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Abstract:

This research project focused on the study of different complex
fluid systems, formulated by using green chemical compounds
and designed for potentially more environmental-sustainable
applications. The study was performed mainly from a rheological
and structural perspective, because these are two strictly
connected aspects in complex fluids systems. Moreover, rheology
represents an important parameter in both many industrial
processes and quality of final manufactured products.

In the context of the wider subject of complex fluid, the present
study mainly deals with polymer solutions, surfactants solutions,
carbonaceous suspensions, and glassy forming liquid. More
precisely, the project can be divided into three sub-topics of
research: the study of salt/co-solute effects on aqueous
polysaccharide systems; the modification of rheological
behaviours, thermal properties, and responsivity to electrical
treatment induced by specific additives and observed in
polysaccharide formulations; and the examination of salt effects
on the molecular association of glycerol carbonate, a structured
glassy forming liquid.

Firstly, a systematic study on the interactions between ten
distinct anions or two different neutral co-solutes and three
polysaccharides was carried on with the purpose of examining
how specific salt can significantly affect biopolymers rheological
and thermal properties. The three polysaccharides investigated
at the begin are guar gum (GG), sodium alginate (SA) and
sodium hyaluronate (SH), while the added salts or co-solutes
belong to the following list: NaF, NaCl, NaBr, Nal, Na,SOy,



iv Abstract

NaClO4, NaSCN, NazPO., Na,HPO., NaH,PO,, trehalose and
urea. From an applicative point of view, the study was aimed at
evaluating the control over viscosity of polysaccharide-based
green formulations through simple salt triggers. The results were
discussed in terms of changes in the polymer chains hydration,
conformation and structure of the network. Since the SA based
dispersions revealed low viscosity values and unchanged
rheological behaviours in response to the salt addition, we drove
our research towards a fourth polysaccharide that is
hydroxypropyl cellulose (HPC) as a replacement for SA.
Successively, the polysaccharide aqueous systems were tested in
high salinity conditions, obtained through a mixture of
monovalent and bivalent ions in different concentrations, in
order to acquire info about their resistance in high-salinity
environment.

In the second topic of research, the polysaccharide aqueous
systems were more deeply investigated through the analysis of
the effects induced by specific additives on their mechanical,
thermal, anti-scale precipitation and electro-responsive
properties. More precisely, among the investigated additives,
sodium citrate and the two bio-surfactants saponins ad
rhamnolipids were evaluated as agents capable of modifying
viscosity and rheology of GG, SH and HPC dispersions. Carbon
Black (CB) was studied as a multifunctional additive that
increases the viscosities, enhances the thermal stabilities and
provides electro-responsive features to SH, GG and HPC
formulations. Polyglutamate and polyaspartate were evaluated
as anti-scale agents, able to reduce the precipitation of scales,

constituted by CaSO, or SrSO4, and modify the crystalline
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structure of the observed precipitate. The effectiveness of
additive inclusion in the network, and their consequent
capability of modifying the polysaccharide properties, were
evaluated through rheology, optical microscopy, and
conductivity measurements.

Finally, in the third topic of research, it was investigated the
solubility of various potassium salts in glycerol carbonate (GC,
4-hydroxymethyl-1,3-dioxolan-2-one), a structured organic
solvent. More specifically, this study focused on the specific ion
capability of significantly affecting the solvent-solvent molecular
interactions, of promoting considerable changes in both
molecular association mechanism and glassy liquid-forming
tendency. The chronicle of this investigation began with the
peculiar features observed on GC solutions of KF in a wide
concentration range, varying from 10® M up to the saturation
threshold. Indeed, the progressive addition of the salt promotes
the formation of a glassy liquid by the solvent molecules, whose
arrangement was evaluated through conductivity, rheology,
differential  scanning calorimetry (DSC) and infrared
spectroscopy experiments. Successively, the study was extended
to other seven potassium salts (K;PO,, KOCN, K,COs;, KCI,
K:SO4, KBr and KI) and their effects on the GC structure were
evaluated through NMR, DSC, solubility and ATR-FTIR
experiments. From the combination of the results related to the
two parts of the study, a dual mechanism of solvation, based on

the cation and anion combined actions, was described.
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PREFACE

This thesis was submitted to the University of Florence as a
requirement to obtain the PhD degree. The work presented in
this thesis was carried out in the years 2015-2018 at CSGI
laboratories, Chemistry Department "Ugo Schiff', University of
Florence. Besides myself, Professor Pierandrea Lo Nostro,

supervisor of my PhD, was involved in the project.

THESIS OBJECTIVES

The final aim of this project is the dynamic and structural
characterization of different complex fluid systems, formulated
with green chemical compounds for environmental-safe
applications. The objectives of this work are summarized as

follow:

1. Study of salt-induced modification on the rheological
behaviour of polysaccharide aqueous dispersions:
evaluation of resistance in high salinity conditions and
specific salt effect as a potential trigger to modify the
viscosity of the systems.

2. Evaluation of two bio-surfactants and one green crosslinker
as viscosity modifying agents for biopolymer-based
systems.

3. Reduction of the scale precipitation in aqueous

polysaccharide systems.
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4. Inclusion of carbon black in aqueous complex fluids in
order to improve their rheological properties and thermal
resistance.

5. Application of an electrical treatment as a strategy to
obtain a remote control over the fluid viscosity.

6. Study of the specific ion effects on the molecular
association and glassy liquid-forming ability of an organic

solvent glycerol carbonate.

THESIS OUTLINE

This thesis can be divided in different chapters which cover the
different aspects of the work carried out during the project. The
topics will be described through the following sections, in the

chronological order shown here:

Chapter 1: Introduction — the chapter provides the motivation
of the study and the overall pictures of each examined
material, focusing on their origin and main properties.

Chapter 2: Materials & Methods - in this section are collected
the info about the chemicals used in the study, the
sample preparation methods, and the experimental
conditions adopted.

Chapter 3: Results 1, Salt effect on polysaccharide aqueous
solutions and dispersions — This is the first chapter of
results and concerns the salt-induced effect, both
specific ion effect and mixture of salts, on the

polysaccharide aqueous systems behaviour.
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Chapter 4: Results 2, Effect of specific additives on
polysaccharide properties — In this section it is
examined the influence of specific additive on different
properties related to the polysaccharide dispersions.

Chapter 5: Results 3, Specific ion effects in Glycerol Carbonate
— This chapter extends the study of specific ion effects
on glycerol carbonate, a structured organic solvent
that possesses a glassy liquid-forming tendency.

Chapter 6: Conclusions
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1 Introduction

This first Chapter introduces the motivation of this study, explaining
why a dynamic and structural investigation on the complex fluids is of
great interest in different application fields, where the demand for
greener and more environmental-friendly formulations generates a
continuously increasing interest. A brief overview on the different
materials examined in the light of propose innovative and green
formulation is given, by focusing on their biological origin, physico-
chemical properties and potential application fields; finally, the main

targets of this work are discussed.

1.1  Intent of the study

Complex fluids are fluid systems characterized by an internal
microstructure whose evolution affects the macroscopic dynamics
of the material, especially the rheology [1]. Examples include
polymer solutions, glassy liquids, foams, electro- and magneto-
responsive suspensions, liquid crystals, gels, particulate
suspensions, emulsions, and surfactant solutions [2]. As listed
above, a large class of materials falls under the label of ‘complex
fluid’. But what do all these fluids have in common? Complex
fluids can be considered homogeneous at the macroscopic, or
bulk, scale but are disordered at the microscopic scale, and
possess structure at an intermediate scale. The most attracting
feature of complex fluids is that they exhibit many useful

mechanical properties stemming from the variety of these
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structures [3]. Moreover, such materials often have great
practical utility since the microstructure can be manipulated via
processing of the flow in order to produce useful mechanical,
thermal and/or responsive properties.

In the study of complex fluids, rheology plays a key role in the
characterization of these systems since the macroscopic flow
behaviour of complex fluids is a strong function of the fluid
microstructure. Furthermore, the rheological properties of
complex fluids are an important operating parameter in many
industrial processes and often affect the quality of the final
product. For examples, in the formulation of inks and paints it
is important to control the viscosity and the rheological
behaviour of the fluid, that has to be of a shear-thinning type so
that it can easily flow [4]. In the food industry, the science of
rheology has many applications such as those in the fields of food
acceptability, food processing, and food handling: sectors in
which complex fluids are widely used [5,6]. Rheology covers a
central role also in the preparation of cosmetic products:
toothpaste, creams, nail products, lotions, hair products, and
deodorant are only some examples of daily consumer goods whose
performances are strongly determined by their rheological
properties [7]. Rheology is crucially important also in
pharmaceutical applications since it directly affects the way a
drug is formulated and developed, the quality of the raw and
finished product, the drug efficacy, the way a patient adheres to
the prescribed drug, and the overall healthcare cost [8]. In
addition, rheology plays a key role also in the shale gas
extraction, where control over the rheological properties and the

opportunity of modifying the viscosity of the fracturing fluid
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during the different phases of the process are required. Indeed,
in the initial stages, the fracturing fluids used in the shale gas
procedures have to be sufficiently viscous in order to effectively
carry the proppant (suspended solid particles of sands,
glass/ceramic beads or sintered bauxite) downhole, while they
have to be as less viscous as possible in the successive steps
related to the recovery of gas and fluids [9].

Within this broad context, this study represents a contribution
in the investigation of polymer solutions, glassy liquids and
electro-responsive suspensions targeted for green formulations
effective in reducing the environmental footprint. Consequently,
the selection of materials was driven by the use of green
chemicals, possibly of biological origins, such as polysaccharides,
biosurfactants, environmentally-safe compounds, and
biodegradable additives. Furthermore, the present study
evaluates various additives and methods in order to significantly
modify the rheological properties of the examined systems. In the
line of investigating and proposing complex fluid formulations
potentially suitable for a set of various applications, efforts were
made to cover a wide range of viscosity, examine different
materials, and provide responsive behaviour, always looking at
environmentally-sustainable systems.

Since this work concerns with the study and formulation of green
complex fluids, it will be provided in the next paragraphs an
overview on each used material in order to better describe its

‘green nature’ and main properties.
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1.2 Polysaccharides and Biopolymers

1.2.1 Guar Gum

Guar gum (GG) is a polysaccharide extracted from the seeds of
Cyamopsis tetragonolobus, an agricultural crop belonging to the
Leguminosae family which it is mainly cultivated in arid zones
such as India, Pakistan, Sudan, and dry areas of United States
[10]. The extraction is a multistep process during which the seeds
are at first dried, then they are subject to one or more grinding
and sieving operations, and subsequently separated from the
husks. The achieved de-husked guar splits finally undergo to
flaking and milling proceedings, at the end of which the
commonly used guar gum powder is obtained [10,11].

GG chemical structure is characterized by a mannose backbone
on which are grafted galactose side groups in a mannose-to-
galactose ratio (M:G) that is approximately equal to 2:1 [12].
The backbone consists in a linear chain of mannose unities linked
through 8 (1,4) glycosidic bonds, where the galactose moieties
are 1,6-linked and form short side branch every two molecules of
mannose (see Figure 1). If on one side the galactose side branches
favour the hydration and solubility of GG in water, on the other
hand they play against the building of a robust and resistant
intermolecular association, which is established through
interactions between the unsubstituted mannose backbone
unities [13]. Indeed, the galactose distribution along the mannose
linear chain is not homogeneous, consequently, the GG chains
are divided in “smooth” and “hairy” region, respectively poor

and rich in galactose side branches [14]. The capacities of GG to
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raise the system viscosity and to create a stable network in water
are primarily due to the polysaccharide high molecular weight
and to the extensive intermolecular association. This association,
which is also known as “hyperentanglement”, is driven by both
intra- and intermolecular hydrogen bonding of the mannose
unsubstituted molecules that constitute the smooth regions of
the polysaccharide chains [15]. Thus, the balance between the
aggregation tendency, due to the “smooth” unsubstituted
mannose regions, and the high solubility in water, provided by
the “hairy” domains rich in galactose side branches, makes guar

gum a hydrocolloidal system [16].

,C
Galactose — ™
side-chains

Mannose backbone

Figure 1: Guar gum chemical structure.

In the light of these properties, guar gum works well as
thickening, emulsifying, and stabilizing agent. On the basis of
such uses, GG finds application in many industrial sectors such
as the food industry [17], animal feed [18], textile [19], cosmetics
[20], pharmaceuticals [21], personal and health care [22,23],
petroleum-contaminated water treatment [24], paper [25], mining
[26], and oil & gas drills [27,28].

Moreover, thanks to its non-ionic nature, GG is substantially not
affected by both pH and ionic strength; however, when

temperature is raised up in parallel with a strong environment
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acidification, the polysaccharide network degrades through a
random scission process resulting in a system of lowered viscosity
[29].

1.2.2  Sodium Hyaluronate

Sodium hyaluronate (SH) is the sodium salt of the hyaluronic
acid, an anionic linear polysaccharide present in all body fluids
and tissues, mainly epithelial, neural and connective ones, of
higher animals like vertebrates and some bacteria [30].
Hyaluronic acid and sodium hyaluronate are often indicated with
the more generic term hyaluronan which refers to both species,
the acid and the conjugate base [31]. Hyaluronan belongs to the
family of glycosaminoglycans, also known as
mucopolysaccharides  [32], which are long unbranched
polysaccharides resulting from the repetition of disaccharide
unities, usually consisting of an uronic acid and an amino sugar
[33]. More specifically, in the case of sodium hyaluronate, the two
saccharides involved in building the polymer chain are D-
glucuronic acid and N-acetyl-D-glucosamine linked through
(1,4) and B (1,3) alternating glycosidic bonds, as it is shown in
Figure 2 [34].
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HO%OH wm

Glucuronic acid

O O=<CH CH

Figure 2: Hyaluronic acid disaccharide chemical structure.

Hyaluronic acid is biological synthesized in the plasma
membrane by a membrane-bound class of proteins named
hyaluronan synthase that, in the case of humans, gathers three
enzymes identified by the acronym HAS1, HAS2, and HAS3 [35].
Each enzyme possesses different biological activity resulting in
the synthesis of polysaccharide chains of various lengths and
molecular weights. In details, HAS3 produced shorter chains of
lower molecular mass, comprised between 10°- 10° Da; while,
HS2 synthesis hyaluronan with the highest average molecular
weight (> 2 - 10° Da) [36]. In addition to the biological pathway,
hyaluronic acid could be efficiently produced by microbial
fermentation of specific bacterial strains, such as Streptococcus
[37], or through a chemical synthesis, even if in the latter case it
is possible to obtain only oligosaccharides up to ten sugar unities
[38].

The industrial manufacturing of hyaluronan is carried out mainly
through two processes: the extraction from waste tissues of
animals and the fermentation brought about by cultures of
specific microbial strains. However, the extraction technique is
considerably affected by the hyaluronan degradation, which

takes place as a consequence of the harsh extraction conditions
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and the presence of endogenous hyaluronidase enzymes [39]. On
the other hand, production of hyaluronic acid by bacterial
fermentation exhibited constant significant progress in the last
twenty years, as evidenced by the increasing numbers of
publications on this topic [40-42]. Furthermore, a novel
production technology, which allows a fine control over the
length and molecular weight of the resulting hyaluronan chain,
has recently been developed. More specifically, the strategy is
based on the use of isolated hyaluronan synthase in order to
catalyse the polymerization form the building sugars [43]. This
third way, in addition to an easy modulation of the chain lengths,
leads to the production of nearly monodisperse hyaluronan
oligomers and polymers; however, in order to support a large
industrial production, an upscale of the process is still missing
[44].

When dissolved in water, hyaluronic acid assumes an expanded
and stiffened random coil structure as a consequence of the
disaccharide chemical structure, internal hydrogen bonds and the
arising interactions between the solvent molecules and the
hydrophilic patches of the chain. As a result of these features,
hyaluronan attracts and retains significant amounts of water by
binding water molecules through the large hydrophilic domains
present along the chains, as shown in Figure 3 [45]. By trapping
water molecules between the carboxylate and the aceto-amido
groups, polymer chains expand their hydrodynamic volumes in a
such way that hyaluronan individual molecules occupy
essentially all the available solvent when the concentration

reaches values around 3 mg/mL (0.3 wt.%) [46].
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OH = 0 CH ,0H
/NH o S

— S
o=c, R0
CH,

Figure 3: Hyaluronan binds water molecules thanks to its hydrophilic domains.

Hyaluronan chains in water can also move towards higher
ordered structures, depending on parameters like temperature,
pH, counterion type and hydration extent. Indeed, each
disaccharide unity is twisted of about 180° with respect to the
adjacent segments of the chain, as a consequence of the
intramolecular hydrogen bonds arising from one saccharide with
the next one: these hydrogen bonds, in addition to twisting the
chain, impart higher stiffness to the network and create
hydrophobic domains that favour the association between
different hyaluronan chains [30]. The interaction between the
hydrophobic patches is the driving force that makes possible the
establishment of a stiff polymer network in spite of the negative
charges present on the chains [47]. Therefore, the polymer coil
can modify its conformation by adopting at first a single helix
structure and, secondly, a higher ordered double-helix
conformation, where the two single helices are antiparallel to

each other as schematized in Figure 4 [48].
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Figure 4: Double helix schematic representation of two hyaluronan chains: the dotted
lines identify the areas of the different saccharides, the circles indicate aceto-amido
groups, the squares represent carboxylate groups, and the rectangular grey bars depict

the hydrophobic parts of the polysaccharide chains.

The strong affinity of hyaluronic acid towards water explains
very well how this biopolymer plays important roles in the
human body. Indeed, hyaluronan acts as a moisturizing agent
able to keep collagen and eyes surfaces hydrated [49], even
promoting both corneal and cartilage wounds healing [50,51]. In
synovial fluid, hyaluronan contributes to lubricate, reduce the
friction and absorb shocks in the joints [52]. Furthermore,
hyaluronic acid is also abundant in the skin, where it plays a
crucial role as a scavenger of free radicals derived from UV
irradiation of the sun [53].

Although hyaluronan naturally occurs in human tissues and
fluids, a flourishing biomedical and pharmaceutical market has
developed from products based on this biopolymer. Indeed,
hyaluronic acid mainly finds application in the fields of
ophthalmology, both for eye care and surgery [54,55],
rheumatology and orthopaedic surgery [56], dermatology and
plastic surgery [57,58], otolaryngology [59], surgery and wounds
healing [60], pharmacology and drug delivery [61].

1.2.3 Sodium Alginate
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Sodium alginate (SA), frequently shortened to alginate, is the
salt of the correspondent naturally occurrent polysaccharide,
alginic acid. This biopolymer is mainly extracted from the cell
walls of brown algae, a class of vegetal livings abundant in
marine environments, especially along the shorelines of the
Northern Hemisphere [62]. Furthermore, alginate is also present
in some soil bacteria as capsular polysaccharide [63]. The
biological function played by alginic acid in algae is primarily
structural, in fact, the biopolymer imparts strength and
flexibility to the cell walls where it is included [64].

Alginate chains are built up of two uronic acid residues, D-
mannuronic (M) and L-guluronic (G) acids, which are linearly
joined through 8 (1,4) glycosidic linkages. As demonstrated in
different papers [65—67], alginate does not possess a regular
repeating unit and, consequently, the distribution of the two
building monomers cannot be described through Bernoullian
statistics. Indeed, the uronic unities do not follow a regular one-
to-one pattern (i.e. -G-M-G-M-), rather, they tend to separate in
M and G blocks along the chains, resulting in a linear copolymer
characterized by the alternation of homopolymeric blocks, as it
is shown in Figure 5 [68]. The proportion between the two
building-blocks is usually indicated as MG ratio. This parameter
can vary significantly depending on the specific vegetal or
bacterial extraction source, the geographical location of a certain
colony of algae, the season during which algae are harvested, and
the age or type of different parts of the plants (new or old fronds,
stipes, whole plants) [64]. The differences in chemical
composition, considered in terms of MG ratio, are reflected in

altered physical properties of the various alginates. Indeed, it was
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demonstrated that the mannuronic to guluronic ration affects the
alginates gel-forming ability [69], the ion exchange properties

[70], and the tendency to dissociate in a01d conditions [71].

K g% &

200G OH 00C  oH

-ooc_ HO o

ﬂ N\_O%---
-00C_ HO ¢
"*o -
H
coo

Figure 5: Sodium algmate chemical structure in different copolymer sequences.

The manufacture of sodium alginate starts from the alginic salts
present in the algae cell walls and is aimed at the extraction of
a dry powder. The manufacture can follow two distinct
pathways, as resumed in Figure 6. The first one is based on the
addition of a mineral acid (0.1-0.2 M), which lead to the
formation of the insoluble alginic acid that is separated as a soft
gel and partially dehydrated. Afterward, alcohol is added to
alginic acid and, in a second step, the solution is neutralized
through the addition of sodium carbonate. The carbonate
converts alginic acid into the sodium salt and, since sodium
alginate is insoluble in water/alcohol mixture, it can be removed
from the mixture, dried and milled. The second strategy of

recovering SA dry powder consists of the addition of calcium salt
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to the initial extraction solution, in order to obtain a fibrous and
insoluble texture of calcium alginate. Calcium alginate is
suspended in water and converted to alginic acid by the addition
of acid. At this point, alginic acid is easily separated and mixed,
as in the previous extraction method, with alcohol and
successively with sodium carbonate. The result of this process is
the obtainment of a paste that is usually extruded in pellets,

dried and milled [72].

Ca, Mg and Sr-ALGINATE
n algal particles

Pre-extraction

ALGINIC ACID

Neutralksation Na,CO, or NaOH

]
ISODIUM ALGINATE |
Precipitation Ca™ N\ HCl

Ca-Alginate Alginic acid
| o *
Alginic acd Na,CO,

J Na,CO,

.
[somuu ALGINATE] SODIUM ALGINATE

Figure 6: Schematized sodium alginate principal manufacturing processes

As mentioned before, the physical properties of alginates derived
from different sources are strictly dependent on the
polysaccharide chemical structure, or better on the MG ratio and
on the spatial distribution of the G and M blocks. Nevertheless,
it is possible to recognize some peculiar and characteristic

properties that all the alginates possess in general terms, even if
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each specific alginic sample can exhibit them in a more or less
marked way.

Probably, the most interesting property of sodium alginate is the
ability to form biocompatible hydrogels that find applications in
really different fields, such as the biomedicine and the food
industry. The most common and applied method to prepare
alginate hydrogels is through the addition of divalent cations
that, in the case of this biopolymer, play the role of effective
crosslinking agents [73]. The concentration of divalent cation
needed to form the gel depends on the ion introduced in the
alginate water solution and affects the hydrogel stability and
stiffness. More specifically, the required concentration of divalent

ion to bring about gel formation increases following the series:

Ba < Pb < Cu < Sr<(Cd< Ca<Zn < Ni< Co< Mn, Fe < Mg

The above series reflects the sensibility of alginate chains towards
the gel formation in the presence of various divalent cation,
however, it cannot be interpreted as an order of stability of the
crosslinked species or as the biopolymer selectivity towards the
specific ion [74]. The interactions established between alginate
chains and divalent cations have been deeply investigated as it
is demonstrated by a large number of publications in the
literature [69,70,74,75]. The tendency to form a stable and stiff
gel is due to the strong affinity of guluronic groups towards the
divalent cations; whereas, mannuronic residues do not coordinate
the ions with the same intensity [76]. Indeed, when two or more
guluronate unities are close to each other, the alginate chain

creates a pocket where the divalent ions are trapped by
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interactions with the -COO- and -OH groups of the G blocks, as
evidenced in Figure 7. Moreover, the binding capacity of the
alginate chains is cooperative, which means that the linkage of
each ion prearranges the adjacent interactions pockets and
facilitates the binding of the next ion [77]. According to the most
reliable model that explains the divalent cation-alginate
interactions, also known as “egg-box” model (see Figure 7), the
coordinated divalent cation not only promotes the coordination
of other ions by the next G blocks along the chains, but also
attracts a second polysaccharide chain that contributes to create

a two-filament array that encloses the ion between two chains
[78].

