°C
choline chloride + phenylacetic acid based @
6.7 38.3
1:2-75°C
choline chloride + phenylacetic acid based @
0.9 25.2
1:2-90°C
choline chloride + phenylacetic acid based @
7124 160.4
1:3-35°C
choline chloride + phenylacetic acid based @
35 60.7
1:3-55°C
choline chloride + phenylacetic acid based @
14.9 24.5
1:3-75°C
choline chloride + phenylacetic acid based @
9.1 24.4
1:3-90°C
choline chloride + phenylacetic acid based @
31.2 35.3
1:4 -55°C
choline chloride + phenylacetic acid based @
6.1 18.0
1:4-75°C
choline chloride + phenylacetic acid based @
1.4 13.0

1:4-90°C
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Ref

Tp UJ:;
NADES eren
(mPa) (mPa.s)
ces
choline chloride + lactic acid @ 25°C 271.41 396.7
choline chloride + lactic acid @ 45°C 228.13 153.1
choline chloride + lactic acid @ 65°C 155.8 78.0
choline chloride + lactic acid @ 85°C 207.38 36.6
choline chloride + malic acid @ 25°C 958109 27492.0
choline chloride + malic acid @ 45°C 84657 9100.7
choline chloride + malic acid @ 65°C 4484.7 2509.0
choline chloride + malic acid @ 85°C 174.73 797.1
choline chloride + citric acid @ 25°C 968834  834114.0 [24]
choline chloride + citric acid @ 45°C 948834 41657.0
choline chloride + citric acid @ 65°C 124813 10298.0
choline chloride + citric acid @ 85°C 35866 3489.4
choline chloride + fructose @ 25°C 3029.6 4821
choline chloride + fructose @ 45°C 862.77 239 2
choline chloride + fructose @ 65 °C 607.42 100.1
choline chloride + fructose @ 85°C 663.41 38.9




2.5.4 Herschel-Bulkley Equation

The Herschel-Bulkley model is frequently used to calculate the yield stress
region by fitting the data from rheograms [85] or the region at low shear rates while the
Bingham model just takes into account the region with constant slope and in this case
it covers higher shear rates [86]. This model fits most flow curves with a good
correlation coefficient, and for this reason, it is the most widely used model [59]
However, one of the drawbacks of the Herschel-Bulkley equation is that it does not
distinguish whether the observed change in viscosity is due to the change in time or
shear stress since these two variables are changed simultaneously [86]. Furthermore,
this model defines a fluid with three parameters. The model is mathematically described
as

T = Tp + Noy" (8)

where T represents the shear stress (mPa.), t, is the yield stress (mPa) , y is the
shear strain rate s and n is the flow behavior index. [86] As shown in Table 2.5, it can
be seen that a lower value of n is an indication of a more non-Newtonian behavior or a
shear thinning fluid. According to the extracted , the mixtures are more Newtonian as
n ~ 1.0 as the temperature and the concentration of PhOAc increased [25] where this
comes to an agreement with other deep eutectic solvents. The values of n listed in Table
2.5 are approximately similar, and all the n values in the tables are approximately of 1,

regardless to the additional decimal places.
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Table 2.6. Herschel-Bulkley model parameters for different Natural Deep Eutectic
Solvents (NADES)

Tp Mo Reference
NADES N
(mPa) (mPas") S
choline chloride + phenylacetic acid based @ 1:2 -
16.3 205.6 0.945
35°C
choline chloride + phenylacetic acid based @ 1:2 -
14.2 74.1 0.958
55°C
choline chloride + phenylacetic acid based @ 1:2 -
24.5 35.3 0.977
75°C
choline chloride + phenylacetic acid based @ 1:2 -
9.4 23.8 1
90°C
choline chloride + phenylacetic acid based @ 1:3 -
551.0 187.1 0.826 [25]
35°C
choline chloride + phenylacetic acid based @ 1:3 -
370.0 59.9 0.977
55°C
choline chloride + phenylacetic acid based @ 1:3 -
9.0 25.6 1
75°C
choline chloride + phenylacetic acid based @ 1:3 -
2.8 21.7 1
90°C
choline chloride + phenylacetic acid based @ 1:4 —
37.9 340.9 0.888
55°C
choline chloride + phenylacetic acid based @ 1:4-
4.3 19.2 1
75°C
[25]
choline chloride + phenylacetic acid based @ 1:4 -
51 13.1 1

90°C
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CHAPTER 3. MATERIALS & METHODS
The aim of the experimental part in this section is to synthesize a group of novel
NADES systems with varying the HBD component and the HBA respectively. A study
on the different possible ways to produce these solvents from literature was collected
in a single table to clarify and demonstrate the different techniques and methodologies
done in literature. Furthermore, the rheological behavior of the synthesized systems
was measured from different rheological perspectives such as the shear flow and
oscillatory tests done on the MCR rheometer by Anton paar. In order to get a better and
more precise understanding of the rheological characteristics of the NADES systems,
the effect of temperature was also studied for both types of measurements.
3.1 Materials used in this work
All the raw components used to prepare and synthesize the reported NADES. The
HBA ChCl salt having melting point of 575 K and with purity of 97.0% was purchased
from lolitech, while Alanine (Al) with >98% purity (CAS Number 56-41-7) with
melting point of 258 °C, betaine (Be) with >98% purity (CAS Number 107-43- 7) with
melting point of 310 °C were purchased from Sigma Aldrich. DL-Malic Acid MA with
99% purity (CAS Number 6915-15-7), Citric Acid CA with 99.5% purity (CAS
Number 77-92-9), DL-Lactic Acid LA with 85% purity (CAS Number 50-21-5) and D-
(-)-Fructose Fr with 99% purity (CAS Number 57-48-7) were purchased from Sigma
Aldrich. The solid particle HBDs in the form of powder were typically treated under
vacuum at 60°C for about 48 hours to insure sample clearance of any moisture content.
In addition, containers of 40 mL volume were used to store all the synthesized NADES

systems, due to their well sealing capability for liquid samples.
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3.2 Methodologies

3.2.1 NADES Synthesis

The synthesis of all the [ChCI], [Al], and [Be] based NADES with a fixed
preparation molar ratio of 1:1 was done using two different methods. The first method
was simply done by simple mixing of the HBD and HBA in a single comparted
container and stirred using a metallic stirring rod in a glove box where ambient
conditions such as temperature and atmospheric pressure are controlled. The mixture is
then heated until a homogenous color transformation was established. The NADES
systems were all found to be liquid at ambient temperature conditions. All the samples
were stored in dry and room temperature environment after being synthesized (Figure

3.1-33).
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Figure 3.1: From left to right, the original components of NADES at room temperature
for ChCl + LA and ChCl + MA: Choline Chloride, Malic Acid, Lactic Acid, and

Choline Chloride + Lactic acid (1:1).