Figure 7: The egg-box model explains how Ca’" ion is bonded by two guluronate

bocks of different alginate chains.

However, ionically cross-linked alginates do not possess long-
term stability in physiological conditions, because of ion
exchange reactions that can take place and remove divalent
cations from the availability of the guluronate residues [79].
When it is necessary to impart a greater stability to alginate
networks, a covalent crosslinking is usually preferred; however,
the reagents used in covalent crosslinking are often toxic and a
further step consisting of the removal of the unreacted chemicals

must be considered [73]. The mainly investigated crosslinking
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agents to obtain covalent alginate networks are poly(ethylene
glycol)-diamines of various molecular weights[80] and multi-
functional cross-linking molecules such as poly(acrylamide-co-
hydrazide) (PAH) or adipic acid dihydrazide (AAD) [81].

An alternative and fascinating route to obtain a crosslinked
alginate gel is the use of a light sensitizer that can initiate the
crosslinking reaction after the exposure to the appropriate light
irradiation. This approach is of particular interest in the field of
tissue engineering, as it is demonstrated by the papers present in
literature where it is described the photo-crosslinking of
methacrylate chemically modified-alginate through argon ion
laser irradiation [82].

Due to its ability in absorbing water and forming hydrogels,
sodium alginate finds application in various industrial sectors like
the food industry, where it is known as additive E401 and it is
mainly used as a protecting-film creator and thickening agent
[83]; the production of paints and textile printing, where alginate
plays the role of non-toxic thickening additive [84,85]; the
biomedical area, where alginate represents a promising material
in tissue engineering and wound dressing; the pharmaceutical
industry, as film forming agent for the prevention of gastro-
oesophageal reflux [86] or as a drug/protein delivery [73]; and the
agriculture, where alginate hydrogels are used as releasing system

able to nourish and protect plants [87,88].

1.2.4 Hydroxypropyl Cellulose

Hydroxypropyl cellulose (HPC) is a non-ionic derivative of

cellulose that is usually synthesized through the reaction of a
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cellulosic substrate, extracted from cotton and plants, with
propylene oxide in alkaline ambient: the result is a cellulose
backbone on which lateral chains containing a variable number
of hydroxypropyl moieties are attached. Alternatively, cellulose
substrate may be obtained through a bottom-up approach
consisting of the synthesis from bacterial culture [89]. Since it is
one of the main components of cell walls in the higher plants,
cellulose is one of the most abundant raw natural material with
an annual production that exceeds the 10" tons [90].
Furthermore, cellulose attracts broad interest because it is cheap,
biodegradable and renewable [91]. The molecular structure of
cellulose and its derivatives is characterized by a linear
homopolymer backbone consisting of § (1,4) glycosidic linked D-

glucose units, which are also called anhydroglucose units (see

Figure 8).
OH OH
o OH ’
HO HO
OH OHO
n-2

Non-reducing Anhydroglucose unit, AGU Reducing
end group (n = value of DP) end group

Figure 8: Cellulose chain chemical structure (n is the degree of polymerization, DP).

As a consequence of this linkages, the cellulose chain results in
an alternate turning of 180° around its axis; thus, the repeating
unit constituting the backbone is often considered as the
combination of two anhydroglucose moieties and is called
cellobiose [92]. The biopolymer exposes three reactive hydroxyl

groups, two secondary and one primary at the positions C-2, C-
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3 and C-6 respectively. These hydroxyl groups are accessible to
substitution reactions that chemically modify the cellulose
structure, leading to derivates with different physicochemical
properties [93].

The linear conformation of the cellulose, combined with a large
number of available hydroxyl groups, allows the reciprocal
approach among the various polysaccharide chains and the
establishment of both intra- and inter-chain hydrogen bonds, as
schematized in Figure 9. Thus, these features create the
opportune conditions thanks to which an extensive hydrogen
bond network is built up, resulting in a structure of high cohesive
energy [94]. Therefore, cellulose chains possess a very high
tendency to self-order in different structural levels: at first the
chains tend to organize in parallel arrangements, characterized
by domains with varying order degree, called fibrils [95]; then,
moving to an upper order level, the fibrils, in turn, organize
themselves in higher structures consisting in pattern of layer of

different density and texture [92].

H
O-HuwwO— | H O—H""
0 0" o 0
. O O
""" H O-HwQ

Figure 9: Hydrogen bond pattern of a singular cellulose chain.

The average oxygen number of the pristine cellulose repeating
unit (i.e., glucose molecule) substituted by lateral groups is
referred to as the degree of substitution (DS), and when a
complete functionalization takes place this parameter reaches the

value of 3 [96]. Moreover, in the case of HPC, the added
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hydroxypropyl groups possess hydroxyl moieties that can
undergo further substitution reaction, leading to the formation
of etherified hydroxypropyl cellulose with extended lateral
ramifications, as evidenced in Figure 10 [97]. However, the high
cohesion exhibited by the fibrillar elements, that in turn
constitute the cellulose fibres, markedly affects the accessibility
and the chemical reactivity of the hydroxyl groups involved in
substitution reactions [94]. Therefore, the cellulose tendency to
associate in fibres plays against a complete substitution (DS=3)
of the pristine chain. In addition, it must be considered that the
reactions in which the hydroxyl groups are involved take place
in heterogeneous conditions caused by the steric hindrances of
the reacting agents and by the cellulose supramolecular structure
[98]. The result of these heterogeneous conditions is similar to a
chain made up of block copolymers. More precisely, the resulting
polysaccharide is characterized by the alternation of
anhydroglucose unities with different DS. Thus, the substituted
chain exhibits domains that both carry no substituent and

moieties totally substituted [94].

HO HO
H3C - CH, _>~<:H3
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Figure 10: Schematic figure of hydroxypropyl cellulose with an averaged DS of 2.5.
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Despite the substitution rarely reaches a DS of 3, the
introduction of side hydroxypropyl groups is able to significantly
affect the physicochemical properties of the cellulosic chains,
even if the chemical modification is partial and heterogeneous.
The main difference between the HPC and the unmodified
cellulose is the solubility in water and organic solvents. Indeed,
the pristine polysaccharide is insoluble in water and in many
organic solvents, while it is soluble in water at extreme pHs, in
ionic liquids and in solvents of ‘intermediate properties’ like N-
methylmorpholine N-oxide [99]. This high insolubility of cellulose
is ascribable to both the strong intermolecular hydrogen bonds
and the hydrophobic interactions between cellulosic chains. The
introduction of lateral hydroxypropyl moieties provides domains
that weakens the interchain hydrophobic interactions and can be
partially hydrated, despite their hydrophobic nature [100]. As a
result of the substitution, the cellulosic backbone solubility is
increased, and the macromolecule can be dissolved in water if the
DS reaches the opportune grade [96]. Notwithstanding the
hydroxyl groups impart a stronger hydrophilic behaviour to the
cellulose backbone, the HPC chains show good solubility in water
only under a certain temperature threshold, usually indicated as
cloud point or lower critical solution temperature. Indeed, below
this critical temperature the HPC chains hydrate and assume an
expanded and solubilized structure; whereas, above this
threshold, the polysaccharide chains dehydrate and collapse in
shrunken insoluble structures [101]. Thus, when a solution of
HPC is heated the lateral hydroxypropyl groups progressively
lose the water molecules involved in their hydration and,

consequently, the hydrophobic associations between cellulosic
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backbones become favoured, leading to a contraction of the
polymer network. The transition is often indicated as cloud point
because the transparent solution becomes opaque when the
temperature threshold is exceeded and, for this reason, is often
examined through turbidimetry or optical absorbance methods
[102]. In addition, it is important to stress that this threshold
temperature is not fixed for all the hydroxypropyl cellulose water
solution, but rather it is affected by the biopolymer specific
polymorph and its concentration and can range between 36 and
65 °C as it is reported in the literature [96,103,104]. Moreover, it
is possible to change the hydrophilic/hydrophobic balance and
tune the LCST value of the HPC by including a co-monomer: if
a hydrophilic co-monomer is incorporated the LCST is increased,
whereas the inclusion of a hydrophobic one leads to a lower
threshold value for the cloud point [105]. However, the features
probably most captivating is that this phase transition is
completely reversible because it is mainly due to a balance
between hydrogen bonds and hydrophobic interactions that are
promoted or inhibited by a temperature variation [106]. Thus,
HPC attracted large interest for its possible applications as
thermo-responsive macromolecule that, in comparison with the
commonly synthesized polymers, has the advantage of been
approved by the United States Food and Drug Administration
[107]. The thermo-responsive behaviour of HPC mainly finds
application in the biomedical field for the drug and gene delivery
[108,109] or in the regenerative medicine sector [110].

Another peculiarity of HPC is the tendency to form lyotropic
mesophases in highly concentrated water solutions, which exhibit

a liquid crystalline behaviour and an iridescent range of colours.
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This feature was accidentally discovered in the 1970s by
Werbowyj and Gray when “a drop of fairly concentrated aqueous
hydroxypropyl cellulose solution was placed between glass plates,
and the water allowed to evaporate from the outer edges of the
drop” [111]. The two scientists observed how HPC in solution,
in concentrations ranging from 20% to 50 %, organizes itself in a
lyotropic mesophase with a birefringent cholesteric (chiral
nematic) structure. The formation of lyotropic liquid-crystalline
phases by amphiphilic molecules is a well-known topic and it is
possible to think to hydroxypropyl cellulose in the same light
[111,112]. Indeed, as previously discussed HPC possesses both a
hydrophilic and a hydrophobic character; thus, we can consider
this cellulosic derivative as an amphiphilic molecule. The
explanation provided by Webowyj and Gray is confirmed by
successive scientific publications. In fact, aqueous solutions of
HPC are isotropic at low polymer concentrations but, when the
concentration is raised up, the lateral hydrophobic
hydroxypropyl moieties promote the association in rigid rod-like
micro-fibrils that, in turn, constitute the supra-molecular
structure made up by stiff rod-like fragments linked through
flexible polymer connections. [113,114]. Thus, when the polymer
concentration is further increased, the rod-like fragments become
more densely packed and tend to align parallel to each other,
forming n this way a liquid crystal mesophase [115]. The liquid
crystalline properties of HPC opened new prospects for potential
applications of this cellulosic derivative in the preparation of film
and fibres of high-modulus/high-strength comparable with the
Kevlar fibre [116]. While on the one hand Kevlar performances

are still far to be reached, on the other side HPC have already
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been used for its film-forming capacity in different application
such as, for examples, the cutaneous time-delayed drug release
(both for oral ingestion and cutaneous administration) [117],
products for the oral mucosal ulceration healing [118], or the
production of ophthalmic inserts for the dry-eyes treatment [119].
In addition, thanks to its capacity to build up stiff and resistant
polymer networks, HPC also finds application as a stabilizing
and thickening agent in the food industry, where it is also known
as additive E463 [120]; in the cosmetic industry, mainly as an
oil-in-water emulsion stabilizing agent [121]; and as a consolidant

in the textile and paper conservation [122,123].

1.3 Glycerol Carbonate

Glycerol carbonate (GC), also known in the IUPAC
nomenclature as 4-hydroxymethyl-1,3-dioxolan-2-one, is a
viscous, dense and water-soluble organic solvent, whose chemical
structure consists in a five members dioxolane ring where both a
carbonyl group and a hydroxyl pendant moiety are present (see

Figure 11).

OH

Figure 11: Glycerol carbonate chemical structure.
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This organic solvent gained a lot of interest over the last two
decades, and today the attention is still considerably increasing.
The reasons behind this new attention and focus are ascribable
to two main features: the wide reactivity of GC, that provides
numerous possible applications, and the need to valorize glycerol,
which is an over-supplied by-product in the bio-diesel production
[124,125]. Indeed, glycerol can be used as a substrate for the
synthesis of value-added glycerol derivates, such as glycerol
carbonate, as it is widely documented in the literature [126,127].
More precisely, GC can be synthesized from different routes by
using glycerol as the starting substrate and chemicals such as
CO/QO,, organic carbonate, urea or carbon dioxide as carbonate
source. Among the routes for GC synthesis, transesterification of
glycerol with dimethyl carbonate (DMC) is one of the industrial
most feasible pathways to produce GC in high yield [128]. At the
moment, the only drawback that limits the GC production is the
highly cost related to this process, as attested by the elevated
market price around the 8141 US$/ton [124]. As a consequence,
the use of GC in commercial applications has still not achieved
a wide diffusion and, at the same time, major efforts of the
scientific community have been devoted to reducing the
production costs and enhancing the yields [129,130]. Thus, only
few articles on the GC physicochemical properties have appeared
in the literature in comparison to larger number of publications
focused on innovative synthetic routes for the production of GC
[131-133].

GC is characterized by high values of dielectric constant (g =
109.7) and dipole moment (5.05 D), which make it an interesting

solvent for electrolytes capable of promoting the electrolyte-
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solvent interactions [134]. In addition, GC possesses a high
boiling point (110-115 °C at 0.1 mmHg), an elevated flash point
(190 °C) and low volatility (vapor pressure is 8 mbar at 177 °C),
resulting in this way a potential low Volatile Organic Compound
(VOC) solvents for many applications where bio-based
alternatives to organic solvents are currently demanded [125].
Similarly to other cyclic carbonates such as ethylene and
propylene carbonates, GC is an associated liquid that establishes
strong intermolecular interactions, predominantly through
hydrogen bonding and van der Waals forces. These interactions
impart to GC a marked tendency to form the so-called glassy
liquids, which are systems showing distinctly non-liquid like
features and a soft glassy rheology [135].

As mentioned before, one of the peculiar features thanks to which
GC gained interest is its wide reactivity due to the presence, on
the same small molecule, of two reactive sites such as a primary
hydroxyl group and a 2-oxo-1,3-dioxolane (ODO) group
[125,128]. The consequence of this particular chemical structure
is that GC has both one nucleophilic and three electrophilic sites,
which are the oxygen atom of the hydroxyl group and the
carbonyl carbon plus the two alkylene carbons of the ODO
group, respectively [136]. Thanks to this rich reactivity, GC
could play the role of bio-based building block in the synthesis
of more complex chemicals in organic chemistry, acting both as

nucleophile or electrophile (see Figure 12).
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Figure 12: Reactivity of GC as a nucleophile or as an electrophile.

Indeed, the ODO group may be involved in reactions with
various nucleophiles: aromatic and aliphatic alcohols, aromatic
and aliphatic amines, carboxylic acids, ketone and isocyanates
[126-128,137]. On the other hand, the hydroxyl group of glycerol
carbonate enables the molecule to be linked with others without
degrading the ODO group, providing in this way a strategy for
introducing ODO functionality into a new molecule. However,
chemicals and conditions have to be thoroughly selected because
the ODO group may cause unwanted secondary reactions.
Indeed, both functional groups can react with the same chemicals
and under the same conditions. Selectivity towards one
functional group or another is therefore a major concern in the
case of glycerol carbonate reactivity [125].

As outlined before, the high cost of GC is still the crucial factor
that limit its commercial usage, which currently do not exceed
the worldwide threshold of few kt for year [124]. However, GC
possesses really interesting properties that are between those of
glycerol and those of the cyclic alkylene carbonates; therefore, it
is proposed as a promising bio-based alternative in both indirect
and direct applications. GC is attracting an ever-increasing

interest in various application fields, as schematized in Figure
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13, and may play a central role in the near future for the
industrial-scale production of solvents, lubricants and surfactants
from renewable carbon sources [138]. For example, GC is drawing
attention for its wide window of applicability as electrolytes
liquid carrier in lithium and lithium-ion batteries, where non-
volatility and non-flammability of solvent are crucial features
[139]. As a solvent, GC could find application also in NMR
analysis, in the realization of soluble enzymatic systems, in ionic
liquids for the fructose dehydration, or in other general purposes
thanks to its peculiar properties [138,140,141]. Other potential
applications involve GC as curing agent in cement and concrete
industries, for the realization of self-compacting concrete [142];
as emulsifier, plasticizer, nail lacquer gel remover and humectant
in cosmetic products [125]; as blowing agent or the realization of
polyurethane foams [143]; as a gas separator (CO: from N)
immobilized on liquid membranes [144]; as glycerol precursor in

detergent formulations and as plant vitalizer [125].
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Figure 13: Direct and indirect applications of GC.
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1.4  Additives

1.4.1  Saponins

Saponins are naturally occurring amphiphilic compounds that
belong to the chemical class of the glycosides and whose name is
due to their botanical origin and, specifically, to the soapwort
plant Saponaria officinalis. When an aqueous solution of
saponins, which are abundant in the roots of Saponaria
officinalis, is shaken a soap-like effect is obtained; indeed,
Saponaria was historically used to prepare soap [145]. As
amphiphilic molecules saponins possess both hydrophilic
domains, constituted by one or more carbohydrate chains, and
hydrophobic moieties made up by a triterpenoid or steroid units,
which are usually called aglycone or sapogenin units [146]. As a
consequence, saponins are listed in two different classes usually
referred to as triterpenoid and steroid (or saraponins) saponins,

depending on the specific aglycone part (Figure 14).
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Figure 14: Triterpenic and steroidic structures of saponin aglycone (sapogenin) parts.

Moreover, depending on the number of saccharide chains linked
to the aglycone part, saponins are further divided in
monodesmoside/bidesmoside and so on when, respectively,
one/two or more chains are attached to the hydrophobic
sapogenin core. In addition, saponins can differ from each other
in term of saccharide chain lengths and type of sugar unities,
which constitute the chains. However, among the different
possible classes, the in nature most frequently found saponins are
constituted by D-glucose and D-galactose moieties and their
saccharide chains usually range between 2 and 5 sugar unities
[147]. Quillaja saponin, an example of a typical triterpene
saponin molecule is shown in Figure 15 in the twelve most

commonly found species.
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Figure 15: Chemical structure of bidesmoside triterpenoid saponins, Quillaja

saponins.

As a consequence of their complex and wvariable chemical
structure, saponins are characterized by different physical,
chemical and biological properties. In addition, among these
properties, only a few are commonly shared by all the molecules
belonging to this class. In spite of these differences, all the
saponin species are surface-active compounds due to their
amphiphilic nature characterized by similar behaviours as
detergent, emulsifying, wetting and foaming agents [148,149].
Similarly to classic surfactants, saponins in aqueous solution tend
to form micelles, which sizes and structures are dependent on the
specific saponin class involved [150]. In some particular cases, as
for Quillaja saponins (Figure 15), the critical micelle
concentration and the aggregation number can be affected by
ambient conditions like temperature, type of salts and their

concentrations, and pH of the aqueous phase [151]. In addition
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to the effects caused by a variation in the ambient conditions,
properties and activities of saponins result altered by chemical
modification occurring to the pristine compounds. Indeed,
saponins are characterized by a complex structure that may
undergo chemical reactions during the storage and processing
phases, resulting in compounds of modified physico-chemical and
biological properties. More precisely, both the glycosidic bonds,
between aglycone core and the sugar chains, and the
interglycosidic bonds, between the sugar unities within the same
chain, can undergo hydrolysis in the presence of alkali/acids,
which is in turn promoted by thermic effect (hydrothermolysis)
or by enzymatic/microbial activity [147].

Saponins possess a wide range of biological activities that are
linked to the broad variety of this class of compounds. Thus, in
order to evaluate and investigate the specific biological
behaviours of the different saponins, it is crucial to extract and
isolate the single various species. [152]. Among these different
activities, one of the most investigated and crosswise owned is
the haemolysis activity, which consists of a rupture of the red
blood cells (erythrocytes) membranes and the consequent release
of their contents [153,154]. The mechanism through which
saponins induce haemolysis in erythrocytes is not yet fully
comprehended nowadays; nevertheless, it was demonstrated that
the aglycone core is the part responsible for the haemolytic
rupture, while the sugar hydrophilic moieties seem to play
against this process [155,156]. Among the proposed mechanisms,
the most plausible one consists in a two steps process: at first the
saponin molecule adsorbs on the erythrocyte membrane through

its hydrophobic sapogenin core, secondly, an enzyme-driven
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(glycosidase) hydrolysis of the sugar chains takes place [157].
Indeed, this theory well explains why saponins characterized by
the highest haemolytic activity are usually found bound to the
red blood cells membranes and deprived of their carbohydrate
chains. On the other hand, the above theory is lacking in
clarifications about some cases where the saponins molecules
showed a greater activity than the corresponding aglycone cores.
This finding suggested the hypothesis that a second parallel
haemolytic mechanism, probably linked to a reduction of the
saponin surface activity, occurs in these cases [157].

In light of their haemolytic activity, saponins were historically
classified as a toxic and considered as an ‘anti-nutritional factors’
[158]. However, this class of molecules results toxic for humans
and other warm-blooded animals only if they are intravenously
administered, while they show a low absorbance and reduced, or
even negligible, haemolytic activity after oral assumption
[150,152]. At the same time the saponin toxicity towards insects
(insecticidal activity), parasite worms (anthelmintic activity),
fish (piscidal activity), molluscs (antimolluscicidal activity), and
their antifungal, antibacterial, antiviral activities are widely
documented in literature [159-161].

Nevertheless, some recent researches have highlighted that
saponins are the active components in many medicines of herbal
origin and contribute to providing health benefits by the
assumption through foods such as garlic or soybeans [162-164].
As a result, food and non-food sources of saponins have come
into renewed light over the last years, primarily thanks to
increasing evidence of their health benefits such as anticancer

properties and a cholesterol-lowering effect [165,166]. Indeed,
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saponins can significantly lower the cholesterol level by binding
themselves in insoluble complexes with bile, which in turn is
produced by the body with the use of cholesterol. In this way,
the complexes are excreted, preventing the re-adsorption of bile
back into the bloodstream [146]. Furthermore, it was observed
by Matsuura that some saponins derived from garlic selectively
bind the LDL cholesterol, commonly known as “bad” cholesterol,
without affecting the HDL cholesterol levels [163].

The affinity of saponins towards cholesterol also provides
anticancer properties which make them a potential candidate for
the development of new anticancer drugs applicable both for the
chemoprevention and chemotherapy, as in the case of ginseng
sapogenins [152]. In particular, saponins may act on the cancer
cell membranes, which are constituted by cholesterol-type
compounds, as toxin able to slow down the growth of the cells or
even induce their death [167,168].

As a consequence of the abovementioned antifungal and
antimicrobial activities, saponins reveal to be effective also in
boosting the immune system by fighting some harmful organisms
such as the Candida albicans fungus and oral pathogens
[169,170]. Other pharmaceutical /health applications that involve
saponins are focused on the prevention and treatment of
inflammations [171], infections [172], alcoholism [173], dementia
[174], cardiovascular and cerebrovascular diseases related to
coronary and hypertension [175], gastritis and gastric or
duodenal ulcers [176]. Moreover, saponins are added as adjuvants
to pharmaceutical formulations in order to enhance the
absorption of pharmacologically active substances or drug
[177,178].
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Thanks to their surface-active properties, saponins are also
utilized as natural surfactants in cosmetic formulations of
cleansing and personal care products such as shampoos, liquid
soaps/detergents, toothpaste, mouthwashes and baby care
products [152,179,180]. In addition, saponins and their aglycone
cores are marked as bioactive compounds in cosmetic
formulations applied to prevent the acne and to delay the ageing-
effect on the skin [181-183].

Finally, saponins find applications also in the food industry,
especially the Quillaja, Liquorice and Yucca varieties that are
classified as a food additive (as “Natural flavouring substances
and natural substances used in conjunction with flavours”) by
the US Food and Drug Administration [107]. Indeed, quillaja
saponins are mainly used as foaming agents in food and beverages
or as emulsifying agents for lipophilic dye in the formulations of
soft drinks; while, liquorice saponins are ingredients of beverages
and food like candy, chewing gum, baked products, and
mineral /vitamin dietary supplements [152]. Other saponins that
are frequently present in foods are those derived from the
soybean and the ginseng [152]. Moreover, due to their physico-
chemical properties saponins are utilized in food processing
applications. Indeed, the formation of complexes between
saponins and cholesterol results to be useful in the removal of
cholesterol from butter oil and dairy products [184,185], while
the affinity of saponins towards the fat globule membranes is
used to precipitate the cheese whey by increasing the
hydrophobicity of the membranes and consequently facilitating

the flocculation [186].
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1.4.2 Rhamnolipids

Rhamnolipids belong to one of the most known classes of
biosurfactants called glycolipids, which consist in carbohydrate
unities linked to long-chain aliphatic or hydroxy aliphatic acids
[187]. Rhamnolipids can rightfully be considered as a surfactant,
indeed they possess rhamnose sugar moieties as hydrophilic head
linked to the fatty acid chains, which in turn play the role of
hydrophobic tails. More specifically, there are two main sub-
classes of rhamnolipids, mono- and di-rhamnolipids which are
constituted by one or two rhamnose moieties, respectively. [188].
In addition, the hydrophobic part of this biosurfactant can be
composed by one or even two fatty acid chains of different
lengths. Thus, just as can be conceivable, a wide diversity of
rhamnolipids congeners and homologues exist in nature and,
thanks to the development of more sensitive analytical
techniques and more selective isolation procedures, about 60
distinct species were identified up to date [189]. Rhamnolipids
were historically discovered by Bergstrom et al. in 1946, when
they published two papers about an oily glycolipid produced by
the Pseudomonas pyocyanea (now Pseudomonas aeruginosa), a
rod-shaped pathogen bacterium that causes diseases in plants
and animals, including humans [190,191]. The structure of this
glycolipid, initially named as pyolipic acid, was successively
identified as the combination of L-rhamnose and 85-
hydroxydecanoic acid units. More precisely, Jarvis and Johnson
provided a detailed description of the glycolipid structure, which
results in two rhamnose moieties linked by 1,3-glycosidic bond

to two B-hydroxydecanoic acids, which are, in turn, linked
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between themselves through an ester bond [192]. In subsequent
decades, three additional congeners of Pseudomonas aeruginosa
rhamnolipids were isolated: at first it was observed a kind of
precursor, made up by a single rhamnose unit, of the initially
discovered rhamnolipid [193]; afterwards, Syldatk et al. found
two different species of mono- and do-rhamnolipids constituted
by a single B-hydroxydecanoic side chain [194]. Nevertheless,
these two mono-lipidic congeners are usually produced in lower
quantities in comparison with the di-lipidic ones. Indeed, as it
was reported by Arino et al., the composition of rhamnolipid
congeners produced by a P. aeruginosa batch culture
approximately follows the sequent ratio: 67% di-rhamno- di-lipid
(RL3), 22% mono-rhamno-di-lipid (RL1), 9% di-rhamno-mono-
lipid (RL4), and less than 3% of mono-rhamno-mono-lipid (RL1)
[195]. In Figure 16 are shown the four different congeners of

rhamnolipid produced by Pseudomonas aeruginosa bacterium.
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Figure 16: Rhamnolipids congeners produced by Pseudomonas aeruginosa: RL1 and

RL3 belong to the di-rhamnolipid class, while RL2 and RI.4 are examples of mono-
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rhamnolipids. RL3 is the firstly discovered congeners, then were observed in
chronological order RL1 and the couple RL2/RL4.

In the successive decades, with a particular focus on the last
decade of the twentieth century, many different rhamnolipids
species were revealed thanks to the development of analysis
techniques and to the discovery of diverse rhamnolipid-producing
bacteria which belong to the same family (Pseudomonas) [196],
to different families (non-Pseudomonas, i.e. Burkholderia,
Enterobacter, Pantoea, etc.) [197-199], and even to different
phila (Actinobacteria, Firmicutes) [200,201].

Recently the biosurfactants have attracted an always increasing
interest due to their low toxicity and biodegradable nature,
which are two crucial parameters very suitable to meet the
requirements of the European Surfactant Directive. Indeed,
Regulation EC No. 648/2004 issued by the European Community
established precise rules designed to achieve the free movement
of detergents and surfactants in the European market, providing
at the same time a guarantee of high protection of both
environment and human health [202]. Thus, rhamnolipids are
one of the most accredited candidates able to progressively
substitute synthetic surfactants in the light of the fact that,
besides satisfying both biodegradability and low toxicity
requirements, they have the potential to cover a wide range of
industrial and commercial applications [203]. The other side of
the coin, however, is the high manufacturing cost of rhamnolipids
that at the moment make them unsuitable for large-scale
production. Indeed, the medium cost of synthetic surfactants is
comprised between 1 and 3 $/kg, while rhamnolipids cost ranges

from 20 to 25 $/kg depending on the volumetric productivity of
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rhamnolipid fermentation [204]. In details, rhamnolipids are
produced through a microbial fermentation carried on by
hydrocarbon-degrading microorganisms; thus, hydrocarbons are
needed as the carbon source to support the production

[205]. Among the available strains, P. aeruginosa is the
bacterium with highest rhamnolipid production yield; thus, it has
historically been used as the model strain for the rhamnolipid
manufacturing. However, the choice of P. aeruginosa as
producing-rhamnolipid bacterium entails the drawback related
to the opportunistic pathogen nature of the bacterium, requiring
a restriction for a large-scale production due to the intrinsic
health hazard of the process [206].

In broad outlines, the rhamnolipids production can be resumed
in four steps: the seed preparation, the fermentation, the storage
and, finally, the product purification (see Figure 17). The high
costs of this procedure are mainly related to the fermentation
step and, for some applications, to the product purification [204].
The cost involved in the rhamnolipid fermentation arise from the
raw materials used as nitrogen and carbon sources for the
microorganisms. Indeed, this cost for carbon source is
particularly high because by using hydrophobic substrates higher
product yields are achievable, and these substrates are usually
more expensive than sugar-based substrates. The averaged
expense for the raw materials used for the rhamnolipids
fermentation was estimated to be about the 50 % of the total
cost production [207]. Moreover, extensive purification steps are
needed to obtain a pure product, with a consequent requirement
of additional operating time and reagent costs. Obviously, the

purification expense is strictly related to the desired product
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purity, which in turn often depends on the particular targeted

application [204].
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Figure 17: Flow chart of rhammnolipids production. A large scale rhamnolipid
production contains the following steps: seed preparation, fermentation, storage and

product purification.

Many efforts were made in order to lower the cost production of
rhamnolipids and, consequently, make them economically
competitive with synthetic surfactants; however, at the moment
microbial fermentation to produce rhamnolipids on large scale is
economically sustainable only for the realization of high-cost
products like medicines and cosmetics [208,209]. Nevertheless,
the biosurfactants and rhamnolipids demand is increasing
annually and, as a consequence, new production strategies are
explored to reduce the related costs [207]. More specifically, a
deeply investigated strategy is the lowering of the fermentation
cost by using cheaper substrates as carbon and nitrogen sources
for the bacterial fermentation. A significant fermentation cost
reduction could be achieved, for instance, by using mannitol,
glucose or vegetable oils in place of the conventional
hydrocarbons [210-212]. Among these alternative substrates, one
green compound that has recently attracted an increasing

interest is glycerol. Indeed, glycerol is a by-product of the trans-
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esterification of vegetable oils and fats with methanol, reaction
through which biodiesel is produced. The production of 1 ton of
biodiesel leads to the generation of 100 kg of glycerol and, by
considering only the European biodiesel industry, the annual
glycerol production can easily overcome the value of 600 kton
[203]. Moreover, due to the increase in biodiesel production, the
glycerol price is constantly dropping down as a consequence of
the achieved market oversupply. The projection of biodiesel
demand is expected to reach 8 billion gallons in 2020, thus
creating the necessity to find new outlets for the non-toxic, edible
and biodegradable glycerol, such as the utilization in the
biosurfactant production [213].

However, the choice of different organic substrates in place of the
commonly used hydrocarbons is not the more effective strategy
to reduce the rhamnolipid production cost, even if it can provide
a precious contribute. In fact, the rhamnolipid yield is largely
dependent on the selection of the specific producing-bacterium,
apart from the fermentation conditions and the medium
composition [209]. Therefore, obtaining a high-yield bacterial
strain is the crucial step to limit the production cost and also to
make easier the purification procedure. The widely applied
strategy to obtain good producing-strains consists in the isolation
of these bacteria from the fermentation environment, which
results helpful in increasing the purity grade and cut-off many
purification steps [204]. In addition, mutagenesis through
radiation or chemical treatment can be applied to further
increase the rhamnolipid yield, even if successively to an
improvement in microbial production the mutants may lose its

productivity after some time. [214,215]. Furthermore, a recently
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examined method is the introduction of modified genes which
result crucial for the rhamnolipids production. This metabolic
engineering approach can be applied to both increase the
production yield or to obtain non-pathogenic recombinant strains
with the implicit benefit of easier and less expensive purification
procedures [216,217].

As previously mentioned, rhamnolipids can find application in
really various industrial sectors thanks to their surface-active
properties combined with the non-toxic and biodegradable
nature. Indeed, they can be used in the oil recovery and
bioremediation to stabilize O/W emulsion, facilitate the oil
recovery and remove crude oils from contaminated soils
[218,219]; in agriculture as a bio-insecticide/pesticide, for the
crop protection against phytopathogens agents, and to facilitate
the absorption of nutrients and fertilizers through the roots
[220,221]; in food industry as foaming agent, emulsifier, wetting
agent, antimicrobial and antipathogenic agent to sanitize and
prevent food spoilage [222,223]; in detergents and cleaners such
as soaps, laundry products and shampoos [224]; in medicine and
pharmaceutical industry as biofilm control to prevent medical
device-related infections and as anticancer agent, able to inhibit
the growth of many cancer cells [225,226]; and in the cosmetic
and beauty industry as an active ingredient effective for several
skin treatments like cure of burn shocks, wound healing and

wrinkles reduction [227].

1.4.3 Sodium Citrate
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Under the label of sodium citrate are sometimes commonly
indicated all the three sodic salt of citric acid (CsHsOr): trisodium
citrate, sodium monohydrogen citrate, and sodium dihydrogen
citrate. Citric acid is a naturally occurring weak organic acid
whose name is derived from Latin word citrus, which in turn
refers to trees of the genus citrus including lemon trees [228].
Citric acid is solid at room temperature and easily dissolve in
water, originating colourless solutions made up of the different
acid and basic species in a reciprocal ratio which depends on the
pH value. Indeed, citric acid is a tribasic acid that possesses three
carboxylic moieties (see Figure 18), which in turns dissociate
with the pK., values of 5.21, 4.28 and 2.92 at 25 °C [229]. As it is
shown by the speciation curve in Figure 18, an aqueous solution
of citric acid in a pH ranging between 2 and 8 is a buffer solution.
In many biological systems, characterized by a pH value around
7, the only two existing species are tribasic citrate and
monohydrogen citrate. When in solution the basic species are
abundant, with a particular focus on the tribasic one, complexes
with metal and alkali metal cations can be formed. The stability
constants of these complexes usually reach high-value thanks to
citrate ion structure, which can bind the metal cations through
the chelate effect [230,231].

Due to their chelating capacity, citric acid and citrate anions
have been investigated as green crosslinking agents, capable of
improving the mechanical properties of polymers. More
specifically, they attracted attention as crosslinking agents for
biodegradable polymers applied in medical and pharmaceutical
domains, where they are mainly used in fields like tissue and

regenerative engineering [232], bioimaging application [233],
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wound dressing [234], and drug delivery [235]. In the light of a
sustainable development, citric acid has recently been evaluated
as crosslinker and reinforcer agent for agriculture wastes and
residues, leading to the creation of innovative products starting
from low-cost raw-material such as starch, banana fibres and

wheat gluten [236].
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Figure 18: On the left, citric acid (AHs) chemical structure; in the middle, speciation
curve of citric acid; on the right, tribasic citrate (A*) chemical structure. The chemical
structures of the intermediate species monohydrogen citrate (AH*) and dihydrogen

citrate (AH") are not shown in the figure.

Citrate also plays a crucial role in biological processes linked to
the metabolism of both aerobic and anaerobic organisms. Indeed,
it is an intermediate product in the Krebs cycle, an aerobic
metabolic pathway composed by a series of chemical reactions
which follows the initial step of glycolysis and provides the fed
for the successive metabolic process, the oxidative
phosphorylation [237]. Moreover, sodium citrate plays an active
role in controlling the glycolysis processes through the inhibitory
mechanism of phosphofructokinase, the key enzyme in glycolysis
regulation. The abundance of citrate in the cytosol indicates to
phosphofructokinase that there is no need to accelerate the
glycolysis since there is a more than sufficient supply of

biosynthetic precursor molecules for the next metabolic
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processes. Phosphofructokinase is the enzyme responsible for the
catalysing of one rate-limiting step in glycolysis [238].

In addition, a citrate biological role that has recently attracted
an increasing interest is the presence and the correlated function
of this anion inside bones. Indeed, bones contain around 2% wt.
of citrate, however, its role remains doubtful [239]. Despite the
presence of citrate in bones is an accepted fact, one of the first
attempt in rationalizing its biological function goes back just to
2010 and the question is still much-debated nowadays. Hu et al.
proposed a surface interaction model according to which citrate
anion strongly bind with calcium thanks to the abovementioned
chelate effect and, in this way, it affects the apatite nanocrystals
growth stabilizing crystals of small thickness that provide better
mechanical properties to the bones [240]. Davies et al. deeply
investigated the bones-citrate interactions, extending them also
to the inner parts of bone and not only to the surfaces [239]. In
their proposed model citrate is incorporated into the mineral
structure, within hydrated layers, and acts as a bridge linking
the mineral platelets present in bones [239]. Even though these
papers represent a step forward in understanding the citrate role
in bones, many questions remain unanswered still today, such as
how it is controlled the citrate amount in the nanocrystals, in
what stages of bones developments citrate appears and if in bone
diseases it is possible to find some deviation from the typical
conditions.

It is widely known that citric acid is a naturally occurring
compound which is particularly abundant in citrus fruits, with a
concentration in juices that ranges between 0.005 mol/L and 0.30

mol/L for oranges and lemons, respectively [241]. Indeed, both
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citric acid and citrate anion were historically produced through
the treatment of citrus fruit juices with calcium hydroxide, in
order to precipitate the calcium citrate salt. Afterwards, citric
acid was obtained by a reaction with diluted sulfuric acid able of
protonating all the carboxylate groups [242]. Notwithstanding its
natural abundance, sodium citrate produced exclusively by
extraction from natural sources cannot longer match commercial
needs, for this reason, the industrial-scale production has
gradually turned itself from an extractive procedure into a
fermentative process [228]. Citric acid fermentation was observed
for the first time in 1893 as a fungal product by Wehmer;
successively Currie, in 1916, discovered that various strains of
the mould Aspergillus niger produced a considerable amount of
citric acid, especially in a sugar-rich environment. Around the
30s of the twentieth century, the first citric acid fermentations
were carried out through surface culture. Although new citric
acid production methods were developed from the thirties, the
submerged microbial fermentation is nowadays the worldwide
most applied commercial process, and specifically the
fermentation of A. niger in molasses [243]. As in the case of
rhamnolipid (see previous paragraph ‘Rhamnolipids’), also for
the citric acid fermentation it is crucial to choose the best
combination of fermenting agent/organic substrate in order to
optimize the final yield. Over the years, a wide variety of
microorganisms has been investigated for the citric acid
production including bacteria, fungi and also yeasts [244-246]. In
the attempt to answer the increasing citric acid demand, the
improvement of citric acid fermentation yield is continuously

studied through mutagenesis and selection, again in parallel to
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what described for the rhamnolipid. Nowadays, A. niger still
remains the organism of choice for commercial production
because it provides the highest yield, it is easy-handling and can
ferment with various cheap raw-materials substrates, which
results in lower costs of production [243,247].

In recent years, a new technique for the citric acid production
has been deeply investigated: the solid-state fermentation,
otherwise known as ‘Koji fermentation’. This process, which
originated in Japan where there is a significant abundance of
agro-industrial residues and wastes, consists in the cultivation of
microorganisms in the absence of free liquid on moist solid
materials [248]. The solid materials on which the fermentation is
carried on play the double role of support and sources of
nutrients for the microorganisms. To this end, many agro-
industrial wastes can be used such as banana peel [249], kiwi fruit
peel [250], cotton waste [251], orange peel waste [252], pineapple
waste, apple pulp ultra-filtrated sludge and solid waste [248],
dates pulp [253], wheat bran and soybean meal [254], potatoes
and fresh kumara potatoes [255]. The main advantages related
to this procedure are the use of inexpensive and widely available
waste materials as substrates, the minimum consumption of
water and the need for a simple equipment. All these features
make the solid-state fermentation a more environmentally
friendly and less expensive technique in comparison with the
submerged fermentation [256]. On the other hand, the major
drawback is represented by the reduced variety of

microorganisms that can be used on the moist solid substrates
[257].
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Citric acid is worldwide accepted as GRAS (generally recognized
and safe) and approved by the Joint FAO/WHO Expert
Committee on Food Additives [258]. This status, combined with
its non-toxicity, versatility, high solubility in water, pleasant tart
taste, buffering and chelating properties and the recognized
safety make citric acid and its derived salts widely used and
active ingredients that can easily find application in many
different sectors like food and beverages industry, cosmetic
industry, agriculture, pharmaceutics, metal cleaning and various

industrial processes [228,243,244].

1.4.4 Carbon Black

Carbon black (CB) is defined in the IUPAC gold book as “an
industrially manufactured colloidal carbon material in the form
of spheres and of their fused aggregates with sizes below 1000
nm” [259]. When discussing CB sizes, it is crucial to distinguish
three different structures that are primary particles, aggregates
and agglomerates [260]. More precisely, free primary particles are
the primary spherical structure elements. They are not present
in CB due to their high tendency to join in aggregates, which are
the primary dispersible elements of CB, in response to the need
of minimizing their high surface area to volume ratio and the
related high surface energy. The aggregates can in turn associate
in undispersed clusters of aggregates, called agglomerates, held
together by van der Waals forces or any binders [260,261]. In
Figure 19 are shown the typical structures of primary particles,
aggregates and agglomerates accompanied by their average

dimensions.
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Figure 19: Carbon Black a) primary particles, b) aggregates, c) agglomerates.

More specifically, the spherical primary particles consist in both
graphitic and amorphous parts. The graphitic domains are
typically formed by the stacking of 3-4 turbostratic (basal planes
slipped out with regard of the typical alignment) polyaromatic
layers characterized by an average lateral extension of 3 nm and
a plane-to-plane interlayer distance around 0.35 nm (see Figure
20) [262]. These graphitic-like domains are often indicated as
BSU, which is the acronym of basic structural units [263,264].
The core of the sphere is mainly constituted by amorphous
structures, while the BSU are almost concentrically oriented
around the amorphous core. This peculiar arrangement of the
carbon layers is responsible for the so-called onion like

microtexture shown in Figure 20 [265].
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Figure 20: On the left, basic structural unit (BSU) consisting in turbostratic stacking
of polyaromatic layers; on the right, concentrically arranged graphitic-like domains in

‘onion microtexture’ typical of carbon black primary particles.

The chemistry and physicochemical properties of CB are
markedly affected by its large specific surface area, which
provides a high tendency in adsorption of water, solvents,
polymers or binders, depending on the specific surface chemistry
[266]. Indeed, CB is invariably associated with varying amounts
of oxygen and hydrogen and, depending on the adopted
manufacturing process, with atoms of chlorine, nitrogen, and
sulphur. These impurities are introduced mainly onto the CB
surface area during the production steps because of their presence
in the feedstock, reactor furnace, post-reactor chamber and
become a part of the chemical structure [267]. In addition to
these atoms, several oxygen-containing functional groups were
detected on the CB surface such as carbonyl, carboxyl, pyrone,
phenol, quinone, lactol and ether groups (see Figure 21) [268].
Moreover, CB tends to extend this layer of chemisorbed oxygen
by decomposing certain oxidizing gases or aqueous solutions of
salts, halogens hand acids [269-271]. In each case there is

chemisorption of oxygen and a build-up of the oxide layer on the
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carbon surface. However, the nature and the amount of the
surface oxide formed depends upon the nature of the carbon
black surface and the history of its formation, its surface area
and the temperature of treatment [267]. Carbon-oxygen surface
structures are by far the most important surface groups which
influence the physicochemical properties such as wettability,
catalytic, electrical and chemical reactivity of carbon blacks.
Indeed, the presence of these surface groups provides the
properties by which CB results a useful additive in many

application fields [272].
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Figure 21: CB surface can bind oxygen functional groups in both acid and basic

forms.

Therefore, even if CB is composed almost entirely of carbon, the
attempt of describing it through using only the periodic table
designator ‘C’ would provide a misleading picture that does not
consider the functional groups mainly present on the CB
surfaces, which in turn represent the causes of many interesting

CB properties such as the electrical and thermal conductivities
[273].
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Indeed, CB is an electrically conductive material, characterized
by a conductivity that usually falls in the range 10/10? Q' - cm
. Due to its intrinsic conductive properties, CB can also impart
good conductivity to normally insulating polymers, which can be
turned in electrically conductive materials by exceeding a critical
CB concentration to establish a continuous path in the polymer
matrix. This critical concentration is usually indicated as
percolation threshold, that is the point where the polymer

composite makes a transition from insulating to conducting

system (see Figure 22) [274].
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Figure 22: Schematic of Log conductivity versus CB concentration illustrating an S-

shaped percolation curve.

The percolation theory hypothesizes that, when the filler
threshold is reached and exceeded, an infinite cluster that
connects the randomly dispersed conductive objects is formed.
This infinite cluster has to be homogeneously located in the
whole polymer matrix and, in this way, it allows the electron
passage within the network [275,276]. Thus, in order to establish

the conditions necessary for the electron passage, CB or other
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conductive fillers have to be present in a sufficiently high
content able to guarantee an adequate proximity of the
particles. However, it is important to point out that the concept
of proximity should not be interpreted solely as a direct contact
between the interfaces of two carbon black particles. Indeed, the
flux of electron can be established also when the interaggregate
distance is small enough to allow an electron jump from one
carbon black aggregate to another (i.e. tunnelling effect): it
might as well be a physical contact as a contact via an insulating
interface [277]. Indeed, as proven by numerous studies, the
tunnelling electron conduction mechanism and the percolation
theory result reliable and provide satisfying elucidation of how
the electrical conduction is achieved in the CB polymer
composites, depending on the filler dimensions and the
experimental conditions [278-280]. For this reason, the
conduction mechanism in CB-polymer matrices is often
described as a combination of the two processes with a
predominant character of one mechanism over the other related
to the specific conditions [281,282].

Figure 23 provides a schematic picture of both electron

percolation and tunnelling effect in CB-polymer composite

matrix.
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Figure 23: Electron conduction in a CB-polymer composite. Percolation by physical

contact and through tunnelling effect.

The conductivity imparted to the polymer matrix is linked to the
ability of the specific polymer to accept a sufficient load of CB
to reach the percolation threshold. At the same time, the
polymer should maintain an easy processability and a good
balance between the mechanical and conductive properties. In
order to lower the required CB content to exceed the percolation
point, a series of carbon blacks have been developed for specific
conductive applications, the so-called conductive, super-
conductive and extra-conductive carbon blacks. Although, all
carbon blacks can be used to produce conductive compounds,
conductive blacks are designed to be used at low loading in most
polymer types [267].