[ChCl]
Lactic Acid

Figure 3.2 :Set A, Synthesized [LA] , [MA] : [CA], [FR], [ChCI] based 1:1 NADES

systems
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Figure 3.3: Set B & C, Synthesized LA , MA : Be , B-Al based 1:1 NADES systems

Moreover, the second method was done by using machinery mixing (i.e.
rotatory evaporator). Glassware was dried at 70°C using a vacuum oven in advance to
ensure that they are free of any moisture content. The mole ratio was scaled to
approximately 0.025 M (i.e. 6.98 g of ChCl and 2.25 g of lactic acid for instance). The
samples were weighted using a KERN 770 Electronic analytical balance and sampled
using Ederol filter paper and then added to a 100mL round bottom flask and placed
onto the hot steam rotatory mixer. The temperature was set to 60°C at atmospheric
pressure and a constant rotational speed of 90 rpm for mixing duration of 60mins long
until clear and transparent liquid was formed, where the synthesis took place in a liquid
water bath. The ChCI:LA was stored in a 40mL glass bottle. The resulted DES was
noticed to be very viscous after it was transferred from the round glass flask.
Furthermore, other trials and intermediate techniques were investigated for the
synthesis of NADES such as the particle grinding using the mortar and pestle to

establish fine powder prior addition in order to insure well mixing of the solvents. Also,
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in order to overcome the formation of a molten solvent, a few droplets of water was
added to the solvent. The addition of water to some solvents was done in order to lower
their highly viscous nature such as solvents with [MA] and [CA] as an HBD. The
impact of adding water was found to leave a profound impact, the mixture was
completely changed from a very viscous molten to a liquid form of DES. The prepared

DES systems are summarized in the Table 3.1 below.

Table 3.1: Specifications and synthesis details of the DES system prepared

S.  Component | Component  Mole Weight Liquid Remark
N (HBA) I Ratio (Gram) at
(HBD) T/°C

1 Choline Lactic Acid 1:1 115 25 -
Chloride

2 Choline Malic Acid 1:1 98 25 -
Chloride

3 Choline Citric Acid 1:1 166 53 -
Chloride

4 Choline D-Fructose 1:1 160 25 -
Chloride

5 Betaine Malic Acid 1:1 41 50-51 -

6 Betaine Lactic Acid 1:1 35 25 Thick-

Liquid
7 B-Alanine Lactic Acid 1:1 40 25 -
8 B-Alanine Malic Acid 11 45 -
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In Table 3.2, an extensive list of reported techniques and methodologies used
for preparing NADES systems. is . The table shows the required chemicals, operating
conditions, the main mixing equipment and tools, and any other specific preparation

instructions or precautions done while synthesis of the NADES.
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Table 3.2: A group of selected articles on the preparation methods of deep eutectic solvents

Temperature *Pressure  Duration Processes Equipment used Comments Reference
(°C) (atm) (hr)
70-90 1 - Mixing/Vaccum Magnetic stirrer Avoid humid areas, stop when [87]
heating completely homogenous
80 1 2 Shaking/Heating incubator shaker Shake @ 300rpm until a [88]
(Brunswick Scientific homogenous solution, Karl Fisher
Model INNOVA 40R) titration to measure moisture content
80 1 - Mixing/Heating - Deionized water used in experiments [89]

was purified by a Milli-Q system

(ChCl,Bet + EG was found stable)
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Temperature *Pressure  Duration Processes Equipment used Comments Reference

(°C) (atm) (hr)
60 1 - Drying/Mixing/He  thermostatic oil bath with Stop when mixture forms a [90]
ating a temperature controller transparent liquid
IKA ETS-D5 for heating +
Magnetic stirrer
120 1 3 Mixing/Heating Glove box surrounding must contain less than 5 [91]
ppm moisture
80 1 2 Shaking/Heating incubator shaker Shake @ 400rpm,Stop when [92]
(Brunswick Scientific homogenous transparent colorless
Model INNOVA 40R) liquid
80-85 1 - Mixing/Heating 20 ml vial + closed with a - [37]
crimp cap, Magnetic stirrer
80 1 - Mixing/Heating - Various combinations with different [93]

mole ratios were achieved
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Temperature *Pressure  Duration Processes Equipment used Comments Reference
°C) (atm) (hr)
100 1 - Heating method heated DURING constant - [94]
stirring until a
homogeneous liquid is
formed
25 1 - Grinding method mortar with a pestle Grinding until a homogeneous liquid [94]
is formed, nitrogen atmosphere
50 1 0.25 Heating/cooling/D Schlenk DL-Menthol was the hydrogen bond [95]
rying acceptor , cooling after 15mins till
room temperature : if we will either
get paste/liquid/ or unstable
100 1 - Mixing / Heating - Either mixing at 250c OR heating at [96]

1000c , Preparation temperature

depends on the molar ratio
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Temperature *Pressure Duration Processes Equipment used Comments Reference

(°C) (atm) (hr)
-20-200 - - Freezing / Drying - 2:1 molar ratio urea: chcl was [97]
freezed, then dried to obtain a clear
viscous liquid
50 1 - Mixing/drying rotary evaporator kept under vacuum for 24 h, [98]

afterwhich they were stored in a

desiccator

The HBA & HBD are genialized for any type of NADES ammonium salt or acid respectively.

*The pressure was assumed to atmospheric since it was not mentioned in literature.
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3.2.2 Viscosity measurements

Measuring the viscosity of a sample depends on its physical state. As a result,
there are numerous ways to determine the viscosity of a fluid. Equipment and devices
such as the traditional viscometer, quartz crystal microbalance (QCM), and rheometers
are used to determine the viscosity of different fluids.