When added to a polymeric material, CB is also able to enhance

the thermal conductivity of the resulting composite; however, in
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this case, the parallelism with a metallic conductor is
inappropriate: in metals heat transport occurs by the electric
charge carriers, while in the case of amorphous materials like CB-
polymer composite the transport mechanism is not fully
understood. The thermal conductivity of such composite
compound increases with CB concentration, however, the
presence of a threshold could not be observed [283].

Furthermore, the feature of CB that attracts the broadest
interest, from an applicative and industrial point of view, is its
use as a reinforcing agent capable of enhancing the mechanical
properties and the stability of the composite materials in which
it is applied. For this reason, CB is widely used as filler in the
manufacturing of plastic, rubber and various polymeric blends
currently applied to many industrial areas: CB enriched tires
show a longer lifetime, a lower thermal degradation and a higher
resistance to abrasion and mechanical stresses [284,285]; in the
rubber industry, CB leads to an improve in mechanical, thermal
and tensile properties of natural rubbers and elastomers [286—
288]; in the polymer industry, CB contributes to prevent the
polymer degradation by increasing the resistance to thermal
degradation, abrasion and tear and by playing an UV-shielding
role thanks to its capacity of capturing those polymer-degrading
wavelengths [289-291]; as a pigment in paints and inks,
particularly those for ink-jet printing [292-294]. Moreover, the
addition of carbon black in a rubber or polymer matrix deeply
affects their mechanical properties and may impart viscoelastic
behaviour to natural rubber and to polymeric materials such as

polystyrene [295,296].
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CB is popularly and erroneously considered as a type of soot, in
spite of the fact that soot is produced through a randomly
performed process while CB is manufactured under controlled
conditions [259]. Indeed, CB is derived from substances that
contain copious quantities of carbon, such as biomasses or
hydrocarbons, mainly through two different categories of
processes: incomplete combustion and thermal decomposition,
which occur in the presence or absence of oxygen respectively
[267]. Incomplete combustion processes, also known as thermal-
oxidative processes, are further divided into furnace black,
Degussa gas black, lamp black and channel black processes,
depending on the particular process and refractory line adopted
[267].

On the other hand, the main thermal decomposition processes
are the thermal black and the acetylene black processes. Due to
the reaction conditions and the particular feedstock properties,
CB produce from acetylene differs from other carbon black
grades, especially from the ones manufactured through
incomplete combustion processes. Indeed, CB obtained from
acetylene process exhibit a remarkable purity and a high degree
of crystallization which make it extensively structured.
Therefore, it is not possible to densify and handle it in pellets
[267]. Due to this inherent physical constraint and because of
their electrical properties, acetylene CB is used primarily as a
conductive material in electric cells and conductive and antistatic
rubber and plastic applications [297,298].

The low cost associated with the furnace black process justifies
why this is still nowadays the most applied manufacturing

technique for the production of commercial CB [266]. However,
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the carbon yield achieved by the furnace black process strongly
depends on the used feedstock and is usually moderate, ranging
between 25 and 75 % of the carbon content in the liquid
feedstock, as estimated by Rivin in 1986 [299,300]. Moreover, the
legislation in different countries have become and will become
more and more severe, encouraging in this way the CB industry
in the application of new processes that also take into account
environmental aspects related to the CB manufacturing [301]. In
this light, new CB production and recovery methods are
continuously evaluated like the thermal plasma processes and

pyrolysis of scrap tires and biomass [302-305].

1.4.5 Anti-scale Agents

Mineral formation and scaling, widely occurring problems in
various industrial processes, are currently solved by the use of
inhibitors and dispersants such as polyacrylate and
polycarboxylate homo- and copolymers. Most of these
compounds are ultimately released to wastewater but they are
usually poorly biologically degradable, if at all [306].

A multitude of organic molecules of biological origin and
belonging to biological systems potentially interact with and
modify inorganic crystallization. Among these molecules, one of
the key compounds is a class of polyanionic proteins. The main
constituents of these proteins are aspartic acid and
phosphoserine. In aqueous solution, these polyanionic proteins
can inhibit crystal nucleation and growth by altering the

morphology of microscopically small crystals [307].



1 - Introduction 57

In the light of finding green biodegradable alternatives to the
most actually used anti-scale agents, such as polyacrylates and
polycarbonates, sodium salts of polyaspartate and polyglutamate
were investigated as additives in the polysaccharide-based

formulations.

1.4.5.1 Sodium Polyaspartate

Sodium polyaspartate (PAS) is the sodium salt of polyaspartic
acid, a water soluble and biodegradable polymerized amino acid
[308]. Indeed, the PAS polymer chain is made up by the
repetition of aspartic acid molecules, a non-essential amino acid
characterized by two carboxylic acid moieties at the opposite
ends of the molecule. As a consequence, PAS results to be a
polyelectrolyte with an anionic character when dissolved in
aqueous solution.

In nature, PAS chemical structure exclusively consists of o-
linked L-aspartic acid; whereas, the polyaspartate produced
through a synthetic way can exist in four isomeric forms, which
originate from the combination of two starting stereoisomers, L-
and D- aspartic acid, with the specific synthetic pathway applied
that may lead to a prevalence of a- or - linkage between aspartic
building blocks [309]. Figure 24 shows the chemical structure of
aspartic acid with both o and B repeating units.

Thus, in the majority of cases, synthetically produced PAS shows
a chemical structure where both a and B linkages are present,
and whose respective percentages in the chains can markedly
oscillate depending on the synthetic route adopted [310]. Indeed,

numerous methods for the synthesis of polyaspartates have been
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developed during the past decades. In addition, it was found that
the applied synthetic method strongly affects the structure and
properties of the resulting product [307].
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Figure 24: Polyaspartic acid chemical structure made up by both o and P repeating

units.

The classic and widest used synthetic method is known as
thermal polycondensation, and it was reported for the first time
in the 19" century by Ugo Schiff [311,312]. The basic version of
this method consists in a two-step procedure according to which,
firstly, the amino acid precursor is heated and dehydrated
resulting in the production of polysuccinimide; secondly, an
alkaline treatment with sodium hydroxide leads to the formation
of DL-(a,B)-poly(aspartate) with 30% o-linkages and 70% B-
linkages [313]. In order to obtain PAS with the highest
biodegradability capacity, the use of catalysts in the thermal
polycondensation process has been investigated. More precisely,
it was found that in the presence of acid catalysts, such as ortho-

phosphoric, a less branched and consequently more
biodegradable PAS is obtained.
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However, all the mentioned synthetic routes start with L-aspartic
acid, whose global production is still far from the worldwide
demand for polycarboxylates, most of which are non-
biodegradable. Therefore, a substitute should be available by a
manufacturing process which can match that market. L-Aspartic
acid is therefore not an adequate source for the production of all
polyaspartates. Especially in the case of laundry detergents,
dishwasher chemicals, and water treatment agents, the
breakthrough of polyaspartates can only be achieved if large-
scale production of tens of thousands of tons is possible. In this
light, various chemical precursors of aspartic acid have been
investigated as  starting material for the thermal
polycondensation procedure. Among these compounds, maleic
acid ammonium salt, derivatives of the maleic acid anhydride
with ammonia, and fumaric acid ammonium salt have aroused
great interest [314,315]. More precisely, maleic anhydride is
industrially produced in large volumes and consequently
represents a source for the large-scale production of synthetic
polyaspartates [307].

In addition to the thermal polycondensation processes, different
synthetic methods in order to obtain pure homopolymers, such
as D- or L- PAS with a- or - linkages only. The synthetic routes
applied for this purpose consist of the polymerization of aspartic
acid esters, the polymerization of N-carboxyanhydride
derivatives, and the enzymatic preparation through bacterial
protease [316-318].

Chemically, PAS is assigned to the class of polycarboxylates,
which refers to the repeating carboxylate units along the polymer

chain (each monomer aspartate unit features one carboxylate
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group). Consequently, PASs show some similar properties,
effects, and eventually applications as the most representative of
the polycarboxylates, namely the polyacrylates. However, the
main difference is provided by the biodegradability of the PASs,
which can be attributed to the potentially cleavable amid bonds
in the molecule [307,308].

In addition to biodegradability, the main properties thanks to
which PASs find application are described below. The first one
is its dispersing capability, the phenomenon that allows
preventing the agglomeration and subsequent settling of solid
particles present in aqueous suspensions. Indeed, polyaspartate,
due to its polyanionic character, adsorbs onto the highly polar
particle surfaces, resulting in equally (negatively) charged
particles, which undergo an electrostatic repulsion. PAS
contributes in inhibiting the scale formation also through the
crystal distortion: this means that the crystal shape is changed,
consequently resulting in a loose, easy-removable precipitate.
Polyaspartates, due to the presence of many carboxylate groups
in the chains, may also act as complexing agents, especially
towards metal ions such as ferric and calcium ions. Furthermore,
PAS exerts a corrosion inhibiting effect, that can be attributed
to an adsorption of the polymer onto the metal surface, forming
a protective film [307].

Because of their interesting properties, polyaspartates could be
used on a large scale in different applications. In particular, PAS
results to be an effective dispersing agent for dirty particles in
formulations of detergents and cleaners [319], and for pigments
in leather and textile industries [307]; or as anti-scale and

corrosion inhibiting agent in water treatment processes, in
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mining, oil or shale gas recovery, and even in the wine production

[320-322].

1.4.5.2 Sodium Polyglutamate

Sodium polyglutamate (PG) is the sodium salt of polyglutamic
acid (PGA), which in turn is a naturally occurring biopolymer
made up of repeating units of glutamic acid [323]. PG is an
edible, non-immunogenic anionic homopolyamide with a high
biodegradability, as in the case of polyaspartate [324].

PGA can be differentiated into two isoforms, a-PGA and y-PGA,
depending on the attachment of the carboxy group. As an
example, Figure 25 shows the chemical structure of the a-PGA

isoform.
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Figure 25: Chemical structure of a-PGA. The asterisk indicates the two possible
isomers D- and L-PGA.

o-PGA is chemically synthesized by nucleophile-initiated
polymerization of the y-protected N-carboxyanhydride of L-
glutamic acid. The difficulties in microbial production of a-PGA
and the need to produce the polymer mainly through
recombinant technology constitute an obstacle to the

manufacturing of this specific isoform [325]. On the other hand,
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y-PGA has been produced extensively using bacteria, especially
those of Bacillus species. Moreover, this synthetic method either
allows to selectively produce only L-glutamic acid residues, only
D-glutamic acid residues or both L- and D-glutamic acid residues
[323]. For these reasons, y-type PGA is the widest between the
two species, so much so that the acronym PGA often refers to
this the y isoform only.

y-PGA is widely present in many naturally occurring sources.
Indeed, it was first discovered by Ivanovics and co-workers as a
capsule of Bacillus anthracis which was released into the medium
upon autoclaving or upon aging and autolysis of the cells [326].
Another naturally occurring source of y-PGA is the mucilage of
natto, which is a traditional Japanese food based on fermented
soybeans and consisting of a mixture of y-PGA and fructan
produced by Bacillus subtilis Sawamura [327]. y-PGA is
produced mostly by Gram-positive bacteria; however, it has also
been reported that at least one Gram-negative bacterium
(Fusobacterium nucleatum), some archaea and eukaryotes have
the ability to produce this macromolecule [323]. In addition, Y-
PGA has also been found in neurons of mice [328].

Therefore, PGA is largely present in many living organisms and
its function depends on the specific producing organism and on
the environment the organism inhabits. Some pathogenic
bacterial strains take advantages of PGA properties to escape
phagocytosis and to protect themselves against antimicrobial
agents and antibodies [329-331]. Differently, some soil bacteria
release y-PGA into the environment for the sequestration of toxic
metal ions or the reduction of high local salt concentrations,

increasing their resistance to adverse environments [332,333].



1 - Introduction 63

Furthermore, more complex organisms such as Cnidaria and
mice uses PGA for prey capture, locomotion, protection or even
regulation of the intracellular transport [334].

Although the microbial production of y-PGA has since been
established, the cost of production is still nowadays very high
and this actually represents the major limitation to the
widespread application of the biopolymer. Based on this, most
research on the microbial production of PGA is focused on the
optimization of growth conditions with the potential to produce
a high yield, specific enantiomeric composition and desired
molecular mass of PGA at a reduced cost. In spite of the high
cost of production, PGA attracts an always increasing interest
due to the combination of its unique properties. Moreover, PGA
is biodegradable, edible and non-toxic for humans, which itself is
a prerequisite for being used for human benefit broadens the
potential application fields.

More precisely, y-PGA results to be particularly attracting for
medical applications related to tissue engineering [335], wound
dressing [336], drug delivery [337], and calcium absorption for
bone disorders treatment [338].

Logically, the edible character of PGA makes it an interesting
ingredient in food industry, where it is mainly used as thermal
and rheological enhancer in the wheat manufacturing [339], as
oil-reducing agent that limits the oil uptake in deep-fat frying
[340], or as a cryoprotectant due to its optimal antifreeze activity
[341].

Moreover, the non-toxic nature of PGA allows its application in

cosmetics as moisturizer for the formulation of skin care products
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[342], in agriculture as biocontrol agent/fertilizer [343], in the
realization of needle-tip glucose sensors [344].

However, the application field, which is the most strictly
connected one to the investigation carried out in this project, is
the water treatment sector. In this field, PGA effectively covers
a broad set of functions. Indeed, PGA has been studied as anti-
scale agent [345], biopolymer flocculant agent [324], heavy metal
removal [346], and dye removing agent [347].

1.5 Aim of the research

The general purpose of this thesis is to characterize different
green complex fluids designed for various potential applications.
In particular, there were examined the effects exerted by salts,
specific additives and operative conditions on both aqueous and
organic solvents systems. The characterization was carried out
mainly from a dynamic and structural perspective, searching for
different strategies through which obtain a modification in the

rheological behaviour of the systems.

The first phase of the research was focused on the study of simple
polysaccharide aqueous dispersions, both pure and in the
presence of salts. In particular, there were evaluated the effects
arising from the presence of salts in the polysaccharide systems,
mainly from a rheological and thermal perspective. Initially, it
was analysed the specific ion effect on polysaccharide dispersions,

induced by single salt individually considered; afterwards, the
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response of the biopolymers was examined in more complex
environment consisting of a mixture of salts. Thanks to the
results arising from the first phase of the study, we acquired info
about the salinity resistance of the various polysaccharide, that
is a fundamental data for selecting the appropriate biopolymer
for the desired applications.

In the further step, we moved towards more complex systems by
the addition of specific additives capable of significantly affecting
viscosity and rheological behaviour, remarkably reducing the
precipitation of scales, enhancing the thermal resistance, and
improving the system responsivity to the application of electrical
treatment.

In a third phase, the study was finally extended to non-aqueous
system. In detail, it was investigated how the presence of specific
salts can affect the structural properties and the associative
interactions of an organic solvent (glycerol carbonate), resulting
in significant modifications of its conductivity and rheological

behaviour.
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2 Materials & Procedures

2.1 Materials

2.1.1 Salts & Co-Solutes

Sodium fluoride (NaF'), sodium iodide (Nal), sodium perchlorate
hydrate  (NaClO4H;0), sodium  dihydrogen phosphate
(NaH,PO,), and calcium chloride (CaCl,) were purchased from
Fluka (Milan, Italy). Sodium chloride (NaCl), sodium bromide
(NaBr), sodium sulphate (NasSO,), sodium phosphate tri-
hydrate (NasPO,-3H;0), sodium mono-hydrogen phosphate epta-
hydrate (Na;HPO,7H>0), trehalose (Ci2H20O11), potassium
fluoride (KF), potassium chloride (KCIl), potassium bromide
(KBr), potassium iodide (KI), potassium carbonate (K.CO3),
potassium phosphate (K3;PO,), potassium cyanate (KCN), and
potassium sulfate (K.SO,) were supplied by Sigma-Aldrich
(Milan, Italy). Strontium chloride esa-hydrate (SrCl:6H.O) and
urea (CH4N2O) were purchased from Riedl de Haen (Germany),
while Barium chloride di-hydrate (BaCl,-2H,O) and sodium
carbonate deca-hydrate were purchased from Merck (Germany).
All the salts were reagent grade (purity = 99%) and used as
received, with the exception of the potassium salts applied in the
study of glycerol carbonate properties which were purified, dried
and stored under vacuum, accordingly to standard procedures
[348].



2 — Materials & Procedures 67

2.1.2 Polysaccharides

Guar Gum and hydroxypropyl cellulose with corresponding
weight averaged molecular weights (M) of 2000 kDa and 1600-
1800 kDa were provided by Lamberti (Milan, Italy). Sodium
alginate with a 0.44 mannuronate/guluronate ratio and M, of
240 kDa was purchased from Sigma-Aldrich (Milan, Italy), while
sodium hyaluronate with a M, higher than 1800 kDa was
supplied by Stanford Chemicals Company (California, USA).

2.1.3 Glycerol Carbonate

Glycerol carbonate, or 4-(Hydroxymethyl)-1,3-dioxolan-2-one),
was purchased from Sigma-Aldrich (Milan, Italy).

2.1.4 Additives

Saponin with a sapogenin core fraction comprised between 8 and
25 wt.% and a CMC ranging between 0.001-0.01 wt.% was
purchased from Sigma-Aldrich (Milan, Italy).

Rhamnolipid category R90 (purity = 90 %, CMC 5-380 mg/L)
was provided by AGAE Technologies (Oregon, USA). Sodium
citrate tribasic dihydrate ACS reagent grade (purity = 99.0%),
poly-L-glutamic acid sodium salt with M, comprised between
3000 and 15000 kDa, poly-L-glutamic acid sodium salt with M,
in the range 15000-50000 kDa, and poly-(a,B)-DL-aspartic acid
sodium salt with a M, between 2000 and 11000 kDa were
supplied by Sigma-Aldrich (Milan, Italy). Conductive Carbon
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Black VULCAN® XC-72R was provided by Cabot Corporation
(Massachusetts, USA)

2.2 Sample Preparation

2.2.1 Polysaccharide Aqueous Dispersions

Pristine Polysaccharide in Water

GG, SA, HPC and SH 1 wt.% or 0.5 wt.% water mixtures were
prepared by slowly adding a weighted amount of polysaccharide
powder to water under constant stirring at room temperature. In
these conditions complete dissolution occurs in about one hour

for all the investigated biopolymers.

Polysaccharide in Salt Solutions
The samples containing the different salts or co-solutes (trehalose
and urea) were prepared following the same procedure, replacing

water with 0.5M aqueous solutions of the salts or co-solutes.

Polysaccharide in ‘Shale Water’ Solution

The samples containing polysaccharide in the so-called Shale
Water (SW) solution were prepared following the same
procedure, replacing water with an aqueous solution of the
following composition: NaCl 1.000 M, CaCl, 0.200 M, KBr 0.014
M, SrCl; 0.010 M, and BaCl; 0.002 M.

Polysaccharide in Green Additive Solutions
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The samples containing saponins, rhamnolipids or sodium citrate
were prepared following the same procedure, replacing water

with 0.05 wt.% aqueous solutions of the considered additive.

Anti-Scale Agents Solutions:

The precipitation of CaSOs (or SrSO,) crystals was monitored
after the mixing of two solutions, in the same aliquot, containing
CaCl; (or SrCly) 0.5 M and Na,SO4 0.5 M. The anti-scale agents
were added in each solution of salts in order to obtain a final
concentration of 0.001 wt.%.

For the evaluation of the crystal precipitation in the
polysaccharide systems, a weighted amount of polysaccharide
powder was slowly added under magnetic stirring to each salt
plus anti-scale agent solution, in order to achieve a final

concentration of 0.5 wt.% of the polysaccharide.

2.2.2 Carbon Black Aqueous Dispersions

Dispersion of Carbon Black in Saponin Solutions

To effectively disperse Carbon Black (CB) in the aqueous-based
system, a 2 wt.% saponin solution was firstly prepared. This
solution was added to a weighted amount of CB powder in order
to obtain a final CB concentration of either 1 wt.% or 3 wt.%
and magnetically stirred for a few minutes. The mixture was

successively sonicated for 1 hour at 40 kHz.

Inclusion of Carbon Black in Saponin Solutions
To effectively include CB in the polysaccharide network, CB was

firstly homogenously dispersed as described above, then a
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weighted amount of polysaccharide powder was slowly added
under magnetic stirring to each dispersion in order to achieve a

final concentration of 0.5 wt.%.

2.2.3 Glycerol Carbonate

2.3 Procedures

2.3.1 Rheology

Rheological measurements were performed on a Paar Physica
UDS 200 rheometer working in the controlled shear-stress mode.
For all samples a plate—plate geometry (diameter, 4.0 cm; gap,
300 pm) was used. All measurements were performed at 25.0 °C
(Peltier control system). For each sample the flow curve was
acquired in a torque range between 107* and 2000 mN m, after a
15 min soaking time to equilibrate at the set temperature.

For the evaluation of the thermal resistance of each
polysaccharide systems, flow curves were acquired by applying
the same parameters described above in a temperature range

between 25 and 60 °C.

2.3.2 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) runs were carried out
on a DSC-Q2000 from TA Instruments TA Instruments
(Philadelphia, PA). The experiments were conducted under N,

atmosphere with a flow rate of 50 mL/min.
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Applied to Polysaccharide Systems

The samples were first cooled from 20 to -60 °C at 10 °C/min,
then heated up to 50 °C at 5 °C/min. For the samples prepared
with NaF and Na,HPO, the deconvolution of endothermic peaks
was performed by means of the Igor Pro 6.36 software, using a
summation of exponentially modified Gaussian (EMG) functions

[349]. The single EMG function is defined as:

w+ =
||

where h is the height, T, the center, w the width of the peak and
s is the distortion factor (shape). For the deconvoluted peaks,
the peak temperatures correspond to T,, while the enthalpy

changes are calculated using the total area under the peak.

Applied to Glycerol Carbonate Systems

The samples were first equilibrated at -30 °C, then cooled from -
30 °C to -90 °C at 2 °C/min, and finally heated up to -30 °C at
2 °C/min. The thermograms were analysed by the TA Universal
Analysis software. For all samples the glass transition
temperatures (7,) were obtained from the inflection point in the

DSC signal.

2.3.3 Optical Microscopy

Nikon Eclipse Ti-S Inverted Microscope was used to obtain
optical images of CaSO, (or SrSO.) precipitated crystals and CB

dispersions in saponin. All experiments were performed in
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automatic mode using an objective with a 10x magnification at
room temperature. At least three different regions for each
sample were analyzed in order to obtain a statistically

meaningful result.

2.3.4 Electric Conductivity Measurements

Polysaccharide Systems

Conductivities of polysaccharide systems were measured through
a sensl ON™+ECT7 conductivity platinum cell (HACH, error <
5% in the measuring range between 0.2 and 2 - 10° uS/cm). For
each sample at least five measurements were performed and

averaged.

KF in Glycerol Carbonate Solutions

A Metrohm 712 conductimeter with a 0.83 cm™' cell constant
was used. Salt concentrations ranged between 0 and 1.5 M. The
cell was immersed in a water bath with thermostatic control the

temperature of the sample (25.0 £ 0.1 °C).

2.3.5 Electrical Responsiveness: Application of a Voltage

The electrical responsiveness of polysaccharide-based systems
was assessed by applying a 30 V voltage for 1 hour through a
Hewlett Packard Harrison 6112 A DC power supply. Two
platinum wires of 1.0 mm diameter (Sigma-Aldrich) were dipped

into the dispersions and used as electrodes.
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2.3.6 Attenuated Total Reflection Fourier-Transform
Infrared Spectroscopy

Attenuated Total Reflection Fourier-Transform Infrared
spectroscopy (ATR-FTIR) spectra were acquired using a Thermo
Nicolet Nexus 870 FT-IR spectrophotometer, equipped with a
liquid nitrogen cooled MCT (mercury-cadmium-telluride)
detector, by averaging on 128 scans at a resolution of 2 cm™" and
with COs-atmospheric correction. The spectra were acquired in
the range 4000-900 cm~'. For each spectrum the background was

previously recorded and subtracted to the sample profile.