3.2.3 Rheometer

In recent research, the use of a rheometer is the most common. This device is a
bench scale apparatus that determines rheological properties through basic concepts of
fluid mechanics. Rheometry is an international testing procedure that provides
additional information on material that are being tested. The viscosity for instance, is
measured using the relationship between the shear rate and shear stress of a fluid.
3.2.3.1 Anton Paar 302 Rheometer

The Anton Paar MCR (Modular Compact Rheometer) 302 is a dynamic and
much more complex designed device that offers higher accuracy than other viscosity
measuring devices. This Rheometer was used to measure all the rheological properties
of the NADES solvents in the current study. The upmost exclusive feature in the Anton
Paar 302 is the air-bearing supported synchronous EC motor, which offers more
accuracy for sample testing. The motor is fixed with coils and magnets with opposite
poles that result in the production of magnetic poles. The delivery of precise torque is
a result of the rotating flux created when the coils and magnets attract each other,
creating a frictionless movement of the motor. The main components of the MCR

Rheometer are shown in Figure 3.4 listed on the diagram from 1-4.
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Figure 3.4: Anton Paar 302 MCR rheometer

3.2.3.2 Basic Components of the MCR Rheometer

The rheometer is physically made up of high-grade stainless steel which
consists of several mechanical, electrical, and highly sensitive measuring parts that play
an important role on the sample accuracy. Inside the head of the rheometer, it internally
contains 4 major parts that control the movement of the rotational tools, which are the
optical encoder, electronic commutated motor, air bearings and normal force sensors,
and the motor coupling. The optical encoder is responsible for measuring the shear rate
and the shear strain of the measured samples. This is done by controlling the rotational
speed (shear rate) and by measuring the command speed given by the motor
displacement (shear strain). The electronically commuted motor is responsible for
controlling the torque signals done by the result of rotation and the sample response

(Shear stress). The air bearings and capacitive normal force sensors (label 1) have the
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ability to measure or control the normal force applied (normal stress) and also position
the motor. Furthermore, label 2 on figure 3.4 shows the motor coupling, which
estimates the precision of the measuring systems that can be installed such as the cone-
plate, parallel plate, concentric cylinder, solid rectangular fixture geometries. Label 3
is the main sampling chamber that is responsible for adapting the temperature set by
the user and is where the measurements take place after all the addition of any
accessories or settings. Label 4 shows the monitoring screen that reports all the actions
occurring in the rheometer such as the temperature, torque signal, and other operational
parameters such as the measuring gap between the plates and the normal force.

3.2.3.3 Rheological measurements procedure

Prior sampling the NADES to the rheometer, the solvents are heated and stirred
on a hot plate using a magnetic stirrer-heater for 10-15 mins, to avoid any damage or
sticky stains of the samples on the sensitive measuring plates. In the meantime, the PC,
Rheometer, and air compressor are initially turned on as the sample is warmed up. The
rheometer is controlled by a featured software from Anton Paar called the RheoPlus
.The software offers many advantages over other rheometery software’s such as the
ability to freely design any shear flow or oscillatory experiment through the use of a
systematic algorithm planned by the user. Moreover, the software also features the
ability of editing and analyzing the data generated statistically and measured by the
user-friendly interface present.

The algorithm is designed based on the type of experiment conducted and also
the type of material being tested. Parameters such as the shear rate interval, temperature
and shear strain, must be specified in order to start with the experiment. 50 mm diameter
cone and plate measurement geometry were used with a gap of 0.104 mm. The cone

and plate (CP) geometry were favored over the parallel plate (PP) configuration for
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these set of experiments due to the presence of limited particle size particle presents
within the NADES samples (particle size < 5 um ). In addition, the CP geometry were

also favored over the CC configuration (Figure 3.5) due to the limited sample quantity.

25mm 50 mm 50 mm 25 mm
CP CP PP PP

Figure 3.5: CP, PP measuring geometries with different diameter sizes 25,50 mm

respectively

The initiating steps such as motor efficiency checkup, measuring gap,
temperature setpoint were performed by the software before sampling. Samples such
as ChCI:LA and ChCI: FR were placed onto the measuring device with a pipette, while
the rest of samples such as ChCl: MA, ChCI:CR, and all the Be and B-Al based NADES
were spread onto the measuring device using a spatula due to their relatively higher
viscosity. The samples were allowed to rest on the measuring plate before conducting

any measurements.
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3.2.3.4 Rotational Measurements

The shear flow behaviors and viscosity measurements for all NADES were
investigated with shear controlled rotational measurements. Controlled shear stress
tests were conducted by varying the shear rate from 0.01-1000 s™! for all the
measurements. The rheological properties set on the device prior starting the
experiment for the NADES flow curve measurements were summarized in Table 3.3

below.

Table 3.3: Shear flow parameters fixed in the option tools for the RheoPlus software

Parameter value
Shear rate (1/s) 0.01-1000
Data points 50
Single point duration (s) 12
Temperature range (°C) 25, 50,75,100,105

The apparent viscosity against shear rate was measured for each NADES
individually. The effect of increasing temperature on each solvent was applied on
different temperatures ranging from room temperature to a temperature magnitude as
high as 105°C. A fresh sample was placed on the measuring plate for each temperature
measurement in order to avoid any possible chances of structure or breakdown due to
high temperature. In parallel, the shear rate vs shear stress for all the samples was also
measured. In addition, the viscosity versus time was also measured for all the samples.