2.3.7 Nuclear Magnetic Resonance

1D- and 2D-Nuclear Magnetic Resonance (NMR) spectra were
recorded with a Bruker 400 Ultrashield spectrometer operating
at 400 MHz (for 'H) and 100 MHz (for *C). All the experiments
were carried out in vacuum-dried NMR coaxial tubes. CDCl; was
used as external lock and reference material in the coaxial insert.
NMR signals were referenced to nondeuterated residual solvent
signals (CDCls, 7.26 ppm and 77.0 ppm for 'H and "C,

respectively).

2.3.8 Solubility of potassium salts in Glycerol Carbonate

The solubility of salts in GC was measured at different
temperatures. A weighted amount of GC was transferred in a
test tube and an excess of dry salt was added. The vial was sealed

and kept under magnetic stirring for two days in a bath with a
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thermostatic control of the temperature (£0.1 °C). The stirring
was stopped, and the saturated solution was left to equilibrate
in the presence of the salt for 24 h, before a certain amount (b,
in grams) of solution was carefully taken from the top of the
solution and transferred to a flask and diluted with water up to
a volume V (in L). The aqueous mixture was than analyzed
through Inductively Coupled Plasma Atomic Emission
Spectrometer (ICP-AES) in order to measure the concentration
of K+ (c, in mg/L). The calibration curve was built analysing
five standard solutions of dry KCI using a water + GC mixture
as a solvent with approximately the same composition of the
sample under investigation. The calibration data were fitted with

a quadratic curve with a correlation coefficient R2 of 0.99993.
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3 Salt effects on polysaccharide aqueous
solutions and dispersions

This Chapter is reprinted with permission from "Specific ion effect in
polysaccharide dispersions”. Copyright 2017 Elsevier Ltd. The article
is attached at the end of the thesis (Paper I)

The aim of the work presented in this chapter is the evaluation
of the salt effect on polysaccharide dispersions and solutions.
More precisely, the study was focused on a better comprehension
of both specific salt effect and high-salinity conditions resistance
of different biopolymer-based systems.

In the first phase, a systematic study on the interactions between
ten distinct anions or two different neutral co-solutes and three
polysaccharides was firstly carried on, in order to examine how
specific salt can significantly affect biopolymers rheological and
thermal properties. The three polysaccharides investigated in the
paper are guar gum (GG), sodium alginate (SA) and sodium
hyaluronate (SH), while the added salts or co-solutes belong to
the following list: NaF, NaCl, NaBr, Nal, Na,SO,;, NaClOy,
NaSCN, NasPO,, Na;HPO,, NaH:POy, trehalose and urea.

In line with the aim of describing the variations in thermal and
rheological behaviours induced by specific salt/co-solute effect, a
combination of Differential Scanning Calorimetry (DSC)
experiments and flow curves with plate-plate geometry was used
to characterize both the pristine polysaccharide aqueous

mixtures and the analogous systems in the presence of all the
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anions or neutral co-solute, whose effects were considered
singularly (one by one?).

In addition to the abovementioned goals, this study was also
aimed at evaluating the control over viscosity of polysaccharide-
based green formulations through simple salt triggers. The
results are discussed in terms of changes in the polymer chains
hydration, conformation and structure of the network. In
particular, it is possible to summarize the main obtained results

as follows:

1. The addition of salt or co-solute can significantly modify
the texture of the polysaccharide network by affecting the
hydration of the chains and, consequently, their
intermolecular interactions. These changes are reflected in
remarkable variations in thermal properties, viscosity and
rheological  behaviours passing from the pure

polysaccharide systems to the salt/co-solute added ones.

2. The addition of a certain salt (or co-solute) affects the
thermal properties of all the examined polysaccharides in
a similar way. Oppositely, the salt-induced modifications
in viscosity and rheological behaviour are not analogous
in the case of GG and SH, which are neutral and charged

polysaccharides respectively.

3. The modifications induced can be interpreted in terms of
Hofmesiter series. Indeed, a strongly hydrated
(kosmotropic) ion effectively deprives the polysaccharide

chain of water, remain confined in the bulk solution, and
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enhance the interchain interactions in the case of the
neutral GG, resulting in a remarkable strengthening of the
system. On the other hand, with the negatively charged
SH, kosmotropes induce a weakening in the interactions
due to less water-mediated interactions between charged
chains. The chaotropes (bromide, iodide, thiocyanate) do
not significantly affect the rheological properties of the
systems. Being almost unhydrated, these ions are assumed
to adsorb at the polymer surface and partially deplete
some water from the hydration layer. This phenomenon is
supposed to favour the unfolding of the chain, increase its

hydration and reduce the interchain interactions

Phosphate ions exhibited a peculiar effect both on GG and
SH: PO,* and H,PO, lower the viscosity, while HPO,*
produces a significant increment in the viscosity. Such
behaviour is probably related to a delicate balance
between the different pH properties and the capacity of
the three ions to strengthen the HB network.

The results specifically depend on the investigated
polysaccharides; however, the thermodynamic
interpretation of the interactions might be potentially
extended to other neutral or charged macromolecules in
aqueous mixtures, providing in this way a precious a-priori
indication for the formulation of different polymer-water

mixtures.
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In the case of SA based system the examined dispersions revealed
really low viscosity values and, furthermore, the addition of salt
or co-solute did not lead to remarkable changes in rheological
behaviours, notwithstanding the effect on the thermal properties
is in line with the variations observed for GG and SH. Moreover,
the necessity to extend the study to less concentred
polysaccharide systems (from 1% to 0.5 %), in the attempt of
cover a wider viscosity range and reduce the formulation costs,
drove our research towards a fourth polysaccharide that is

hydroxypropyl cellulose (HPC) as a replacement for SA.

In the second stage of the study, polysaccharide aqueous systems
were tested in high salinity conditions, more precisely in a
mixture of monovalent and bivalent salts in different
concentrations. Since one of the possible applications of the
examined polysaccharides is the formulation of fracturing fluids
for the shale gas recovery, the mixture aimed at testing the salt
resistance of the polysaccharide systems was prepared following
the data related to the flowback water salinity content of some
European shale basins, which can be found in literature [350,351].
Thus, we defined this mixed salt solution as ‘shale water’ (SW),
which is composed by NaCl 1 M, CaCl2 0.2 M, KBr 0.014 M,
SrCl12 0.01M and BaCl2 0.002 M. The assumption underpinning
these experiments is that the salt composition and concentration
of the SW should be not too dissimilar from real operative
salinity conditions that can be found in environmental
applications.

In Figure 26 are shown the flow curves acquired for GG, SH and

HPC aqueous mixtures both pure and in the high salinity
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conditions achieved with the SW. All the investigated
polysaccharide formulations exhibit a good salt tolerance. In
spite of the differences in the zero applied stress viscosities, the
flow curves obtained in high salinity conditions show rheological
profiles similar to those of their pristine counterparties, which
are characterized by a viscosity plateau in the low applied stress
range followed by a drop-in viscosity that begins at a critical
stress (non-Newtonian behaviour). More specifically, sodium
hyaluronate viscosity is lowered by the mix of salts present in
the shale water; guar gum is only marginally affected by the rich
in salts environment; while, on the other hand, hydroxypropyl
cellulose shows a stiffening of the network which results in an
increased viscosity. The observed trend seems to agree with the
results reported in Paper I: charged polysaccharides suffer for the
reduction in ‘available water’ and show weaker network
interactions, while the interactions between the neutral
polysaccharide chains are strengthen by the partial removal of

water molecules in the hydration layer.
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Figure 26: Flow curves of SH 0.5% pure (orange dotted line) and in SW (orange
circles); GG 0.5% pure (green dotted line) and in SW (green circles); HPC 0.5% pure
(black dotted line) and in SW (black circles).
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4  Effect of specific additives on

polysaccharide properties

The present chapter deals with the modification of viscosity,
rheological behaviour, thermal resistance, electro-responsiveness
and scales precipitation in polysaccharide aqueous systems based
on GG, SH and HPC.

The chapter is divided into three sections, each of one describes
the effects of different additives on the polysaccharide systems
properties. More precisely, in the first paragraph, it is examined
the modifications of the viscosity achieved through the inclusion
of three bio-additive added singularly and one at a time: two
surfactants, saponins and rhamnolipids, and sodium citrate as a
crosslinker. In order to study the additive-induced modification
on the viscosity and rheological properties, flow curves of the
three polysaccharides systems were acquired both in the presence
and in the absence of the specific additives.

In the second section, polyaspartate and polyglutamate were
examined as green scale-limiting agents alternative to the
commonly used polyacrylate. The anti-scale effects, on the
precipitation of calcium/strontium/barium sulphate, was
qualitatively investigated through the optical microscopy
technique, carried out on both pure water solutions and SH-
based model formulations.

Finally, the last paragraph deals with the multifunctional effect
provided by the addition of carbon black (CB) to the

investigated polysaccharide aqueous systems. More specifically,
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it was examined the CB capability of strengthening the network,
enhancing thermal resistance and improving electro-
responsiveness. In order to characterize the different CB-
polysaccharide systems and evaluate the effect imparted by the
carbonaceous additive, rheology at different operating
temperatures and before/after an electrical treatment, optical

microscopy, and conductivity measurements were performed.

4.1  Saponins, Rhamnolipids and Sodium Citrate as

viscosity modifiers

One of the most important practical aspects of polymer and
surfactant systems is the possibility to modify and control
rheology over very wide ranges. Indeed, surfactant molecules that
bind to a polymer chain generally aggregate in clusters, which
closely resemble the micelles formed in the absence of polymer
[352]. This assembly is promoted when the polymer exhibits low
polarity or contains hydrophobic domains, in this way an
intimate contact between the micelles and the polymer chain
becomes favoured. These aggregates, which are made up by
surfactant molecules and hydrophobic groups/domains of
polymer chains, are usually called ‘mixed micelles’ and they can
significantly modify the network structure, leading to remarkable
deviation of the rheological properties of the pristine systems in
absence of surfactant [353].

Ionic surfactants may strongly interact with both non-ionic and
ionic polymers, especially if polymer and hydrophilic head own
opposite charges. On the other hand, non-ionic surfactants,

significantly interact with polymer chains in the presence of
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hydrophobic regions, as in block copolymers or so-called
hydrophobically modified polymers (HMPs). In each case, the
driving force that promotes surfactant self-assembly in polymer-
surfactant systems is the hydrophobic interaction between the
alkyl chains of the surfactant molecules, which in turn involves
the hydrophobic parts of polymer chains.

The viscosity of a polymer with surfactant solution usually passes
through a maximum, which is always just under the surfactants
critical micelle concentration (CMC) [354]. Indeed, the increase
in viscosity is attributed to the formation of mixed micelles,
made up of surfactant and polymer hydrophobic regions, that act
as crosslinkers between two distinct chains and strengthen the
network [355-357]. However, when the surfactant concentration
is further increased, the hydrophobic domains of two or more
polymer chains are singularly solubilized by two or more micelles,
resulting in the reduction of crosslink points and dissociation of
the polymer network [358,359]. In Figure 27 it is schematized the
surfactant-mediated polymer association and dissociation
mechanism, which is strictly connected to the specific surfactant
and its concentration in solution. At low surfactant concertation
(region 1), few amphiphilic molecules are present and no
significative effect on polymer network is observed; when the
surfactant concentration is raised up without reaching the CMC
(region 2), micellar bridging is established through mixed
micelles structures and the network is enforced; finally, by
further increasing surfactant concentration over the CMC
(region 3), the dissociation of polymer chains is promoted and
the hydrophobic domains are individually entangled in mixed

micelles. Thus, the formation of mixed micelles is the onset of a
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significant increase in viscosity. Most of the mixed micelles (in
region 2) incorporate more than one hydrophobic region, which
in turn means that a higher degree of overlap or links between

separate chains is achieved.
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Figure 27: Surfactant-mediated polymer association and dissociation.

With the purpose of control and modify the viscosity and the
rheology of the examined formulations, and always looking
towards a more complete and functional fluid, the addition of
green surfactants effective in enforcing/weakening the network
was evaluated. In this light, saponins and rhamnolipids, two
surfactants of biological origin, were added one at a time and in
extremely small content, equal to 0.05 % in weight with respect
to the total formulation, to the three investigated polysaccharide
water systems.

More specifically, it was observed that saponin plays a

constructive role in the formation of the polysaccharide network
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both with GG and HPC, whereas with SH it enhances the
viscosity of the systems only at lower stresses, then the flow
curve of the pure hyaluronate and the profile of SH plus saponin
in shale water exhibit a cross-over with increasing the applied
stress (Figure 28a). Oppositely, rhamnolipids play against the
structuring of the polysaccharide networks and, especially in the
cases of GG and SH, move viscosity towards lower values. While
the HPC solution is almost unchanged by the presence of
rhamnolipid (Figure 28b).

These results can be interpreted in the light of the above-
mentioned surfactant-mediated association/dissociation
mechanism, even if deviations from the classic surfactant
behaviour emerge. More precisely, it is possible to explain the
opposite effects obtained by the addition of saponins and
rhamnolipids in terms of surfactant nature and their tendency to
establish crosslinking between chains. In both cases the
surfactant concentration, equal to 0.05 wt.% (0.5 g/L) of the
total formulation, exceeds the respective CMC (see 2.1.4
Additives) and, consequently, would be logical to expect a
decrease in the viscosity of the two systems. If, on the one hand,
rhamnolipids behave like classic surfactants, on the other
saponins exhibit an atypical behaviour. This different attitude
can be explained by considering the atypical nature of saponins
as surfactants and its peculiar molecular structure (see Figure 14
and Figure 15). Indeed, saponins molecules possess a spatially
restrained hydrophobic part combined with many hydrophilic
segments oriented in diverse directions, which considerably
extend the molecular volume and the capacity of interacting with

distant chains. As a consequence of this extended molecular
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structure, saponins can interact not only with the hydrophobic
domains of the polymer chains but also with the hydrophilic
segments, resulting in a further strengthening of the polymer
network and an increase in viscosity. Moreover, the extended
molecular volume of saponins provides a significantly high steric
hindrance, which in turn makes unfavourable the individual

solubilization of hydrophobic domains, as schematized in region

3, and the consequent polymer dissociation.
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Figure 28: Flow curves acquired on GG, SH and HPC 0.5 % aqueous systems both in

the absence and in the presence of A) Saponins 0.05 %, B) Rhamnolipids 0.05 %.
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The last additive examined in the light of obtain significant
viscosity modifications is sodium citrate. As in the cases of the
two abovementioned biosurfactants, sodium citrate was added to
the three polysaccharide systems in the amount of 0.05 wt.% of
the total formulation.

Finally, by adding sodium citrate a more heterogeneous
behaviour is observed, as evidenced in Figure 29: SH viscosity
shows a noticeable reduction in terms of viscosity; guar gum
exhibits a marked increment; and HPC reveals a remarkable
surge in viscosity profile, with the zero stress viscosity that passes
from 1 to 70 Pa-s. The differentiated responses of the three
polysaccharides demonstrate that sodium citrate can be used as
an additive capable of both decreasing and enhancing the
viscosity of the investigated formulations, depending on the
specific polysaccharide used. Indeed, when added to neutral
polysaccharide dispersions, such as those made up by GG or
HPC, sodium citrate exhibits the behaviour of a crosslinking
agent reported in the literature, thanks to which it finds
applications in the role of crosslinker and reinforcer in different
fields (see paragraph Sodium Citrate). More precisely, the
outstanding upsurge exhibited by HPC is probably due to a
combination of two effects: the crosslinking ability of citrate and
a strengthening of the hydrophobic interactions through the
hydroxypropyl side groups, which are brought closer by the
action of citrate. Conversely, when sodium citrate is introduced
in a negatively charged polymer network, like in the case of SH,
the electrostatic repulsion arising from the interactions between

the chains and the basic anions moves the polymer segments
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away from each other, consequently resulting in a weakening of
the network and a lower viscosity.

The rheological properties of sodium hyaluronate strongly
depend on the specific pH [360]. Obviously, also the sodium
citrate-polysaccharides interactions can be significantly altered
by the specific pH conditions, which determine the most
abundant citrate species passing from the tri-basic anion to the
neutral citric acid, moving from high to low pH values
respectively. In particular, when the tri-basic anion is
increasingly protonated by a progressive acidification, it partially
translates its donator into acceptor hydrogen-bonding character.
This feature allows a closer distance with the negatively charged
polymers in acid conditions but can also modify the interactions
with neutral polysaccharides. Therefore, when sodium citrate is
used as an additive for the modification of the polysaccharide
viscosity it is crucial to consider the appropriate acid-base
balance needed to obtain the desired effect, that can result in
both a strengthening or a weakening of the network.

Anyway, the results obtained on the three investigated
polysaccharide systems represent useful and easy-achievable
strategies to control and modify the viscosity of the formulations,

by simply adding low quantities of the appropriate additives.
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Figure 29: Flow curves acquired on GG, SH and HPC 0.5 % aqueous systems both in

the absence and in the presence of Sodium Citrate 0.05 %.

4.2 Reduction of scales precipitation: Polyaspartate and
Polyglutamate as anti-scale agents

The use of water can create several problems in many industrial
applications, such as in the shale gas extraction, due to a massive
precipitation of scales, especially when changes in temperature
and/or pressure take place during the processes. In the light of
limiting the scales formation, anti-scale agents are commonly
included in various formulations.

In case of shale gas extraction, water used during the hydraulic
fracture stimulation can form mineral scales when coming in
contact with naturally occurring water in the producing well. To

prevent this, a scale inhibitor is wusually added to the
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formulations in low dosages, that range between 0.0075% and
0.012% of the total fluid volume [361].

One of the most commonly used anti-scale agents, especially in
shale gas applications, is the polyacrlylate (PAC) due to its
resistance to chemical and biological breakdown. Thus, in our
study PAC was chosen as a reference agent, in order to establish
a comparison with polyaspartate (PAS) and polyglutamate
(PG), the investigated green alternative anti-scale agents.

All the additives were used at a concentration of 10 mg/L (i.e.,
0.001 wt% of the total formulation), in line with the data found
in the literature [361,362].

First of all, we qualitatively evaluated their efficacy against
calcium sulphate formation in pure water; tests were performed
both at 25 and 60 °C to assess the performances of the scale
inhibitors also at high temperatures achievable during various
processes. Then, the behaviour of these additives was studied in
a model polysaccharide formulation, consisting in sodium
hyaluronate (0.5 wt%) plus sodium citrate (0.05 wt%) as physical
cross-linker, in a content equal to 0.001 wt%. Finally, the effect
of anti-scale agents on the precipitation of other insoluble salts,
such as strontium sulphate, was investigated as well in order to
gain information on their effectiveness against the precipitation
of other sparingly soluble salts of alkali earth metals.

The choice of monitoring the anti-scale effect on the precipitation
of calcium sulphate instead of other salts, such as carbonates, is
based on the crystal morphology. Indeed, sulphates precipitate
forming larger crystals with respect to carbonates, thus it is
easier to observe eventual morphological variations induced by

the presence of anti-scale agents through the optical microscopy
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technique. For the same reason, results on barium salts in the
presence of anti-scale agents are not reported since they
precipitate immediately due to their very low solubility in water
forming very small crystals, that are difficult to observe with a

good resolution using optical microscope.

4.2.1 Effect in water

First of all, the performances of the studied anti-scale agents
were assessed in pure water. Figure 30 shows CaSQ, precipitates
without and with the different studied anti-scale agents and the
corresponding optical micrographs. In particular, we can observe
a strong reduction of the amount of precipitated salt especially
in the case of PAS (sample 1), PG-low M, (sample 2) and PAC-
medium and high M, (sample 5 & 6).

Optical images reveal that, differently from the big floc crystals
obtained when calcium sulphate is precipitated in neat water,
the addition of the additives leads to the formation of less
compact crystals for all the investigated molecules; however, the

most remarkable effect on gypsum morphology is obtained for
PAS and PAC-medium and high M.
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Figure 30: Effect of different anti-scale agents on the precipitation of calcium sulphate

in water at 25 °C. Top: picture of the precipitates; bottom: corresponding optical
micrographs. Scale bar: 100 pm. (0) no anti-scale agents; (1) PAS; (2) PG-low M; (3)
PG-high My; (4) PAC-low My; (5) PAC-medium My; (6) PAC-high M.

Similar results were found in the case of SrSO, (see Figure 31).

Considering that scale inhibitors are added in a very small
amount far from the stoichiometric concentration of the scaling
species, scale suppression can be ascribed to physical
mechanisms: the adsorption of anti-scale molecules on active
growth sites of crystals leads to reduced nucleation and crystal
growth rates and to the formation of distorted crystal structures.
The crystal distortion weakens the tenacity of the scale and the
highly irregular stressed crystals tend to slough off as crystal
growth occurs. In addition, all the tested scale inhibitors possess

negative charges in their chemical structure: the electrostatic
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repulsion between approaching crystals is another possible
mechanism to prevent the crystal growth. Considering that PAS
possesses two negative charges while the other additives are
monovalent salts, it is not surprising that it is one of the most

performing agents.

- R

Figure 31: Effect of different anti-scale agents on the precipitation of strontium sulfate

in water at 25 °C. Top: picture of the precipitates; bottom: corresponding optical
micrographs. Scale bar: 100 um. (0) no anti-scale agent; (1) PAS; (2) PG-low My; (3)
PG-high My; (4) PAC-low My; (5) PAC-medium My; (6) PAC-high M.

Regarding the use of anti-scale agents with different molecular
weights, the choice was done on the basis of previous literature
reports. Indeed, it was proved that a minimum number of
monomer units is required to have effective binding to the crystal
surface that differs from mineral to mineral: for example, in the
case of calcium sulphate in the presence of polyacrylates, it was

found the optimum effectiveness with a molecular weight of
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~2000 Da [363]. In another study on polyaspartate scale
inhibitors, Ross et al. proved that polyaspartates in the range of
3000-4000 Da are the most effective for inhibition of calcium
carbonate and barium sulphate, while, for calcium sulphate
inhibition, the optimum molecular weight was found to be in the
range of 1000-2000 Da [364].

In general, as the molecular weight increases, there might not be
a proportional increase in binding effectiveness for a polymer.
Additionally, the number of molecules in a given weight of
polymer decreases, resulting in decreased activity. Finally, it has
to be considered that larger molecules move in solution slower
than smaller ones at the same temperature, as the adsorption on
the surface of growing crystals is dependent on their diffusion
coefficient in solution. Accordingly, the precipitation of larger
crystals both in the case of CaSOs and SrSO.is observed in the
case of the formulations containing high M,, PG and PAC. The
effect of high temperature (60 °C) on the performances of anti-
scale agents was also investigated. Tests were carried out just on
calcium sulphate in water as an example and the obtained optical

micrographs are shown in Figure 32.
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Figure 32: Optical micrographs showing the effect of different anti-scale agents on the

precipitation of calcium sulphate in water at 60 °C. Scale bar: 100 pm. (0) no anti-
scale agent; (1) PAS; (2) PG-low My; (3) PG-high My; (4) PAC-low My; (5) PAC-
medium My; (6) PAC-high M.

By increasing temperature, the formation of bigger crystals is
favored even in the presence of scale inhibitors since calcium
sulfate solubility in water decreases in the same trend with room
temperature. The worst performances of all the additives studied
at 60 °C with respect to those observed at room temperature can
be explained considering the enhancement of the thermal motion
of anti-scale molecules, which probably reduces the rate of their
adsorption on the forming crystalline nuclei. However, PG-low
M, and PAC-high M, show very good performances in the

reduction of precipitate amount.
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4.2.2 Effect in polysaccharide-based formulations

Successively, the effectiveness of anti-scale agents was evaluated
in the SH-based formulation, which was chosen as model
formulation to observe the crystal precipitation for two reasons.
The first one is the transparency and clearness of the SH system,
analogously to the HPC formulation and differently to the GG
dispersions. The second reason is that SH formulations do not
produce bubbles when they are magnetically stirred, unlike what
happens in the case of HPC systems. Figure 33 shows calcium
sulphate precipitates and the corresponding optical micrographs,

in the presence of scale inhibitors added to sodium hyaluronate-

Figure 33: Effect of different anti-scale agents on the precipitation of calcium sulphate

based formulation.

in SH-based formulation at 25 °C. Top: picture of the precipitates; bottom:
corresponding micrographs. Scale bar: 100 pm. (0) no anti-scale agent; (1) PAS; (2)
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PG-low My; (3) PG-high My; (4) PAC-low My; (5) PAC-medium My; (6) PAC-high
M.

By observing the images, it 1is evident how crystal
morphology completely changes from what was previously
observed in pure water, both in the presence and in the absence
of anti-scale additives. The formation of more ordered crystals
with shorter needles suggests that the polysaccharide matrix acts
as a ‘templating agent’. By considering the high viscosity of
polysaccharide aqueous systems, it reliable that crystalline nuclei
move slower in comparison with pure water. In addition, the
differences among the studied anti-scale agents are less
remarkable if compared to that was observed in pure water: the
amount of precipitate and the crystals morphology are more or
less the same for all samples. However, all the anti-scale agents
show very good performances, even better than those observed
in water. An explanation of this unexpected result can be found
in the sodium hyaluronate negatively charged chains, which
make the polysaccharide itself a scale inhibitor. This, combined
with the presence of anti-scale additives, ensures the stop of
crystallites growth, thus significantly decreasing the amount of
precipitate.

The obtained results are of great interest for real applications
since it was demonstrated that the precipitation of scaling
minerals can be inhibited by adding very small amounts of green
additives, whose effectiveness results even enhanced in the
polysaccharide formulations. In addition, it is possible to tune

the effectiveness of these completely safe and degradable
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additives against scales of different chemical composition simply

varying the kind and molecular weight of the additives.

4.3 Carbon Black as a multifunctional additive

In this section are reported the results related to the effects on
rheological properties, thermal resistance and electro-
responsiveness induced by the addition of carbon black (CB).
The results briefly described below are part of a paper recently
submitted for publication that concerns the effect of CB as an
additive in both polysaccharide and viscoelastic surfactant (VES)
formulations. For the sake of coherence, the data listed here focus
only on the three investigated polysaccharide GG, SH, and HPC;
however, the full paper containing the results regarding both
polysaccharide and VES systems is attached at end of the thesis
(Paper II).

CB is an additive extensively used in the manufacturing of
plastic, rubber and various polymer blends. This wide use is
related to the peculiar properties that CB can provide to the host
material in terms of longer lifetime, lower thermal degradation,
electrical conductivity, improved resistance to mechanical
stresses, viscoelasticity, microwave absorbance, and UV shielding
effect [Paper II]. Although CB is mainly used in solids such as
plastics and rubbers, its addition to liquid matrices is
considerably increasing. This trend is related to the use of CB as
a pigment in paints and inks, particularly those for ink-jet

printing.
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In the light of further study and characterize CB-enriched fluid
systems, the addition of CB to polysaccharide-based
formulations is explored with the aim of controlling and
improving their thermal properties, rheological behaviour,
conductivity and electrical responsiveness.

The investigation is carried out through rheology, electrical
conductivity, and optical microscopy experiments. The results
suggest that CB improves the performances of such water-based
dispersions without affecting the 3D ordered network and the
rheological behaviour. Set out below is a list of the most

interesting results achieved on the polysaccharide-CB systems:

1. An amount of CB equal to 3 wt.% is successfully dispersed
in aqueous systems thanks to the dispersing action of a 2
wt.% saponins solution. The examined dispersions result
stable and, from the optical micrographs, it is possible to
assert that the carbonaceous particulate appears

homogeneously dispersed.

2. The addition of CB leads to an increase in the viscosity of
at least an order of magnitude. This result is in line with
the well-known thickening effect of CB and reflects the
effective inclusion of the additive in the polysaccharide
matrices. Moreover, in the presence of CB the rheological
profiles are significantly modified with respect to the pure
polysaccharides. In fact, besides the Newtonian region
with a high viscosity value at low shear rates, a marked
change in the slope of the curves is observed, for shear

stress ranging be-tween 0.3 and 3 Pa, especially for GG
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and SH based samples. This behaviour is probably related
to the viscous drag between the polymer chains adsorbed

on the CB particles and the bulk polymer.

3. The application of a voltage (30 V for 1 hour) to the
formulations produces electrophoretic, polarization and
osmotic effects, that result in the separation of a liquid
and easy-flowing phase on one electrode, and of a viscous
and sticky phase that concentrates at the opposite side.
Taking advantage of their different viscosities, the two
phases can be easily separated by simply turning the
vessel. All pure polysaccharide dispersions, except for guar
gum, exhibit this behaviour in response to the electrical

treatment.

4. As expected, the addition of CB powder leads to a
remarkable increase in the conductivity for all the
polysaccharide systems, thus creating the conditions for
the realization of smart molecular systems with enhanced

electro-responsiveness.

5. When the CB-enriched polysaccharide dispersions are
electrically treated different responses to the treatment
were recorded, depending on the nature of the investigated
polysaccharide. However, in all cases with the exception
of guar gum, the split between the zero-shear viscosities
related to the two phases obtained after the treatment,
the easy-flowing phase and the sticky phase, results

enhanced if compared to the pure polysaccharides. Thus,



102

4 — Results

the presence of CB in the SH and HPC polysaccharide
matrices leads to an improved electro-responsiveness. This
result suggests that CB can be successfully used as an
additive to tune the response of polysaccharide
formulations to an external treatment, such as the

application of a voltage.

The rheological profiles acquired at different
temperatures, ranging between 25 and 60 °C, confirm that
when CB is added to polysaccharide matrices an
enhancement in the formulation resistance to the
temperature increase is achieved. At the same time, the
rheological trend of each polysaccharide remains
unchanged. More specifically, both SH and GG exhibit a
downward shift in their flow curves, with a progressive
lowering of the zero shear-viscosity, in response to the rise
in temperature. Conversely, HPC shows an opposite trend
characterized by an increase in both zero-shear viscosity
and critical stress at which the system begins to disrupt.
This latter apparently counterintuitive result is in line
with the HPC lower critical solution temperature (LCST)

described in the introduction.
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5 Specific ion effects on glycerol
carbonate

This Chapter is reprinted with permission from ‘The curious case of
potassium fluoride on glycerol carbonate. How salts can influence the
structuredness of organic solvents’ and ‘Specific ion effects in non-
aqueous solvents: the case of glycerol carbonate’. Copyright 2018
Elsevier Ltd. The articles are attached at the end of the thesis (Paper
IIT and Paper IV).

5.1  The peculiar case of KF' in Glycerol Carbonate

In this chapter the specific effects of different potassium salts on
glycerol carbonate (GC, 4-hydroxymethyl-1,3-dioxolan-2-one)
are discussed. The chronicle of this investigation began with the
peculiar features observed on GC solutions of KF in a wide
concentration range, varying from 10® M up to the saturation
threshold. Indeed, the increasing addition of KF in GC
progressively promotes the formation of a glassy liquid, which
arrangement was evaluated through conductivity, rheology,
differential ~ scanning calorimetry (DSC) and infrared
spectroscopy experiments.

GC is known to be an associated liquid, which is structured by
strong intermolecular interactions. In addition, it possesses a
remarkably high dielectric constant and an intense dipole

moment which promotes the ion dissociation and the ion-solvent
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interactions, resulting in this way an excellent solvent for
electrolytes [paper III and IV]. Moreover, the presence of a
terminal -OH moiety further contributes to extend the
intermolecular association through hydrogen bonding (HB)
interactions. In this scenario, the addition of a salt like potassium
fluoride leads to remarkable changes in the solvent molecular
organization and association, resulting in significant modification
of the rheological and thermal properties. The main results
achieved by examining the GC-KF interactions can be briefly

outlined as follows:

1. In the dilute regime the specific conductivity (k) raises
with concentration (c) due to the increasing number of
charge carriers. At moderate-to-high concentrations (¢ >
1M), as the ion-ion interactions strengthen and the
viscosity of the medium increases, the curve shows a
plateau due to the competition between the increase in the
number of charge carriers and the decrease in ionic
mobilities. For ¢ > 1.5 M the solution becomes turbid,
presumably due to the formation of larger particles and
we observed the onset of an intense yellowing, that

preludes to the degradation of GC.

2. From the molar conductivity (A) point of view, interesting
insights into the solvent-solute interactions can be
obtained. The curve shows a rapid increase in the dilute
regime, then reaches a maximum around 0.15 M and
progressively decreases when c¢ further increases. The

presence of a maximum is a behaviour that typically found
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when the formation of ion pairs and triple ions (K.F* and
KF, in the present case) occurs.

By the application of the Fuoss-Kraus model to the A
data, the value of the association constants for ion pairs
(K1) and triple ions (Kr) were estimated to be 2.8 - 10° and
550, respectively. These values confirm the high tendency
for K* and F- to form ion pairs and the formation of triple
ions in GC. Moreover, from the distribution curves derived
from the association constants, it was found that KF ion
pairs are always the most abundant species, they are
accompanied by a very small fraction of free ions and the
fraction of triple ions increases from as more KF is added.
These data suggest that GC, despite its remarkably high
dielectric constant, does not effectively solvate and
separate K* and F-, that rather remain associated in ion
pairs (or triplets, at higher c). This behaviour can be
explained in terms of the strong intermolecular
interactions, on the ‘structuredness’ of the pure liquid, and
on the asymmetry between the interactions of the terminal
—OH moiety with anions and the carbonyl oxygen with

cations in GC.

3. The viscosity of KF in GC solutions increases as a function
of the solute concentration; however, when the KF content
is further increased, the viscosity steeply grows and
exceeds by >10 times the value found for the pure solvent.
This suggests that KF induces a very significant change
in the solvent ordering, by forcing the formation of a

stronger and more viscous structure in the medium.
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4. The fractions of triple ions, ion pairs and free ions

obtained from the conductivity data were used in a
modified Jones-Dole equation that describes the variation
of the solution viscosity (1) as a function of the solute
concentration c, by including two terms that consider the
effect of free ion-solvent and ion pair-solvent interactions.
By fitting the m values versus c¢ with this modified
equation, it was possible to attribute a positive and a
negative contribution in strengthening the liquid structure
to the ion pairs and charged species (free single or triple

ions), respectively.

. From the DSC experiments a glass transition temperature

(T,) was detected at — 70.8 °C for the pure GC and at —
61.3 °C for the KF saturated solution. The remarkable
increment in the T, of the liquid upon the addition of KF
confirms a strong stiffening effect induced by the

electrolyte on the solvent molecules structuredness.

. The ATR-FTIR experiments indicate that an increment

in the KF concentration brings about a shift in the O—H
stretching band from 3420 cm™ for pure GC, to 3370 cm
for the 0.68 M KF sample. This finding reflects the
interaction between the hydroxyl moiety and the fluoride
anion, that leads to a weakening in the O—H stretching
mode. Further addition of KF results in a more significant
shift of the band to lower wavenumbers. Importantly, the

presence of KF does not modify the FTIR profile of pure
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5.2

glycerol carbonate in correspondence of the other

significative signals.

From the obtained results we proposed a hypothetical
structure of the solution where the solvent molecules are
organized in wormlike structures intercalated by KF ion
pairs with which they interact through ion-dipole
interactions (between K™ and the C=O residue) and HB
between F- and the —OH moiety of GC. The dissolved KF
salt mainly forms ion pairs that are responsible for the
remarkable increase in the viscosity of the solution. A
similar ordering was proposed by Jones for the dissolution
of LiF in ethylene carbonate or propylene carbonate [].
Free solvated Kt and F- and triple ions are present and
contribute to the overall conductivity of the sample. In
the side directions, along the main axis the solvent
molecules are oriented in the opposite way, as required by
the minimization of the dipoles energy. Such ordered
structure would justify the conductivity and viscosity

features of this glassy liquid system.

Specific ion effects in Glycerol Carbonate induced
by various potassium salts

In a second step, the study was extended to other potassium salts
like K3PO4, KOCN, K,COs, KCIl, K;SO4, KBr and KI. In this

phase the effect of HB on the solubility of some salts, and more

particularly on the thermodynamics and other physico-chemical
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properties, was investigated through NMR, DSC and ATR-FTIR
measurements. The set of the investigated salts ranges from
potassium halides to phosphate, carbonate, sulphate and cyanate
to study the effect of the anion's basicity and of the anion's
capability to act as a donor/acceptor for hydrogen bonds. Since
we operate either at the saturation limit or at a moderately high
concentration, our results are both anion and solvent specific.
The aim is to explore the nature of non-aqueous solvent
Hofmeister effects systematically. Below the principal findings of

the Paper III are recapped.

6 The solution of potassium phosphate, sulphate and
carbonate behave similarly to the case of the
aforementioned KF. The solvent can be easily
oversaturated with these salts at all temperatures
suggesting a behaviour analogous to one proposed for KF,
where the formation of very stable ion pairs and triple ions
occurs, while the free ions represent only a minor fraction

of the entire distribution.

6 The NMR results show the change in the shift (§) of the
alcoholic proton that follows the series: KF > K;PO, >
KOCN > K;CO3; > KCl > KySOs > KBr > KI. These
findings suggest that the major perturbation in the
chemical shift of the —OH proton is produced by anions
that behave as strong bases. The de-shielding of the
hydrogen in the presence of these anions indicates an
electron-poor environment around this nucleus. A quite

strong interaction through hydrogen bonding between the
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basic anion and the —OH group seems to take place in
saturated solutions of KF, Ky;CO3;, KCNO and K;3;PO..
Thus, the NMR results seem to confirm the hypothesis
previously proposed for KF is reasonable also in the cases
of phosphate, carbonate and cyanate. It is conceivable
that also K.CO; and K;PO, ion pairs are intercalated
between solvent molecules through ion-dipole interactions,
involving the cation and the carbonyl moiety, and through
hydrogen bond between the anion and the primary -OH
residue.

On the other hand, other anions such as chloride, sulphate
and bromide do not alter significantly the chemical
environment around the alcoholic proton and/or the
structuredness of the solvent. Remarkably, KI induces a
strong decrement in the value of & to lower ppm.
Furthermore, potassium iodide lowered the chemical shifts
of the non-hydroxyl protons, while the other investigated
salts did not change the 6 of the same nuclei respect to
pure GC. Since HI is a very strong acid, and
correspondingly iodide a very weak base, this behaviour is
ascribable to the large polarizability of this anion and to
the onset of significant dispersion interactions between the

anion and the solvent molecules.

6 From the DSC curves acquired on the different GC
solutions of the investigated potassium salts it is detected
a significant increment in the glass transition temperature
for K;PO4, KOCN and K.COj; in comparison with the pure
GC (Ty = —70.8 °C), while KCI, KBr and K>SO, do not
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modify T, in a significant manner. Again, phosphate,
carbonate and cyanate exhibit a behaviour similar to the
before examined fluoride. The large increment in the T, of
the liquid upon the addition of KF, K;PO,, KOCN and
K>COs confirms a strong stiffening effect induced by the
electrolyte on the solvent molecules structuring and

association as previously outlined.

The Attenuated ATR-FTIR experiments indicate a shift
of the O—H stretching band from the pristine 3420 cm™!
for pure GC to lower wavenumber. The lowering in the
frequency of the O—H signal induced by the presence of
KF, K;PO4, KOCN and K,COj; reflects the interaction
between the hydroxyl moiety and the basic anion, that
leads to a weakening in the O-H stretching mode. KI
produces an effect comparable to that of KF with a
significant shift (from 3420 to 3370 cm™) in the O-H
stretching, indicating a weakening in the strength of the
O—H bond. This result parallels the effect that we already
recorded in NMR and DSC experiments on KI in GC
samples and can be related to the partial adsorption of

iodide ions near the GC ring.
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6 Conclusions

The present work represents a contribution in the wide context
of the complex fluids study. In particular, the project deals with
systems based on polysaccharide solutions, surfactant solutions,
electro-responsive suspensions, glassy-forming liquid, and
biopolymer solutions. The selection of materials is driven by the
choice of using green chemicals, possibly of biological origins, in
order to design formulations potentially applicable in
environmentally-safe  frameworks. The formulations are
investigated mainly from a rheological and structural perspective
since complex fluids are systems characterized by an internal
microstructure whose evolution affects the macroscopic dynamics
of the material, especially the rheology.

The main objective of this work is the application of additives
and strategies as triggers to modify the rheological, thermal,
conductive, and responsive properties of the investigated
systems. Indeed, the control over viscosity and other properties
is an important operating parameter in many industrial processes

that involve complex fluid formulations.

In order to pursue this goal, we started with the study of
polysaccharide aqueous dispersions based on guar gum (GG),
sodium hyaluronate (SH) and sodium alginate (SA). These
systems were examined both pure and in the presence of different
salts, with the purpose of evaluating the specific ion effects on

their thermal properties and rheological behaviour. In details, the
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investigation has shown that the presence of specific anions
represents a feasible and easy-reproducible strategy to
significantly modify the texture of the polysaccharide network by
affecting the hydration of the chains and, consequently, their
intermolecular interactions. These changes lead to remarkable
variations in thermal properties, viscosity and rheological
behaviours passing from the pure polysaccharide systems to the
salt/co-solute added ones. More precisely, the salt/co-solute
addition influences the thermal properties of all the
polysaccharides in a similar way, whereas, in term of viscosity
and rheological behaviour, it induces opposite changes in the
cases of the neutral GG and the negatively charged SH. The
modifications induced are interpreted in term of Hofmeister
series. A strongly hydrated (kosmotropic) ion effectively deprives
the polysaccharide chain of water, remain confined in the bulk
solution, and enhance the interchain interactions. In the case of
the neutral GG, this phenomenon leads to a remarkable
strengthening of the system; while, when the negatively charged
SH is involved, kosmotropic ions induce a weakening in the
interactions due to less water-mediated interactions between
charged chains. The chaotropic ions do not significantly affect
the rheological properties of the systems since they remain almost
dehydrated and tend to adsorb at the polymer. Therefore, the
induced-changes specifically depend on the investigated
polysaccharides; however, the thermodynamic interpretation of
the interactions might be potentially extended to other neutral
or charged macromolecules in aqueous mixtures, providing in this
way a precious a- priori indication for the formulation of different

polymer-water mixtures. Furthermore, knowing the
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polysaccharide response to the presence of specific ions in
advance allows the matching of the proper biopolymer with
solutions of specific salt-composition and vice-versa.

The polysaccharide systems have also been tested in high salinity
conditions, realized through a solution consisting of a mix of
monovalent and divalent ions. All the examined formulations
exhibit a great resistance in this environment, making feasible
their usage also in applications where a good tolerance towards

high salinity is required.

The second part of the work aims at evaluating different
additives and strategies capable of modifying the viscosity, the
rheological properties, the thermal resistance, the scale
precipitation, the conductivity, and the electro-responsiveness
nature of polysaccharide dispersions based on GG, SH and
hydroxypropyl cellulose (HPC).

Firstly, one green crosslinker (sodium citrate) and two bio-
surfactants as saponins and rhamnolipids have been tested in the
role of viscosity modifying agents. Saponins and rhamnolipids
affect the chain-chain interactions in the polysaccharide network
through the so-called ‘surfactant-mediated association/
dissociation mechanism’. Indeed, these surfactant molecules bind
to the investigated polysaccharide and aggregate in clusters by
incorporating the hydrophobic domains belonging to the
macromolecule chains. These aggregates are known as mixed
micelles and they can significantly modify the network structure,
leading to remarkable changes in the rheological properties. The
two bio-surfactants exhibit a considerable effect on the

polysaccharide systems viscosity, even if added in low
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concentration. More precisely, saponins strengthen the network
and raise the viscosity, while rhamnolipids provide the opposite
effect.

Even sodium citrate reveals to be an effective agent for the
modification of viscosity. However, the addition of sodium citrate
generates diverse effects on the rheological properties of the
examined polysaccharide. More precisely, SH viscosity shows a
noticeable reduction in terms of viscosity; GG exhibits a
significant increment; and HPC reveals a remarkable surge in
viscosity profile. The differentiated responses of the three
polysaccharides demonstrate that sodium citrate can be used as
an additive capable of both decreasing and enhancing the
viscosity of the investigated formulations, depending on the
specific polysaccharide used. Indeed, when added to neutral
polysaccharide dispersions, such as those made up by GG or
HPC, sodium citrate exhibits the behaviour of a crosslinking
agent reported in the literature. Conversely, when sodium citrate
is introduced in a negatively charged polymer network, like in
the case of SH, the electrostatic repulsion arising from the
interactions between the chains and the basic anions moves the
polymer segments away from each other, consequently resulting
in a weakening of the network and a lower viscosity. In each case,
all the additive result effective in the modification of the viscosity
and rheological properties of the polysaccharide aqueous
dispersions.

With the aim of reducing the scales formation and precipitation
in aqueous systems, polyglutamate and polyaspartate have been
investigated as green biodegradable anti-scale agents. Their

performances have been compared with the most commonly used
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polyacrylates, which are non-biodegradable compounds. Both
polyaspartate and polyglutamate reveal to be effective in
modifying and limit the crystal growth and precipitation, making
possible an use of these green alternatives in many application
fields.

Another additive examined in the light of modifying the viscosity
and other properties of polysaccharide-based systems is carbon
black (CB). In our case, CB is homogeneously dispersed in
aqueous solution of saponins and effectively included in the
polysaccharide matrices in order strengthen the network,
enhance the thermal resistance, and improve the response to the
application of an electrical treatment. The optimized aqueous
dispersion of CB in saponins results to be stable and
homogeneous, making feasible the inclusion of carbonaceous
particle in the polymer networks, whose viscosities result to be
remarkably increased.

The application of a voltage to the pristine polysaccharide
formulations produces electrophoretic, polarization and osmotic
effects, that result in the separation of a liquid and easy-flowing
phase on one electrode, and of a viscous and sticky phase that
concentrates at the opposite side. Taking advantage of their
different viscosities, the two phases can be easily separated by
simply turning the vessel. All pure polysaccharide dispersions,
except for guar gum, exhibit this behaviour in response to the
electrical treatment. As expected, the addition of CB powder
provides also a significant increase in the conductivity, thus
creating the conditions for the realization of smart molecular
systems with enhanced electro-responsiveness. More specifically,

when a voltage is applied to the CB-enriched polysaccharide
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dispersions, different responses were recorded, depending on the
nature of the investigated polysaccharide. However, in all cases
with the exception of guar gum, the split between the zero-shear
viscosities related to the two phases obtained after the treatment
results enhanced if compared to the pure polysaccharides. Thus,
the presence of CB in the SH and HPC polysaccharide matrices
leads to an improved electro-responsiveness. This result suggests
that CB can be successfully used as an additive to tune the
response of polysaccharide formulations to an external
treatment, such as the application of a voltage.