The experimental plan for this part was divided into four different time intervals, the
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first interval had the sample measure for a duration of 1min, while the second, third and
fourth round had the measurement run for 5,10, and 15mins respectively. The same
procedure was carried out for the temperature range 25°C-85°C
3.2.3.5 Oscillation measurements

The viscoelastic behavior of the NADES was studied with oscillatory
measurements using the same measuring configuration for the shear flow
measurements. The oscillation tests use a technique where the sinusoidal strain is used.
The dynamic amplitude and frequency sweeps were applied for the stability
determination of the molecular structure and other structural characterizations and
interaction forces between the selected HBA and HBD. The dynamic amplitude sweep
measurements were initially applied to the samples prior the main oscillation tests in
order to define the linear viscoelastic region (LVVR) for the samples in order to select
the proper strain for frequency sweep measurements. A range from 0.01 to 100 % strain
% was selected in order not to overwhelm the sample and not to exceed a strain value
that may cause the destruction of the interior bonding. Based on the 0.1% constant strain
value from the LVR test, the dynamic frequency test was applied to the samples from
a value 0.1 — 100 rad/s. G” and G’ parameters were measured using this test in order
to classify the type of structure for the NADES samples. Table 3.4 and Table 3.5 show
preliminary parameters used to run the experiment for both the pre-shearing and the

flow curve measurements.
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Table 3.4: Pre-Shear flow parameters fixed in the option tools for the RheoPlus
software

Parameter value
Shear rate (1/s) 0.01 (constant)
Data points (1 point/s) 5

Table 3.5: Oscillatory shear flow parameters fixed in the option tools for the
RheoPlus software

Parameter value

Shear strain (%) 10 (oscillating)
Data points (1 point/s) 25

Initial angular frequency (rad/s) 100

Final angular frequency (rad/s) 0.1

3.2.4 Density

Density was measured at different temperatures using an Anton Paar DMA
4500M densitometer which uses the oscillating U-tube sensor principle shown in Figure
3.6. Densitometer calibration was calibrated by using the reference density values of
water, which were obtained from the fundamental equation of state by Wagner and
Pruss (uncertainty lower than £ 0.003 % in the full pressure and temperature ranges)
and further detailed calibration was conducted recently done using with dimethyl
sulfoxide (DMSO) at different temperatures. Temperature was measured in the
oscillating U-tube to an average uncertainty of £0.05 K. The uncertainty of the pressure

measurements in densitometer is 0.005 MPa. The combined relative uncertainty of
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density measurements considering samples purity was estimated as 0.3 % (+0.00005 g

Figure 3.6: Density Meter by Anton Paar

3.2.5 Thermogravimetric Analysis (TGA)

Thermal stability, decomposition temperature, and onset temperature were
analyzed using PerkinElmer Pyris 6 TGA instrument for all prepared NADES (Figure
3.7). To obtain weight loss curve with temperature, NADES were heated from 30 to
700 °C at the rate of 5 °C min™ under dried atmosphere using N, gas. TGA analyzer
was tested periodically with calcium oxalate by conducting weight loss experiment to

verify the performance.
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Figure 3.7: Thermogravimetric Analysis instrument
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CHAPTER 4.RESULTS AND DISCUSSIONS
4.1 Part A: Lactic acid based NADES

4.1.1 Steady-state flow

The results of rotary shear tests and different flow behavior of lactic acid-based
NADES are presented under the effect of temperature and time. The viscosity
magnitudes and rheograms are measured using rotational tests as a function of shear
rate within the range 0.01 to 1000 s under similar conditions applied in CO. capture
plants.
4.1.1.1 Shear stress vs shear rate

In Figure 4.1, the shear stress for all the lactic acid-based solvents show a
change with the increase in the shear rate interval. The gradual increase in shear stress
however does not intersect with the origin point; therefore, the behavior of all the
samples is represented as a non-Newtonian behavior at room temperature conditions
[48]. As the shear rate is increased, the effect of the HBA becomes dominant, and the
NADES respond to shear rate was significantly affected by the nature of the HBA. The
samples B-Al and Be require a higher yield stress than the ChCl based one, which
means that the NADES based with B-AL and Be HBA can withstand higher yield stress
than that of ChCI. The shear stress begins to gradually reach steady-state as the shear
rate approaches 1000 st and the solvents reach their limit viscosities. The shear thinning
behavior can also be explained by the degradation of the physical networks by the
increasing the shear rate until the viscosity of the NADESs showed a nearly Newtonian
behavior [99].

In Figure 4.2, the shear stress of ChCl: La NADES was measured at four
different elevated temperatures of 25,45,65, and 85 °C. The usual shear thinning

behavior was noticed in the steady shear flow at the measured temperature intervals.
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As can be seen, the shear stress under shear rate dependency was decreasing as the
temperature increased. The attribution of this behavior was similar to that in our
previous study, this phenomena was explained by the structural breakdown caused by
the structural thermal expansion [24]. Furthermore, the ChCI: La study also revealed
that the effect of temperature is dependent to the yield stress, and that the slope and

duration of Hooke’s law is mostly a factor of the nature of the HBA: HBD.
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Figure 4.1: The variation of shear stress as a function of applied shear rate for

Be, B-Al, and ChCI: La NADES systems at room temperature conditions
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Figure 4.2: The variation of shear stress as a function of applied shear rate for Be, B-

Al, and ChCI: La NADES systems at elevated temperatures from 25-85 °C

4.1.1.2 Effect of Temperature sweep

The dynamic temperature ramp studies simulate production cycles, storage and
use conditions or evaluate long term stability of the use of NADESs for CO; capture in
action. Rheological testing can predict the behavior of the solvent’s structure to resist
disturbances in temperature, under both heating (i.e. forward ramp) and cooling (i.e.
backward ramp) without large costly batch studies. According to Figure 4.3, nearly 2
decades decrease in the apparent viscosity of Be: La and B-Al: La during forward ramp,
while a relatively slighter decrease in the viscosity for ChCl: La was noticed over the
temperature range from 25°C to 65°C. Moreover, the reverse process (backward ramp)

from 65°C to 25°C was also investigated, the rheological results showed comparable
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profiles for both tests. Accordingly, this ensures that the effect of the lactic acid HBD

plays a significant role in determining the shear flow.
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Figure 4.3: Effect of heating (forward ramp) (dashed line) and cooling (backward ramp)
(solid line) on the apparent viscosity at low shear rate of 1 s at a temp ramp rate of

3°C, time ramp of 1.6 min using 26 data points for Be. B-Al, ChCl: La NADES systems

As with other NADES, the analogy of La-based NADES apparent viscosity
decreased with the increase of temperature asymptotically as shown in figure 4.4 [30].
The larger the HBA hydrocarbon chain is, the higher its viscosity becomes. Over the
temperature domain, both B-Al: La and Be: La systems exhibited a similar viscosity
behavior of initially 2 x10* mPa.s at room temperature, and then started to gradually

decrease to eventually reach a viscosity lower than its initial value by 2 orders of
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magnitude of approximately 300 mPa.s at 85°C for both the systems. On the other hand,
the behavior of the ChCI: La was found to represent a much more bulky and compact
behavior in comparison to Be: La and B-Al: La systems with temperature, as the
temperature effect on the viscosity was found to decrease from 400 mPa.s to 40 mPa.s.
In contrast to viscosity, the density of the NADES showed identical flow behavior over
the same temperature range, where linear monotonically decreasing density profiles
was observed. Among the density profiles shown, B-Al showed the highest density
value. According to the density measurements present herein the La-based systems can
be ranked as B-Al: La>Be: La>ChCl: La. This behavior clearly shows the strength of
the hydrogen bonding between the HBA and HBD in the B-Al: La system and also its
significant role in the shear flow viscosity trend.