Finally, the rheological profiles acquired at different
temperatures, ranging between 25 and 60 °C, confirm that when
CB is added to polysaccharide matrices an enhancement in the
formulation resistance to the temperature increase is achieved.
At the same time, the rheological trend of each polysaccharide
remains unchanged. More specifically, both SH and GG exhibit
a downward shift in their flow curves, with a progressive lowering
of the zero shear-viscosity, in response to the rise in temperature.
Conversely, HPC shows an opposite trend due to its LCST (lower
critical solution temperature) and characterized by an increase
in both zero-shear viscosity and critical stress at which the
system begins to disrupt. This result further confirms that CB is
effectively included in the polysaccharide matrix but, meantime,

it does not modify the network structure.

Finally, in the last part of the work, the study is extended to the
specific ion effects on glycerol carbonate (GC), an organic glassy-
forming liquid solvent derived from glycerol. GC is known to be

an associated liquid, which is structured by strong intermolecular
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interactions. In addition, it possesses a remarkably high dielectric
constant and an intense dipole moment which promotes the ion
dissociation and the ion-solvent interactions, resulting in this
way an excellent solvent for electrolytes. Moreover, the presence
of a terminal -OH moiety further contributes to extending the
intermolecular association through hydrogen bonding (HB)
interactions. In this scenario, the addition of a salt leads to
remarkable changes in the solvent molecular organization and
association, resulting in significant modification of the
rheological, structural and thermal properties.

The chronicle of this study begins with the investigation of the
peculiar features observed on GC solutions of KF in a wide
concentration range. The experimental results collected through
conductivity, rheology, IR spectroscopy and DSC suggest a
remarkable strengthening in the structure of liquid glycerol
carbonate upon addition of potassium fluoride. This
strengthening is ascribed to the hypothesized structure of the
solution where the solvent molecules are organized in wormlike
structures intercalated by KF ion pairs with which they interact
through ion-dipole interactions (between K* and the C=0O
residue) and HB between F~ and the —OH moiety of GC. The
dissolved KF salt mainly forms ion pairs that are responsible for
the remarkable increase in the viscosity of the solution.

In order to better comprehend how different salts can affect the
molecular association and the structuring of GC, an investigation
has been extended to other potassium salts like K;PO,, KOCN,
K.COs;, KCI, K»SO4, KBr and KI. In this phase, the effect of HB
on the solubility of some salts, and more particularly on the

thermodynamics and other physicochemical properties, was
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investigated through NMR, DSC and ATR-FTIR measurements.
In details, the results indicate that the dissolution of an
electrolyte in glycerol carbonate occurs via two different
solvation mechanisms. On one hand, the potassium cation
interacts with the carbonyl group through simple electrostatic
ion-dipole interactions. On the other hand, the role played by
the anion greatly depends on its nature. If the anion has a strong
basic nature, then it interacts with the hydroxyl moiety through
hydrogen bonding. This would modify the structure of the
solvent significantly. Instead, if the anion is not an acceptor, then

its interaction with the solvent molecule is minimal.

In conclusion, this works represents an important contribution
in the study of complex fluid and in the evaluation of alternative
strategies to modify the structure and the rheological properties
of these systems. Indeed, we have investigated the effect of
several factors like the specific salt effects both on aqueous and
organic systems, the resistance in high salinity conditions, the
viscosity and rheological modifications through the use of
biosurfactant and green crosslinker, the effective dispersion of
carbon black in aqueous solutions and its inclusion in
polysaccharide matrix, the application of a voltage as a strategy
to achieve a remote control over the viscosity, and the reduction
of the scale precipitation by using biopolymers as anti-scale
agents. Furthermore, during this study, we have always taken
into  consideration the development of green and
environmentally-safe formulations. This represents an added

value for the investigated systems and for their potential usages
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in green applications aimed at reducing the environmental

footprint.
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1. Introduction

Hofmeister, or specific ion effects consist in changes induced
in a measurable phenomenon or physico-chemical property by the
addition of a specific salt. These effects usually take place at moder-
ately high concentrations, e.g. above 10 mM. They occur in a large
variety of systems and practically in all realms of nature: in bulk
solutions, aqueous and non-aqueous systems, at interfaces and in
self-assembled structures (Lo Nostro & Ninham, 2012; Lo Nostro &
Ninham, 2016).

Compared to the pristine sequence found by Hofmeister in his
studies on the precipitation of albumin dispersions, other systems
may exhibit a different order. However, in general it is observed that
as the ion changes, the measured properties are affected. Recently it
has been found that the charge and polarity of the involved species
and surfaces are crucial factors in determining whether the effec-
tiveness of the salts follows the direct or reverse Hofmeister series
(Schwierz, Horinek, Sivan, & Netz, 2016). In a dilute regime, elec-
trostatics dominates the picture of ionic interactions, and Coulomb
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0144-8617/© 2017 Elsevier Ltd. All rights reserved.

potential describes the behavior of the solution, with a substan-
tial correct prediction of the ionic activity coefficient. However,
electrostatic interactions are non ion-specific, while the surface
charge density depends on the ion size. At high salt concentrations,
non-electrostatic forces come into play, Coulomb interactions are
screened, and ion specificity emerges.

The rheology and thermal behaviors of solutions and disper-
sions of biopolymers such as polysaccharides are examples of
specific ion effects, in fact such features can be tuned by the proper
choice of electrolytes at a suitable concentration. This topic has
been fully investigated in the literature (see Hatakeyama, Tanaka,
& Hatakeyama, 2010; Guan, Xu, & Huang, 2010; Kupska, Lapcik,
Lapcikova, Zakova, & Jurikova, 2014, and references therein). One of
the more interesting insights is the mechanism through which such
effects take place. Norton studied the disorder-order transition and
the helix-helix aggregation in k-carrageenan in the presence of dif-
ferent salts, and concluded that these phenomena depend on the
salt-induced modification of the solvent quality of water, and not
on direct salt-polyelectrolyte interactions (Norton, Morris, & Rees,
1984). Along the same line, Xu explained the effect of salts on the
sol-gel transition of methylcellulose in terms of the ability of indi-
vidual ions to change water structure and of the strength of the
interactions between water molecules (Xu, Wang, Tam, & Li, 2004).

Asafinal point regarding the application of the above theoretical
model to salting-in and salting-out phenomena, we return to the
fact that, in general, the surface of a macromolecule exposes sites
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(functional groups) which differ in their relative affinities to the
components of the mixed solvent. (Piculell & Nilsson, 1989).

A more relevant study is that by Yin on the gelation of konjac
glucomannan (KGM) and in particular on its rheological behav-
ior in the presence of different salts. The increase in the viscosity
upon addition of salting-out salts is explained in terms of (i) the
modification of the water structure or (i) by the change in the inter-
actions between the ions and specific sites on the polymer chains
(Yin, Zhang, Huang, & Nishinari, 2008). Finally, Singh investigated
the gelling behaviour of agarose with Na;S04, and found that the
release of water from the gel is due to the water withdrawing action
of sulfate ions (Singh, Meena, & Kumar, 2009).

In the present contribution we report a study on the effect
induced by some strong electrolytes and neutral cosolutes on the
rheology and thermal behavior of some polysaccharide aqueous
dispersions and solutions. The results are discussed in terms of the
Hofmeister series, ion-polymer and polymer-water interactions.

This investigation is relevant for the application of polysac-
charides in green formulations for fracturing fluids used in shale
gas extraction (Barati & Liang, 2014; Kelly, Khan, Leduc, Tayal, &
Prud’homme, 2001; Legemah, Qu, Sun, Beall, & Zhou, 2013).

The basic ingredients that are commonly used in fracturing
fluids comprise water, more or less chemically modified polysac-
charides as gelling agents (guar gum, cellulose, xanthan gum and
their derivatives), alarge number of salts as formulation stabilizers
or clay control agents, acids (e.g. HCl, H3BO3 and citric acid) and
bases to adjust the pH, cross-linker initiators (potassium borate
or metaborate, complexes of zirconium or titanium with organic
chelators), naphtha derivatives and surfactants (Barati & Liang,
2014; Gandossi & Von Estorff, 2015; Li, Al-Muntasheri, & Liang,
2016; Montgomery, 2013).

Several scientists have discussed a number of possible envi-
ronmental risks related to the production of shale gas. These
include the accidental release of fracturing fluids, leaks of hydro-
carbons, the uptake of Naturally Occurring Radioactive Materials
(NORM), the introduction of foreign bacterial strains to the sub-
surface, and induced micro-seismicity (Arthur, Bohm, Coughlin,
Layne, & Cornue, 2009; Holloway & Rudd, 2013, Chapter 11; Osborn,
Vengosh, Warner, & Jackson, 2011; Vengosh, Jackson, Warner,
Darrah, & Kondash, 2014). To limit some of these risks, we focus
on “greener” formulations, which employ biocompatible and non-
toxic ingredients.

2. Hypotheses

This study is aimed at demonstrating that the thermal and
rheological properties of aqueous mixtures containing guar gum,
sodium alginate and sodium hyaluronate can be significantly mod-
ified by using strong electrolytes, and that salt specific effects show
up, following the Hofmeister series. The ions exhibit particular
effects related to their structure and particularly to their capability
to interfere with the polymer hydrogen bonding network and with
the solvent properties of water. The results support our effort to for-
mulate green alternatives to the currently used hydraulic fracturing
fluids.

3. Experimental
3.1. Materials

All chemicals were reagent grade (>99%) and used as received.
NaF, Nal, NaSCN, NaCl04-H,0, NaH; PO4 were purchased from Fluka
(Milan, Italy). NaCl, NaBr, Na;S04, Na3PO4-3H,0, Na;HPO4-7H,0,
trehalose and sodium alginate (average molecular mass 240 kDa;
mannuronate/guluronate ratio 0.44) were supplied by Sigma-

Aldrich (Milan, Italy). Urea was purchased from Riedel de Haen
(Germany). Guar gum (average molecular mass 2000 kDa) was
supplied by Lamberti S.p.A. (Milan, Italy); high molecular weight
(1800-2000 kDa) sodium hyaluronate was purchased from Stan-
ford Chemicals Company (Fairbanks, CA). All solutions and
dispersions were prepared with bidistilled Milli-Q water (resistiv-
ity>18 MQ.cm at 25°C).

3.2. Sample preparation

In general gelling agents for fracturing formulations are used up
to 1% w/w (Couillet & Hughes, 2008; Kelly etal., 2001). The addition
of a crosslinker lowers the concentration to 0.1-0.5% (Goel, Shah,
& Grady, 2002). We chose a polysaccharide concentration of 1%
to avoid the addition of a crosslinker; in this way we can focus
exclusively on the effect of the salt on the polymer chains.

GG, SA and SH 1% w/w water mixtures were prepared by slowly
adding a weighted amount of polysaccharide powder to water
under constant stirring at room temperature. In these conditions
complete dissolution occurs in about one hour for all the investi-
gated biopolymers. The samples containing the different salts or
co-solutes were prepared following the same procedure, replac-
ing water with 0.5M aqueous solutions of the salts or neutral
co-solutes.

3.3. Rheology

Rheological measurements were performed on a Paar Physica
UDS 200 rheometer working in the controlled shear-stress mode.
For all samples a plate-plate geometry (diameter, 2.5cm; gap,
300 pm) was used. Under these conditions the total amount of the
sample in the cell was about 0.4 mL. All measurements were per-
formed at 25.0 °C (Peltier control system). For each sample the flow
curve was acquired in atorque range between 103 and 2000 mN m,
after a 15 min soaking time to equilibrate at the set temperature.

3.4. Thermal properties

Differential Scanning Calorimetry (DSC) was performed by
means of a DSC-Q2000 by TA Instruments (Philadelphia, PA). The
samples were first cooled from 20° to —60°C at 10 °C/min, then
heated up to 50 °C at 5°C/min. Measurements were conducted in
N3 atmosphere, with a flow rate of 50 mL/min. For the samples pre-
pared with NaF and Na;HPO4 the deconvolution of endothermic
peaks was performed by means of the Igor Pro 6.36 software, using
a summation of exponentially modified Gaussian (EMG) functions
(Tatini et al., 2015). The single EMG function is defined as:

7T hw w2 (Ty—T Ty=T
f(T)—\/iﬁexp [?(—s )]erf[—z(w+m) (1)
isl
where h is the height, Ty the center, w the width of the peak and
s is the distortion factor (shape). For the deconvoluted peaks, the

peak temperatures correspond to Tp, while the enthalpy changes
are calculated using the total area under the peak.

4. Results and discussion

The thermal and rheological properties of the investigated
polysaccharides were studied in their pure aqueous mixtures and
after the addition of some sodium salts or neutral co-solutes (tre-
halose and urea). It may sound trivial, but it is important to
underline that in the two experimental techniques used in this
study the sample is treated in totally different manners. In DSC
the specimen remains still and is heated/cooled above and below
room temperature. On the other hand, during the acquisition of the



Paper 1

157

346 D. Tatini et al. / Carbohydrate Polymers 173 (2017) 344-352

=

-20 -10 10 20

0
T(°C)
Fig. 1. From top to bottom: DSCheating curves of 1%aqueous mixtures of GG (black),
SA (blue), and SH (red). Curves have been offset for graphical purposes. (For inter-

pretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

flow curve the sample is mechanically stressed at constant tem-
perature, its supramolecular texture is modified and its reaction to
this perturbation recorded. The thermal behavior (studied through
DSC) reflects the interactions between the cosolutes, the polymer
chains and water; while the rheological behavior depends on the
interactions between the polymer chains, and their distribution and
entanglement in the matrix.

4.1. Thermal behavior

The thermograms of 1% aqueous mixtures of GG, SA and SH are
reported in Fig. 1.

The endothermic peak, due to the melting of free water, is
always centered slightly above 0°C, presumably because of a
kinetic effect (Hatakeyama et al, 2010; Naoi, Hatakeyama, &
Hatakeyama, 2002). The melting peak temperatures (Tys) and the
corresponding enthalpy changes (AHyy, in J/g) are listed in Table 1.
GG shows the highest melting temperature, associated to the
lowest melting enthalpy, while SH possesses the lowest peak tem-
perature and the largest melting enthalpy. SA shows intermediate
values.

The thermograms of GG in the presence of different 0.5 M solu-
tions of sodium halides are shown in Fig. 2.

In the case of NaF the endothermic peak shows a bimodal
behavior. The curve was deconvoluted by using an exponen-
tially modified Gaussian function (EMG) according to Eq. (1). This
approach is commonly implemented in the analysis of overlapping
DSC peaks in drugs (Elsabee & Prankerd, 1992), paraffins (Anghel,
Georgiev, Petrescu, Popov, & Constantinescu, 2014) and polymer
composites characterization (Tatini et al., 2015). The fitting proce-
dure provides the two Ty values corresponding to the centers of the
two Gaussian curves used for the deconvolution. Ty, are found to be
5.07 and —4.45°C. This bimodal behavior is increased with increas-
ing halide atomic number: in the case of NaCl, NaBr and Nal two
distinct peaks appear in the DSC curve whose distance increases
moving down in the group. The higher temperature peak corre-
sponds to the melting of free water (T, in Table 1) and is similar to
the peak produced by the salt-free GG dispersion. The lower tem-
perature peaklocated between —30 and -5 °Crelates to the melting
of freezable bound water (Ty,p, in Table 1), that freezes below 0°C
and has a reduced enthalpy of fusion (Chaplin, 2012).

For the samples containing pure GG, SA and SH the peak related
to the melting of freezable bound water is not observed. Presum-
ably the freezable bound and the free water melting peaks overlap
together in the broad endothermic signal which is centered around
0°Cintheheating scans (see Fig. 1). Asimilar behavior was reported
by Nakamura in the case of cellulose with different amounts of
adsorbed water (Nakamuraetal., 1981). The addition of a salt mod-
ifies the interactions between water and the polysaccharide chains,
and changes the distribution of water between the two states:
freezable bound and free water. This effect induces a separation
of the two overlapping peaks, which is strictly dependent on the
salt nature.

The melting point and the enthalpy change for the bound freez-
able water depend on the interactions between the polymer chains
and water (Guan et al.,, 2011).

As proposed by De Andres-Santos for 1% aqueous solutions of
sodium hyaluronate, we assume that the lower Ty, the higher the
number of water and polysaccharide molecules that remain closely
associated to each other, i.e., the more hydrated the chains (De
Andres-Santos, Velasco-Martin, Hernandez-Velasco, Martin-Gil, &
Martin-Gil, 1994). On the other hand, a higher Ty, indicates an
increment in the interchain hydrogen bonding (HB) interactions
within the polysaccharide, thus suggesting a sort of de-hydration
of the polymer.

The results obtained for the samples containing the sodium
halides show no remarkable variation in T, and AH,,¢ with the
exception of NaF. Instead, the values of Ty, decrease from —4.45
(NaF) to —29.65 °C(Nal), while AH,,;, decreases from 125.8 (NaF) to
15.07]/g(Nal). These trends suggest the presence of a specific anion
effect on the conformational structure and intermolecular interac-
tions of GG. In particular, the more chaotropic the anion, the lower
the value of Ty, and hence the lower the number of interacting
sites between the polysaccharide chains. We argue that strongly
hydrated kosmotropic anions like fluoride and sulfate compete
with the polysaccharide chains for water molecules, thus lowering
the hydration of the chains (Yin et al., 2008). This effect promotes
the formation of interchain HB and eventually leads to the aggre-
gation of polysaccharide molecules.

On the other hand, the presence of chaotropic anions, like
iodide, modifies the dimensions of the polysaccharide coils and
increases their solvent-accessible surface area (ASA) (Curtis,
Steinbrecher, Heinemann, Blanch, & Prausnitz, 2002). These ion
hydration effects that lead to the salting-in processes induced
by chaotropes and salting-out by kosmotropes on proteins have
been extensively studied (Lopez-Arenas, Solis-Mendiola, Padilla-
Zuniga, & Hernandez-Arana, 2006).The rulingmechanism by which
chaotropes increase the solvation of the polymer surface seems to
be a direct interaction of the ions with the weakly hydrated por-
tions of the polysaccharide chain, as already found and reported in
the case of proteins (Arakawa & Timasheff, 1982; Collins, 2004; Lo
Nostro & Ninham, 2012).

The presence of urea produces a second endothermic peakin the
thermogram, related to the melting of freezable bound water. At
this concentration urea usually acts as an enhancer of the solvation
of the polysaccharide chains (Winkworth-Smith, MacNaughtan, &
Foster, 2016) by promoting their unfolding.

In the case of the other additives (Na,SO, NaSCN, NaClO,,
Na3 POy, Na;HPO4, NaH;PO4 and trehalose) only a broad endother-
mic peak around 0°C is clearly detected (see Table 1, and Figs. S1
and S2 in Supplementary material). The presence of these cosolutes
does not induce aseparation between the freezable bound and the
free water melting peaks, resulting in a DSC profile which is similar
to those of pure GG, SA and SH samples (Fig. 1). The case of Na;SO4
is peculiar as it shows a value of AH,¢ (318.4]/g) which is close to
that of pure water (333.5 J/g). The sulfate ions strongly interact with
the water molecules inducing a de-hydration of the polysaccharide
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Melting temperature and enthalpy change of free water (T and AHpyy, in °C and J/g) and of the freezable bound water (Tmb and AHpy, in°C and ]/g) in 1% aqueous mixtures
of guar gum, sodium alginate, and sodium hyaluronate, in the presence of different salts or neutral cosolutes. The concentration of all cosolutes is always 0.5 M, unless

otherwise specified.

additive Tt AHy T AHg, Tt AHuy Tub AHp T AHy T AHgy
Guar Gum 1% Sodium Alginate 1% Sodium Hyaluronate 1%
none 7.88 3073 536 336.4 218 353.0
NaF 5.07 1555 -445 1258 1.16 273.7 -4.11 56.39 0.66 300.8 -523 40.46
NaCl 1.05 2452 -19.98 2211 133 241.8 -19.82 21.50 -0.03 260.1 -2043 23.77
NaBr 1.80 249.7 -26.03 16.58 0.05 267.3 -26.34 17.78 -0.16 2688 -26.71 19.18
Nal 1.62 256.2 -29.65 15.07 0.07 267.6 -29.73 16.40 -0.57 2724 -29.99 16.54
Na;S04 424 3184 261 334.1 249 3318
NaSCN 154 282.7 ~022 276.3 ~0.13 289.4
NaClOo4 258 2782 -0.35 293.6 -3323 12.28 -0.22 299.6 -33.19 5678
Naz;PO4 128 58.88 442 294.8 0.64 3176
Na;HPO4 513 2935 1.50 331.9 1.79 2745
NaH;PO4 3.00 2915 -023 295.8 -032 307.5
Urea 348 2479 -10.62 8342 203 254.1 -11.11 11.68 0.00 2688 -11.83 13.67
Trehalose 156 255.2 059 2799 0.07 2619

A

=

g

w
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Fig. 2. From top to bottom: DSC heating curves of 1% aqueous mixtures of GG pure (black) and in the presence of 0.5 M solutions of NaF (blue), NaCl (red), NaBr (green) and
Nal (magenta). Curves have been offset for graphical purposes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

chains, reducing the amount of freezable bound water in favour of
the free water, and resulting in an overlap of the two DSC signals.

The effect induced by NayHPO, is peculiar and deserves an
in-depth analysis. The DSC curve (Fig. S3 in Supplementary mate-
rial) shows a shoulder at about 20°C. This phenomenon can be
related to a liquid crystalline-to-isotropic liquid state transition
(Hatakeyama, Naoi, & Hatakeyama, 2004; Nakamura, Hatakeyama,
& Hatakeyama, 1991). Since this transition is observed both for
GG and SA samples, we argue that the presence of Na,HPO,4 pre-
serves the liquid crystalline phase in the guar and sodium alginate
network, whereas all the other examined salts and co-solutes
destabilize this state.

In order to separate the two endothermic contributions and
calculate the enthalpy for this transition, EMG deconvolution was
performed and the fitting parameters (T, and AHpp) are shown
in Table S1 (see the Supplementary material). For GG the liquid
crystalline-to-isotropic liquid state transition occurs at Ty, =19.3°
C, with a corresponding enthalpy change of 24.68 ] /g.

Aqueous solutions of SA and SH in the presence of salts and
cosolutes show an identical thermal behavior to that previously
described for GG dispersions. The values of Tr, AHpyy, Ty and
AHp,, extracted from the thermograms are reported in Table 1. SH
and SA samples show analogous DSC curves to the corresponding
GG samples, with the exception of perchlorate. For both SA and SH
systems, the thermograms of perchlorate containing sample show

two peaks instead of one, as in the GG/perchlorate sample. An extra
peak appears at about —33 °C and can be ascribed to the freezable
bound water melting. This peak may reflect polymer-salt interac-
tions similar to those occurring with other chaotropic ions. In the
GG sample this peak is not shown, indicating that a different mech-
anism occurs. It is worthwhile to mention that ClO4~ may act as
an oxidizer and it is extensively used as gel breaker in guar-based
formulations (Hall, Szemenyei, & Gupta, 1991; Schnoor, Singh, &
Russel, 2016; Schultheiss, 2015). Presumably perchlorate partially
oxidizes the polysaccharide chains, inducing a structural modifica-
tion and a change in the polymer-water interactions, and the peak
for the melting of freezing bound water disappears. This mecha-
nism does not take place with the partially anionic chains of SA
and SH.

4.2. Rheology

4.2.1. Fitting of the flow curves

All the flow curves show a similar profile (see Fig. 3). At low
shear rate all mixtures exhibit a Newtonian plateau. For stronger
perturbations a shear thinning region is shown.