The rheological behavior of NADES have shown to represent a non-Newtonian
behavior due to the rupture of the three-dimensional network with applied shear at
elevated temperatures and a time dependent structure. Figure 4.5, represents a three-
dimensional representation of the effect of both temperature and time on the apparent
viscosity of Be: La. It is clear from the mish illustrated that Be: La shows a time

dependency element, where the viscosity decreases with the temperature increase.
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4.1.2 Oscillatory tests

Oscillatory measurement is a significant approach and analysis methodology
used to measure the elastic properties of recently developed materials. The
measurements enhance the shear flow studies by understanding the interaction forces
between the HBA and HBD of NADES on the microscopic level. Unlike shear flow
measurements, oscillatory measurements are remarkable for molecular structures with
critical and complex molecular interactions as this category of measurements avoids
damaging any kind of materials with networks such as NADES [100].
4.1.2.1 Angular frequency sweep

The oscillation test initially started with an amplitude sweep in order to
determine the linear viscoelastic region (i.e. LVR test) of the sample. The linear
viscoelastic region is a critical point that accurately evaluates the relationship between
the molecular structure and the viscoelastic behavior independent of any imposed
strain. The measurements were performed over a range of oscillation frequencies that
vary from 0.1 to 100 rad/s under constant amplitude oscillation at different temperatures
(25-85°C).

Figure 4.6,7 demonstrates the complex viscosity under the effect of elevated
temperatures against the apparent viscosity at low applied frequency sweeping/low
shear rate and high applied frequency sweeping/high shear rate respectively,
maintained at a constant strain of 0.1% that’s within the LVR range of the NADES
sample. The influence of temperature on the complex viscosity was studied from 25°C
to 105°C at a constant angular frequency of 100 rad. s™. The complex viscosity trends
show a clear effect of temperature stability on the La-based NADES. All 3 samples
represented an immediate effect with the increase of temperature. The complex

viscosity of the Be: La and B-Al: La showed a sharp decrease in viscosity over the
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temperature range, while the viscosity of ChCl: La was evenly decreased. When
comparing the three system’s complex viscosity, it can be noticed that the ChCI: La
maintained and resisted its complex viscosity over the temperature interval, showing a
gel-like structural behavior, while both Be: La and B-Al: La’s complex viscosity
drastically dropped indicating that the gel structure broke down. It is noteworthy to
mention that this phenomenon witnessed in complex viscosity measurements was
identical to the apparent viscosity measured during shear-flow behavior of these
systems. ChCI: LA has a more resistive structure and network build up was observed

at high temperatures.
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Figure 4.6: Complex viscosity & apparent viscosity variation for Be, B-Al, Chcl: La NADES
systems at low angular frequency (1 rad. s*) and low shear rate (1 s) respectively under

heating from ambient temperature conditions to 85°C
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4.1.2.2 Dynamic Temperature ramp sweep

Figures 4.8, 4.9 and 4.10 show the elastic modulus (G’) and viscous modulus
(G") for Be: La, B-Al: La, and Chcl: La as a function of temperature from 25°C to 85°C
at a constant angular frequency of 100 rad. s (high angular frequency) Be: La and
ChCI:LA have shown a stable and consistent behavior over the temperature domain. A
minimal change in the flow regime is observed as the temperature increases for both
the G’ and G"”, while a steep structural breakdown in the G’ was observed for B-Al:La
after 35°C, which means that the systems have good physical stability, and their internal
structure is not easily disturbed .Moreover, the viscoelastic behavior of the La based
NADESs showed G">G’, indicating that a viscous and low stiff behavior of the
NADESs samples dominate over the elastic behavior and also that the samples exhibit

predominantly a viscous liquid rather than a solid like material [22]. The differences
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between G" and G’ reveal the presence of the initiative flow components within the gel

structure and as G’ diminishes (i.e. G'—0), an ideal viscous flow behavior (i.e. less

stiffness) is witnessed. The higher values of G' and G” in B-Al: La and Be: La suggests

that they have a compact structural strength and rigid structure at the gel state, whereas

a softer viscoelastic structure for ChCl: La is observed. This remarkable behavior of

NADESs over different temperatures best suits the industrial needs as a CO> capturing

agent.
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Figure 4.10: The viscous modulus (G") at low angular frequency of 1 rad. s for Be,

B-Al, and ChCI: La under the effect of heating from ambient conditions to 85°C
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Figure 4.11-14, show the result of frequency sweep in a dynamic test through
examining the G', G” against angular frequency (w) of the lactic acid based NADES
systems at different temperature points ranging from ambient temperature conditions,
to a temperature of 85°C. At room temperature conditions, all the three systems showed
a G” greater than G', meaning that the general behavior of all lactic acid based NADES
is liquid, Moreover, similar structural behavior was noticed for the lactic acid NADES
at 85°C.

Figure 4.13-14 show that the linear viscoelastic region of G’ was the longest for
Be + LA, representing an initial thick semi-solid structure that showed a constant
plateau, that is independent of angular frequency. The departure and breakdown from
the linear behavior of G’ occurs for B-Al + La and ChCl + La was found to deviate at
different levels of angular frequency with the increase in temperature. The deviation
from its original structural behavior at low angular frequency was higher under higher
temperatures, meaning that lower stress is required to disturb the networks of the
structures at lower temperature than higher ones, resulting in a structural breakdown a
lot easier. Moreover, a structure reestablishment was observed at all temperatures for
the NADES systems. The recovery of the structure originated to its initial structure at
high angular frequency under room temperature conditions, while a gradual recovery
was spotted for the rest of the temperatures. This behavior of LA based NADES
suggests that at isothermal conditions, the general analogy of the NADES agree with

the findings under varied temperature conditions.
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4.1.3 Thermal Stability

Figure 4.15 shows the thermogravimetric analysis (TGA) performed on the B-
Al:LA, Be:La, ChCl:La NADES to quantify their thermal stability. B-Al:La and Be:La
NADES samples have showed very similar decomposition trends and they followed a
consistent single step degradation with approximated thermal decomposition
temperature (Tqec) values of around ~220 °C. Chcl:La. NADES samples decomposition
trend also followed a single step degradation with approximated Tgec Values of ~187
°C. The results clearly show that effect of the HBA and HBD are present, playing a
decisive role in demonstrating the thermal stability of the NADESs. Moreover, the
overall observations also show their potential applicability as promising pre- and post-

combustion CO2 capture agents.
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Figure 4.15: TGA thermographs of lactic acid based NADES systems
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4.1.4 Model regression

The fluid behavior was interpreted by the flow and viscosity curves, apparent
viscosity, limit viscosity, and yield stress were noticed. The Bingham model is one of
the most common mathematical models used to fit non-Newtonian fluids. It was applied
in order to asses and transform rheogram data values obtained from experimental results
into meaningful rheological behavior of the different La based NADES systems.
4.1.4.1 Bingham Model

In general, the yield stresses of all the La-based NADES (Table 4.1) decreased
with increasing temperature as expected for any shear thinning fluid. The differences
in the yield stress values are mainly due to the changes in molecular mobility, such as
chain rigidity, interaction forces between the hydrogen bond donor and hydrogen
accepter of the NADES and the molecular weight. The change of the yield stress values
as a function of temperature is similar to the to the viscosity data [24]. The t, of all
three La-based NADES showed extremely high magnitudes for B-Al: La and Be: La
(i.e. 338,000, 233,000 mPa respectively) indicating their intensive energy requirement
for disrupting the network structure in order to initiate the flow regime. On the other
hand, the low values of T, in the ChCI: La system indicate a positive advantage for
industrial CO> application, especially during pumping. The reported values are showed
to fluctuate in the case of ChCl: La, however they were under the acceptable error limit.
The statistical measure of the viscosity data was fitted and a coefficient of
determination (R?) predicated that the Bingham regression predictions perfectly fit the

present data as R? ~ 1 for all the systems.
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Table 4.1: The results obtained from mathematical modelling of the rheogram data of

Chcl: La, Be: La, B-Al: La at temperatures from 25-85 °C.

Temperature To No
RZ
(°C) (mPa) (mPa.s)
25 338000 15600 0.98107
45 11214 3164.5 0.99953
B-Al: La
65 578.48 783.23 0.99998
85 222.14 279.13 0.99996
25 233000 11300 0.98599
45 27389 3975.9 0.99854
Be: La
65 2656.5 818.19 0.99986
85 974.5 268.56 0.99993
25 0.018147 0.40025 1
45 0.0056303 0.15561 0.99998
Chcl: La
65 0.024442 0.079044 0.99996
85 0.015328 0.039323 0.99982
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4.2 Part B: Malic acid based NADES

4.2.1 Steady-state flow

Figure 4.16 represents the measured yield stress as a function shear rate for
Be:MA, B-Al:MA and ChCl:MA NADES systems. The shear stress was measured over
a shear rate interval ranging from 0.01 to 1000 s at ambient temperature condition.
The shear stress for all the MA-based systems generally showed a change in the shear
stress with shear rate. As the shear rate was gradually increased, the yielding of the
NADES samples differed based on the nature of HBA salt present. Be:MA showed a
very stiff and solid like behavior under low shear rate, as no yielding was achieved. In
a similar manner, B-Al:MA presented a highly viscous nature under the effect of shear,
where the flow of the sample began to initiate at a shear rate of 320 s with a very high
yield stress requirement of <10” mPa. On the hand, ChCI:MA showed a relatively less
viscous nature than the MA-based on Be and B-Al; where the lowest yield stress was
achieved to initiate the flow over the entire shear rate interval. As a result, this finding
strongly agrees with our previous studies, showing that the effect of ChCl as an HBA
represents the most promising component for NADES as a sorbent with low pumping
cost requirements for CO> capture. This behavior can be attributed by the degradation
of the physical networks within the ChCl:MA micro’s structure with the increase in

shear rate [99].
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Figure 4.16: The variation of applied shear stress as a function of shear rate for Be,B-

Al, and ChCI: Ma NADES systems at room temperature conditions

Figure 4.17 shows a further investigation on the Be:MA flowability and yielding
at elevated temperatures. The shear stress against shear rate for Be:MA NADES was
measured at five different temperatures of 25,45,65,85 and 105°C. As discussed earlier,
the Be:MA showed a very resistive nature at ambient temperature. However, with the
increase in temperature, usual shear thinning behavior was observed from 45°C to
105°C with a decrease in the yield requirement. This phenomena was also observed and
explained in our previous rheological studies through screening of different NADES
combinations for CO- by a structural breakdown that was caused as a result of the
structural thermal expansion [24]. This behavior also reveals temperature dependency
of NADES to initiate a flow over a complete cycle from low to high shear rate

regardless of how viscous the NADES combination is.
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Figure 4.17:The variation of applied shear stress as a function of shear rate for Be:

MA NADES systems at elevated temperatures from 25-85°C

4.2.2 Thermo-rheological steady-flow behavior

Figure 4.18 shows the dynamic temperature ramp test conducted for B-Al:MA thermo-
stability which ensures the long-term use of NADES for their use as CO2 capture
sorbents. This temperature variation under a dynamic sweep can characterize the
behavior of the NADES intermolecular structure to resist the effect of temperature at a
fixed strain under both heating and cooling conditions. During the heating ramp (i.e.
forward ramp) and at room temperature conditions, the initial apparent viscosity of the
B-Al:MA showed a magnitude of approximately 5x10° mPa.s. The viscosity began to
rapidly decrease with the increase of temperature to finally reach an apparent viscosity
value of 2x10? mPa.s at 105°C. The cooling process was then reversed for the same

sample (i.e. backward ramp) over the same temperature interval from 105°C to 25°C,
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showing an exponential profile with temperature. The trends executed showed for both
profiles seem to reflect the effect of the HBA in determining the shear flow. This finding
for the apparent viscosity behavior may be also correlated to the hole theory [40,43],
which states that the volumetric factor attributing by the nature of the individual
components have a more effective role in determining the viscous behavior of the
NADES than the intermolecular interactions between the HBA and HBD. Therefore, on
the basis of this theory, the viscosity of the NADES mainly correspond to the hole size

available of the HBD and HBA [92,101,102].

105 3
] B-Al:Ma - Ramp up
B-Al:Ma - Ramp down
w
@ 10°
o ]
E ~
— Ramp down
§ 10% 4
2 ]
S ]
5 Ramp up
& 10°
Q
<
102 T T T T
20 40 60 80 100

Temperature (°C)

Figure 4.18: Effect of heating (Ramp up) and cooling (Ramp down) on the apparent

viscosity at low shear rate of 1 s for B-Al:MA NADES systems

Figure 4.19 represents the effect of temperature on the apparent viscosity and the
density in parallel on B-Al:MA and ChCI:LA under a fixed shear rate of 1000 s%. Both

the density and apparent viscosity have shown a uniform profile consistency with one
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another representing a true linear monotonically decrease, where a sharp decrease in

both profiles for the NADES samples showed a common trend revealing the common

analogy for most NADES under the effect of heating [30]. In contrast to viscosity, the

type of component selected as an HBA has a distinct effect on the density of the

NADES system. According to the hole theory [103], the increase in hole radius and free

volume availability are directly proportional and significantly contribute to the size of

the HBA molecule, hence, smaller molecules decrease the density of the NADES. As a

result, this implies that the density of the NADES system depends on the active groups

and the chain’s length present in the HBAs.
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Figure 4.19: Effect of heating on the apparent viscosity (at high shear rate of 1000 s™)

for B-Al, Be, and ChCl: MA NADES systems

Figure 4.20 shows a 3D representation of the shear flow under the effect of both time

and temperature parameters on the apparent viscosity of B-Al: MA NADES system.
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The 3D surface showed that the system represents a time-dependent thixotropy, non-

Newtonian, shear thinning and stability characteristic, where the apparent viscosity

clearly showed a decrease with the increase in temperature.
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Figure 4.20:3D color surface showing the effect of temperature and time dimensions

of the apparent viscosity on B-Al: MA NADES system

4.2.3 Oscillatory tests

4.2.3.1 Angular frequency sweep

Figure 4.21 shows the result of frequency sweep in a dynamic test through examining
the G’ against angular frequency (w) of the ChCI:MA NADES system at different
temperature values ranging from ambient temperature conditions, to a temperature of
85°C. At room temperature conditions, ChCl:MA showed the highest magnitude of G’
with a value of 700 mPa over the low angular frequency range, as the angular frequency

increased, the G’ started to gradually increase. The trend in G’ showed a significant
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decrease with the increase of temperature, where at 105°C the value of G’ was
approximately 0.03 mPa and did not exceed 1 mPa.s at higher frequencies. This
behavior of MA-based NADES suggests that at isothermal conditions, the general

analogy of the NADES agrees with the findings under varied temperature conditions.
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Figure 4.21: Effect of elevated temperatures on the storage modulus of ChCl:MA

NADES system at room temperature conditions

Figure 4.22, demonstrates the complex viscosity variation for Be:MA, B-Al:MA and
ChCI:MA NADES systems at high angular frequency of 100 rad.s™* under heating from
ambient temperature conditions to 105°C, which was maintained at a strain of 0.1%
value just below the critical strain defined by the strain sweep, in order to ensure that
the rheological characterization on the samples is independent of any strain levels or
imposed stress. The complex viscosity trends show a clear effect of temperature
stability on the MA-based NADES. All three samples represented an immediate effect

with the increase of temperature. The complex viscosity of the ChCl:MA, Be:MA and
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B-Al:MA showed a sharp decrease in viscosity over the temperature range. This drop

is a result of the gel structure breakdown of the NADES systems.
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Figure 4.22: Complex viscosity variation for Be:MA, B-Al:MA and Chcl:MA NADES
systems at high angular frequency of 100 rad.s® under heating from ambient

temperature conditions to 105°C

4.2.3.2 Dynamic temperature ramp sweep

Figure 4.23, shows the elastic modulus (G’) and viscous modulus (G") at high angular
frequency of 100 rad.s™ for Be, B-Al, and ChCI:MA under the effect of heating from
ambient conditions to 85°C. The results obtained from the dynamic temperature sweep
confirm that all three MA-based NADES systems show relatively higher values of G”
than G’ throughout the temperature domain. This clearly shows that all the MA-Based

NADES systems are applicable for the use as sorbents, as their nature tends to show a
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more viscous liquid and not a rigid solid material over the temperature interval.

Minimal change in the structure of the NADES was observed for all the systems over

the temperature range except for the G’ for the B-Al:MA, which showed a steep

breakdown after ambient temperature conditions. Moreover, no cross linking between

the G’ and G" was achieved. The marginal difference between G’ and G" also revealed

the effect of the HBA on the structural behavior under thermal effect, where the

difference revealed the presence of components that exhibit a flow nature within the

gel structure and as G’ diminishes (i.e. G'—0), an ideal viscous flow behavior (i.e. less

stiffness) is witnessed. This behavior of MA-based NADES revealed the potential of

their usage for CO> capture under the current industrial conditions.

10° T T T T T T T E

E 0 —8@——0—BeMa |

108 - E—_—E\ —_— —m— ——B-AlMa|

1 oi¥.,\ﬁ; —A——/—Chcl:Maf

107 3 _‘.\!:- \'D'*-f-f_,_,u \( 3

10° 3 s o .

10° 4 — o}

E 10* _' A A :}.F—Ai A r

& 10°7 r

102 4 r

3 -— F

10" + TTT—a F

10° 1 r

107 4 E
10 ] T T T T T T

20 30 40 50 60 70 80 90

Temperature (°C)

e 10°

108
107
10°
10°
10*
10°
10?
10"
10°

107"

- 102

G" (mPa)

Figure 4.23: The storage modulus (G”) and loss modulus (G’”) at high angular

frequency of 100 rad.s for Be, B-Al, and ChCI:MA under the effect of heating from

ambient conditions to 85°C
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4.2.4 Thermal Stability

Figure 4.24 shows the thermal behavior of the NADES systems studied using TGA.
The TGA was used to acquire the decomposition temperature (Tdec), Which is an
important property for solvents and mixtures that are currently under development. in
order to optimize the working temperature conditions during their use in different
applications. The Tgec for B-Al:MA, Be:MA and ChCIl:MA are summarized in Table 6.
It was also found that the Tgec for the Be:MA and ChCl:MA NADES herein had a single
step degradation trends, while B-Al:MA showed two-step degradation temperatures
mainly due to the relatively higher moisture content, and it is important to note that they

were above 200°C. Hence, this shows the effect of the HBA in determining the thermal

stability.
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Figure 4.24: TGA thermographs of MA-based NADES systems
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Table 4.2: Summary of the different NADES TGA analysis results obtained from the

thermographs
NADES system Single step Tdec (°C) Two-step Tdec (°C)
Be:MA 220
B-Al:MA 220 320
ChCl:MA 207

4.2.5 Model regression

4.25.1 Bingham Model

In many industrial processes, some of these high viscous NADES required preheating
before processing and need more pumping energy as well. As there are no available
models to predict the viscosity of the NADESs, using rheological model such as
Bingham model to fit the experimental measurements could be beneficial in assessing
their applicability as well as building predictive models. Bingham plastic model can be
used to describe the viscosity function and to estimate the Bingham yield stress (tg)
values [104-106] The magnitude of ts is a useful parameter that can be used as
indicative of the amount of minimum stress required disrupting the networked structure
in order to initiate the flow which is normally correlated to the pumping energy required
to initiate flow. Any stress below tg for the mixture means that the mixture behaves as
a rigid solid. In this study, Bingham plastic model well described the flow behavior of
the three NADES systems tested and the variation of yield stress as a function of the

temperature for the studied NADES systems.
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The results showed that the yield stresses of all MA-based NADESs decreased with
increasing temperature as expected for the shear thinning materials. The differences in
the yield stress values are mainly due to the changes in the interaction forces between
the hydrogen bond donor and hydrogen accepter of the NADES and the molecular
weight [24][25]. The variations of the yield stress values as a function of temperature
is similar to the viscosity data. It was found that the ChCI based NADES system had a
lower yield stress values than B-Al and Be based NADES systems as shown in Table
4.3. In addition, at high temperature, the ChCl NADES yield stresses were less sensitive
to the temperature as they remain almost constant. Lower yield stress values are of good

ad- vantage for industrial applications such as CO> capture.
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Table 4.3:The results obtained from mathematical modelling of the rheogram data of

ChCIl: MA, Be: Ma, B-Al: MA at temperatures from 25-85 °C

Temperature To n R2
(°C) (mPa) (mPa.s)
25 6000000 150798 0.85
45 536566 19542 0.97
B-Al:Ma 65 43104 3646.80 1.00
85 6852.9 1884.60 1.00
25 3000000 2000000 0.81
45 829276 810.16 0.07
Be:Ma 65 356943 224.26 0.05
85 34304 713.89 0.98
25 958109 27492 0.95
45 84657 9100.70 1.00
Chcl:Ma 65 4484.7 2509.00 1.00
85 174.73 797.08 1.00
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CHAPTER 5.CONCLUSIONS

The shear flow and viscoelasticity characterizations were thoroughly
investigated for the use in several flow dependent applications, mainly focusing on CO>
capture related conditions. NADES have been less elaborated from rheological
perspective in comparison with ILs and it can be explained by their late development
as sustainable and environmentally benign organic solvents. From the discussed results,
literature clearly indicates that NADES rheological properties are tuned by changing
the nature of the benefactor (i.e. HBD for NADES). NADES showed diverse behaviors
under the effect of shear rate from Newtonian to non-Newtonian fluids. Moreover, the
apparent viscosity of NADES has shown to be relatively high viscosities, where
NADES’s shear flow viscosity behaviors ranged from as low as 0.05 Pa.s to as high as
2000 Pa.s at ambient conditions over an incremented domain of applied shear.. On the
other hand, the temperature dependency of both solvent families agrees with the direct
proportionality analogy with viscosity as a function of shear rate. Although the
viscoelastic properties are essential to determine the stability and destruction of formed
networks upon characterization of the synthesized solvents, yet a lack of reported
oscillatory measurements were found. Several rheological models were collected
featuring a set of analyzed data from several research papers that validate the
consistency of the measured apparent viscosity against shear and temperature.

A detailed stationary shear rheometry study was presented to explain the
rheological behavior of six different La and Ma based NADES with a molar ratio of
1:1 under rotational and oscillatory shear, highlighting the influence of field operation
temperature on different flow parameters and thixotropic descriptors for different
NADESs. All the La-based NADES formulations presented an apparent non-

Newtonian behavior characteristic with shear-thinning and time-dependent properties.
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Rheological measurements showed a clear difference in the viscosity and strength of
the viscoelastic properties between the three studied NADES systems. The apparent
viscosity under the effect of temperature showed strong shear thinning effect similar to
alternative IL sorbents. The dynamic frequency sweep tests (viscoelastic
measurements) concluded that ChCl-based system was a more promising candidate for
CO. capture than the B-Al: La and Be: La, since it had a more compact and resistive
structural nature that exhibited a buildup behavior at elevated temperatures. The t,
parameter in the Bingham model confirmed that stress requirement for ChCl: La is

extremely less in comparison with the magnitudes of B-Al and Be: LA.

124



CHAPTER 6. FUTURE PERSPECTIVES
For future work, improvements on the current thesis study can be presented
in the following points:
e Rheological characterization on NADES systems loaded with CO>
e DFT and molecular simulations investigation for the effect of the HBA on the
viscosity of the mixture, through correlating the rheological results with the
molecular simulation theatrical studies, the performance of the NADESs can be
modulated, designing sorbents with optimal CO> uptake characteristics and an
adequate consistency and stasis time at the administration site.
e Investigate the rheological behaviors under the effect of high pressure on the

NADESs sample
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