We applied the Bird-Carreau-Yasuda (BCY) rheological model
to the flow curves. This model, sometimes referred to as
Carreau-Yasuda or Carreau model (Barnes, Hutton, & Walters,
1989), was empirically developed to describe the mechanical
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Fig. 3. From bottom to top: Flow curves for 1% w/w SA (light blue), GG (green), and SH mixtures (red). The solid lines represent the fitting of the experimental curves. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

behavior of systems that exhibit both a Newtonian and a shear
thinning region (Osswald & Rudolph, 2015). In particular it is used
to study the rheology of polymeric water-based dispersions and
solutions, e.g. those from polyacrylamide (Escudier et al., 2005),
polypropylene (Lertwimolnun & Vergnes, 2006), and polysaccha-
rides such as SH (Haward, Jaishankar, Oliveira, Alves, & McKinley,
2013), GG (Nandhini Venugopal & Abhilash, 2010), xanthan gum
and carboxymethylcellulose (Escudier, Gouldson, Pereira, Pinho, &
Poole, 2001; Escudier et al., 2005; Garcia, Alfaro, Calero, & Muiioz,
2014).

In the BCY model the following equation describes the depen-
dence of the viscosity value m:

I("q]/a @

1= oo+ (Mo = 1) -[1+ (h7)°
where 1, 1o, N~ ¥, A, n, and a are the viscosity, the zero shear rate
viscosity, the viscosity at infinite shear, the applied shear rate, the
yield of shear rate above which the system shows a shear thin-
ning behavior, the power law index, and the Yasuda parameter
indicating the width of the transition region between 79 and 7).,
respectively (Carreau, 1972; Osswald & Rudolph, 2015; Yasuda,
Armstrong, & Cohen, 1981).

Almost all flow curves containing GG and SH are well fitted (as
shownby the x2, see Table 2) by the BCY model with the sole excep-
tions of SH in the presence of Na3PO4 and of the SA solutions, which
show a very low variability in the whole shear range examined.
Table 2 lists the values of 1, A, a and n extracted from the fitting of
the flow curves, according to Eq. (2).

4.2.2. Flow curves

In order to check the effect of different salts on the viscosity of
polysaccharide mixtures, we mainly focussed our attention on the
trend of 7o value.

Fig. 3 shows the flow curves for the 1% aqueous mixtures of SA,
GG and SH. All samples exhibit a specific non-Newtonian behav-
ior: the zero shear viscosity of SH and GG water-based systems
are in the order of tens of Pas (19 =44.66 and 24.41 Pas, respec-
tively), while the alginate system shows a lowvalue, about0.11 Pas
in the whole explored torque range. On the other hand, the addi-

tion of salts or neutral co-solutes induces remarkable changes in
the rheological properties of GG and SH (see Table 2).

Fig. 4 illustrates the effect of trehalose, Na;SO; and NaF on
the profile of the flow curve of SH and GG. For SH the presence
of trehalose led to an increase of the strength of the tridimen-
sional network, as indicated by the increase of 1o (from 44.66 up
to 159.25 Pas) and by a shift of the yield value of y/, A. On the other
hand, sulfate and fluoride lower both the 7o (21.01 and 28.05Pas
respectively) and the A values.

A similar trend is obtained for trehalose and GG, while the
addition of Na;SO4 and NaF to GG induces an opposite effect, as
indicated by the raise in the zero shear viscosity (from 24.41 up to
43.53 and 33.30 Pas, respectively), and by the shift of A to higher
values. These results suggest a synergistic interaction between tre-
halose and the polysaccharide molecules, which is more significant
for SH. We argue that trehalose establishes crosslinking intra- and
intermolecular interactions, resulting in a strengthening of the sys-
tem.

Indeed, trehalose is known as a kosmotrope or water-structure
maker: this disaccharide is able to break the tetrahedral HB net-
work of water and re-order the water molecules in the hydration
layer (Branca et al., 2005; Lerbret et al., 2005). However, experi-
ments conducted by us on a 0.5M solution of trehalose in water
show neither an increase in the viscosity, nor a modification in the
rheological response.

The competition for water molecules between trehalose and the
polysaccharide chains leads to partial de-hydration of the macro-
molecules (Jain & Roy 2008). It has been shown that trehalose
can modify the hydration layer of biomolecules (Kawai, Sakurai,
Inoue, Chujo, & Kobayashi, 1992; Magazu, Migliardo, Musolino, &
Sciortino, 1997), stabilizing their HB network. This picture is com-
monly known as preferential exclusion theory. The water replacement
theory instead argues that the hydration layer of the macro-
molecules is substituted by trehalose, which directly forms HB
and stabilizes the structure. A third approach, the vitrification the-
ory, can be applied only at higher concentration of trehalose and
envisages that it creates a glassy matrix which acts as a protective
cocoon, shielding and stabilizing the macromolecules from external
stresses (Jain & Roy 2008). Since in our case the concentration of tre-
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The zero shear rate viscosity (1o, in Pas), power law index (n), the reciprocal of the critical shear rate at which the viscosity begins to drop down (X, in s), the width of
the transition region between 7 and 7., (a), and the x? extracted from the fitting of the flow curves for 1% aqueous mixtures of guar gum and sodium hyaluronate, in the
presence of different salts or neutral cosolutes. The concentration of all cosolutes is always 0.5 M, unless otherwise specified.

additive No+25% n+4% N£5% a+3% X no+15% n+15% N£9% a+4% X2
Guar Gum 1% Sodium Hyaluronate 1%
none 24.41 020 1.36 0.58 6.96 44.66 020 222 121 51.71
NaF 33.30 0.19 1.64 0.65 1329 28.05 0.19 0.87 0.57 7.12
NaCl 25.23 022 1.19 0.58 7.28 44.84 021 214 1.00 72.92
NaBr 23.68 0.22 124 0.57 364 40.95 0.26 207 093 98.98
Nal 19.70 024 111 0.51 6.88 46.23 0.15 122 0.55 6.25
Na;SO4 43.53 021 3.14 0.67 3267 21.01 022 0.76 0.59 3.75
NaSCN 28.27 0.16 112 0.42 7.05 40.96 027 211 0.68 39.50
NaClo, 23.87 0.22 1.47 0.67 10.10 53.09 028 293 0.84 32.18
Na;HPO4 30.07 020 2.02 0.80 16.01 77.68 022 2.58 118 26.14
NaHPO4; 20.44 0.19 1.01 0.63 350 19.75 0.30 122 0.70 12.07
Na3PO4 19.90 024 1.29 0.64 5.36
Urea 33.68 023 2.16 0.66 1045 46.21 0.26 1.98 0.78 3.83
Trehalose 37.65 021 2.60 0.66 3832 159.25 020 6.07 0.90 73.50
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Fig. 4. Flow curves of (a) GG and SH (c) 1% w/w mixtures (red) and in the presence of 0.5M trehalose (yellow), NaF (green) and Na,SO; (grey). The inset (b) shows the flow
curves of GG zoomed at low shear stress. The solid lines represent the fitting of the experimental curves. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 6. Left panel: viscosity values for GG (black), SH (blue) and water (red) in the presence of the different sodium salts as a function of the AGyyqyaiion Of the anion. The left
axis refers to the red line, while the right axis refers to black and blue lines. The dotted lines are only a guide for the eye. Right panel: Ty, for GG (black) and SH (red) in the
presence of different sodium salts as a function of the AGyydration Of the anion. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

halose is relatively low, we can exclude the latter hypothesis. In the
case of sulphate we propose two different mechanisms, depending
on the investigated polysaccharide. The SO4%~ ion is a kosmotrope,
which subtracts water from the macromolecule hydration layer.
In the case of SH, where negatively charged —~COO~ groups are
distributed along the chains, the addition of sulfate brings about
a weakening in the polymeric network, that results in a decrease
of the strength of the polymeric network. Conversely for GG the
reduction of water molecules in the hydration layer promotes the
formation of interchain interactions, due to the non-ionic nature of
the polysaccharide. Therefore, the strength of the polymeric net-
work increases, as indicated by the trend of both the viscosity and
the A values.

Moreover, also the effect of fluoride supports this argument.
Indeed, kosmotropic ions like fluoride and sulfate strongly modify
the rheology of the systems. At the same time, the addition of the
other halides to GG and SH does not affect significantly the values
of np and A.

A further peculiar case concerns the three phosphate anions
(Fig. 5).In fact, the rheological profiles show that HPO42~ increases

the viscosity of the SH solution to 77.68 Pa-s, while H,PO4~ lowers
(19.75) and PO4>~ dramatically breaks down the flow curves.

We recall that the rheological properties of hyaluronate strongly
depend on the pH in a non-linear correlation (Gatej, Popa, &
Rinaudo, 2005; Gibbs, Merrill, & Smith, 1968; Gura, Hiickel, &
Miiller, 2003; Maleki, Kjeniksen, & Nystrom, 2008). In particular for
hyaluronic acid the complex viscosity reaches a maximum value at
about pH =2.5, sided by two remarkable dropsinacid (pH = 1.6) and
mid-acid conditions (pH =3.34) (Gatej et al., 2005). The stiffening of
the hyaluronic network is attributed to a critical balance between
attractive and repulsive forces. These forces that involve ionized
or neutral carboxylic and amino groups are mainly electrostatic
(Gibbs et al., 1968). Moreover, above pH= 12 the viscosity dramati-
cally breaks down, leading to a Newtonian-like behavior. Finally, in
awide range of pH (between 2.8 and 12) the rheological properties
and viscosity remain unchanged (Gatej et al., 2005; Maleki, 2008).
Furthermore, Maleki investigated the dilute (0.05% w/w) and semi-
dilute (0.5% w/w) regimes of HA solutions, with the pH set between
1 and 13 by adding 0.1 M phosphate buffers (Maleki et al., 2008).
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The results show that the presence of these buffers does not affect
the pH responsivity.

The 0.5M NazPO4 solution provides an extremely high pH
(13) that can at least partly deprotonate the —OH groups of the
hyaluronate chain, breaking the cooperative HB network of the
polysaccharide chains. On the other hand, our results for 0.5M
NaH;PO4 and NayHPO4 solutions (pH=4.7 and 9.9, respectively)
differ from those reported in the literature. Presumably in these
PH conditions mono-hydrogenphosphate acts as a soft cross-linker,
strengthening the HB network and increasing the viscosity. We
argue that the increment in viscosity is due to a combination of
two cooperating effects: the basic pH promotes the deprotonation,
enhancing the HB network, and at the same time the higher SH
concentrations shrink the polysaccharide network where HPO,2~
anions bridge different chains and re-enforce the HB network.

In the presence of di-hydrogenphosphate the pH is lower. The
mid-acid environment weakens the network by reducing the num-
berof active sites available for HB. Moreover, inH, PO, ~ the number
of acceptor sites for hydrogen bonding is reduced and thus the ion
contribution to the strengthening of the system is reduced.

Moreover, the power law index parameter n reflects how the
systems respond to an applied stress. Indeed, both GG dispersions
and SH solutions exhibit only small fluctuations of n around the
value of 0.2 for all samples. Thus, the scalar law that describes
the shear thinning behavior above the A critical value, is almost
independent on the chemical nature of the added salt. After the
disruption of the HB network in both cases we observed the same
shear thinning effect.

In order to correlate the rheological and thermal behaviors to
the thermodynamic properties of the investigated salts, we report
in Fig. 6 the viscosities for GG, SH and water (on the left) and the
Tmp values for GG and SH (on the right) in the presence of Na;S04,
NaF, NaCl, NaBr, NaSCN, Nal, NaClO, as functions of the AGpygration
of the anion.

Theviscosity values of aqueous salt solutions and AGhygration are
taken from literature and reportedin Table S2 in the Supplementary
Material (Abdulagatova et al., 2005; Goldsack & Franchetto, 1977;
Galmarini etal,, 2011; Hood, 1933; Janz et al., 1969; Marcus, 1991;
Wolf, 1966). In the case of Ty,;,, the samples containing Na;SO4,
NaSCN and NacClOg4 (only for GG) are not reported since no bound
freezable water melting peak was detected in the DSC thermo-
grams.

The viscosity plot (left panel in Fig. 6) shows that the addi-
tion of a salt to GG (black) and to water (red) produces a
similar trend, in agreement to the direct Hofmeister sequence:
Na; S04 > NaF >NaCl>NaBr> NaSCN > Nal > NaClOy4. Thus, we con-
clude that the addition of a salt induces a similar modification in
the viscosity for both pure water and GG dispersion. On the other
hand, the trend recorded for SH differs remarkably, showing the
opposite behavior and following a reverse Hofmeister series.

The added salt produces an identical effect on the Ty, for
the two polysaccharides, resulting in a decrease of the freez-
able bound water melting temperature moving along the series:
NaF >NaCl > NaBr >Nal > NaClOy4.

These results confirm that the salt affects in the same way the
hydration of the GG and SH by modifying the interactions between
the water molecules and the polysaccharides, regardless of the dif-
ferent charge of their chains. Despite this, the GG dispersions and
SH solutions show a diametrically opposite trend in terms of vis-
cosities.

Kosmostropic anions induce a partial de-hydration of the
polysaccharide chains, while the less hydrated chaotropic ions
adsorb to the polymer chains, promote their unfolding and enhance
the polymer-water interactions. The magnitude of the anion effect,
both on the thermal and the rheological behaviors, is considerably
higher in the case of the kosmotropic ions, whereas in the presence

of chaotropic ions the behaviors are practically the same as those
of the pure polysaccharide solutions.

These findings apparently point out that the degree of hydration
of the polymer chains is the crucial factor that leads to a significant
variation in the strength of the polysaccharide network, and that
this phenomenon is ion specific. In the case of a neutral polysaccha-
ride (guar gum) the decrease in the number of the water molecules
that interact with the polysaccharide chains leads to a strengthen-
ing of the network, due to stronger inter-chain interactions. Vice
versa, for a charged polysaccharide (sodium hyaluronate), electro-
static repulsive forces come into play with a greater impact, as a
result of the reduced number of water molecules that can screen
the charges. The overall effect is a weakening of the chain-chain
interactions and, consequently the softening of the network.

5. Conclusions

The thermal and rheological behavior of 1% aqueous mixtures
of guar gum (GG), sodium hyaluronate (SH) and sodium alginate
(SA) were investigated in the presence of different salts or neutral
co-solutes at constant concentration. The results suggest that the
added solutes can remarkably modify the texture of the polysac-
charide network by perturbing the hydration of the chains and
changing their intermolecular interactions. The effect of the ions is
apparently related to their hydration properties and their propen-
sity to adsorb at the polymer interface. As a matter of fact a strongly
hydrated (kosmotropic) ion is expected to deprive the polysac-
charide chain of water, remain confined in the bulk solution, and
enhance the interchain interaction in the case of the neutral GG.
This results in a remarkable strenghtening of the system. On the
other hand with the negatively charged SH, kosmotropes induce
a weakening in the interactions. The chaotropes (bromide, iodide,
thiocyanate) do not change the rheological properties of the mix-
tures. Being almost unhydrated, these ions are assumed to adsorb
at the polymer surface and partially deplete some water from the
hydration layer. This phenomenon is supposed to favor the unfold-
ing of the chain, increase its hydration and reduce the interchain
interactions. Phosphate ions deserve a special comment, in fact
PO,43~ and H,PO,4~ lower the viscosity, while HPO,2~ produces a
significant increment in the viscosity, both for GG and SH. Such
behavior is probably related to a delicate balance between the dif-
ferent pH properties and the capacity of the three ions to strengthen
the HB network.

These results are relevant for the formulation of greener frac
fluids to be used in shale gas exploitation. More work is necessary
to modify the behavior of more diluted polysaccharide solutions
and dispersions (e.g. 0.5%), to study the effect of more concentrated
salt solutions, to check the effect of temperature and pressure, and
of other physico-chemical triggers for controlling the viscosity of
the frac fluid in the different stages of the life of a basin.
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Supplementary Information.
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Figure S1 Stacked DSC heating curves of 1% aqueous
dispersions of GG pure (black) and in the presence of 0.5 M
solutions of Na,SOy (blue), NaSCN (red), NaClO, (green), urea

(magenta) and trehalose (brown).
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Figure S2. Stacked DSC heating curves of 1% aqueous
dispersions of GG pure (black) and in the presence of 0.5 M
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solutions of NaH,PO, (blue), Na;HPO, (red) and NazPO;
(green)

GG

GG + Na,HPO, 0.5 M

ExoUp —
1

Figure S3. DSC curves of 1% aqueous dispersions of GG pure
(black) and in the presence of 0.5 M NaH,PO, (orange).

Table S1. Temperature and enthalpy change for the transition
between the liquid crystalline and the isotropic liquid state in

the presence of Na,;HPO4 0.5 M for the three investigated

polysaccharides.
Ton AH,,
polysaccharide .
(°C) (J/g)
guar gum 1% 19.32 24.68
sodium alginate 1% 14.41 7.10

sodium hyaluronate 1%  19.02 67.14
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Table S2. Dynamic viscosities (, in mPa - s) of aqueous salt
solutions at concentration ¢ (in molar units) and temperature T
(in °C), Gibbs free energy of hydration (AGuydration, in kJ /mol)
and molar surface tension increment (, in N - m?/mol) for the

investigated anions.

salt C T n AGiydration™

none 25° 0.8902

NaF 0.50  25° 0.992° - 465
NaCl 0.50  25° 0.931¢ - 340
NaBr 0.50  25° 0.917° - 315
Nal 0.50  25° 0.904° - 275
Na>SO4 0.49  25° 1.119¢ - 1080
NaSCN 0.50  25° 0.916¢ - 280
NaClO, 0.50  25° 0.909¢ - 205
NaH,PO, 0.52 20° 1.223¢ - 465
Na,HPO, 0.41 20° 1.286°

NasPO, 0.50  20° 1.662¢ - 2765
Trehalose 0.58  27° 1.90f

Urea 0.54  25° 0.909¢

a: from Refs. 1 and 2; b: from Ref. 3; c: from Ref. 4; d: from
Ref. 5; e: from Ref. 6; f: from Ref. 7; g: from Ref. 8.
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ABSTRACT. In this work carbon black is added to green aqueous viscoelastic dispersions based on
sodium oleate, or guar gum, sodium hyaluronate or hydroxypropyl cellulose gels, in order to obtain
higher viscosities and conductivities, enhance the thermal properties and provide electrical
responsiveness to the final formulations. Rheology, optical microscopy, SAXS and conductivity
measurements are performed to test and compare the properties of carbon black-enriched samples to
those of the original dispersions. The results indicate that even small amounts of carbon black lead to
an enhanced stability against mechanical and thermal stresses, and imparts a significant electrical
responsiveness to an external voltage. This work shows that the addition of carbon black to
viscoelastic systems or to polysaccharide gels imparts interesting technological features that
significantly expand the horizon of their potential applications, for example in situations where the
remote control of their physico-chemical properties is necessary, not easily obtained with other
systems, and does not require the addition of toxic or potentially dangerous chemicals.
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SYNOPSIS

Electrical responsiveness is imparted to green viscoelastic aqueous dispersions used as fracturing fluids
by small amounts of carbon black.

INTRODUCTION

The use of carbon black (CB) as an additive in the manufacturing of plastic, rubber and various
polymeric blends currently applies to many industrial areas.* This wide use is related to the peculiar
properties that the carbon powder imparts to the rubber blend: For example, CB enriched tires show a
longer lifetime, a lower thermal degradation and a higher resistance to abrasion and mechanical
stresses.??

Another remarkable fraction of the annual CB production, close to 20%, is used in the rubber industry,
where CB is added as a filler to improve mechanical, thermal and tensile properties of natural rubbers
and elastomers.*% The addition of carbon black in a rubber matrix deeply affects its mechanical
properties and may impart viscoelastic behavior to natural rubber.” However, the rubber’s mechanical
responses can be further modified through an appropriate functionalization of the carbonaceous
particles with, e.g., phenol, carboxyl or lactone functional groups as reported by Park.?

CB also finds a remarkable use in the polymer industry, especially in the production of polypropylene,
polyvinyl chloride, polyester and polyethylene.>? In fact, CB is able to capture the UV wavelengths
that largely contribute to the polymer degradation.'® The benefits of CB for plastics are not limited just
to the UV shielding effect. The presence of carbonaceous particles grants the plastic matrix a greater
electric conductivity and an increased resistance to thermal degradation, abrasion and tear.'4'®
Moreover, the addition of carbon black powder imparts viscoelastic properties to polymeric materials
such as polystyrene.'® Moreover, the addition of CB brings about another advantage, i.e. the reduction
of polymeric materials with no significant modification of their mechanical properties.

More recently, CB has attracted some attention for the production of specifically designed
nanocomposites. According to Bagavathi, CB can be combined to Fe3s0s and used in dye-sensitized
solar cells (DSSC) as a better performing and low cost alternative material to conventional platinum
counter electrodes.'” Battista reports on the coupling of CB and LiNbO3 crystals for the production of
devices for the accumulation of solar power based on the pyroelectric effect.!® The coupling of
polyaniline and CB leads to the production of microwave absorbing materials,'® while the combination
of CB and a suitable polymer can lead to the production of a portable sensor for the detection of
volatile organic compounds (VOCs), i.e. a portable electronic nose system.? Zhang et al. produced
regenerated cellulose/graphene films through a green procedure.?

Although CB is mainly used in solids such as plastics and rubbers, its addition to liquid matrices is
considerably increasing. This trend is related to the use of CB as pigment in paints and inks, particularly
those for ink-jet printing.22-%°



170 Appendix

In normal field operations, the viscosity of frac fluids used for the extraction of shale gas must be
high when the fluid is pumped downhole and must carry the proppant underground. Later on, typically
after 6 hours after the injection, the viscosity needs to be remarkably lowered. This viscosity change is
reached by using cross-linking agents, such as borates and Ti(IV), Zr(1V), and Al(lll) chemicals.?*?’

The demand for green alternatives, where the use of toxic and polluting controlled substances is
avoided, the use of water?® is at least limited and the presence of NORM (naturally occurring
radioactive material) is strictly controlled, prompts several researchers to explore new innovative
formulations. In this line we developed a system for changing the viscosity of the frac fluid through a
physical trigger such as an electrical stimulus. In this paper we present the electroresponsive effect of
relatively small amounts of carbon black added to different frac fluid formulations. The application of a
moderately low voltage results in a prompt collapse of the gel structure and therefore in a significant
drop of its viscosity. The process is reversible as the frac fluids can be recovered and recycled.

In this contribution we explore the potential use of carbon black in liquid systems such as
polysaccharide or viscoelastic surfactants (VES) based green formulations for the control and
improvement of their thermal properties, rheological behavior, conductivity and electrical
responsiveness. The investigation was conducted through rheology, electrical conductivity, optical
microscopy and small angle X-ray scattering (SAXS) experiments. The results suggest that CB improves
the performances of such water-based dispersions without affecting the 3D ordered network and its
rheological behavior. CB was added in small amounts, 3% and 10% w/w for polysaccharides and VES,
respectively. Such contents are much lower than 20% w/w, the common amount of CB or of carbon
nanotubes (CNT) that is necessary in order to modify the properties of most composites.?’ The
formation of fluid systems that contain relatively moderate amounts of CB paves the way to new
potential applications in so far unexplored fields, such as the formulation of fluids for hydraulic
fracturation involved in the extraction of shale gas.

MATERIALS AND METHODS

Materials. Sodium oleate (NaOL, ACS grade) was purchased from Riedel-De Haén (Seelze, Germany).
Carbon Black VULCAN® XC-72R was provided by Cabot Corporation (Boston, USA), KCl (= 99%) and
saponin (= 99%) were purchased from Sigma-Aldrich (Milan, Italy), guar gum and hydroxypropyl
cellulose (average molecular mass 2000 and 1600-1800 kDa, respectively) were supplied by Lamberti
S.p.A. (Milan, Italy), and high molecular weight (1800 — 2000 kDa) sodium hyaluronate was purchased
from Stanford Chemicals Company (Fairbanks, CA). All solutions and dispersions were prepared with
Milli-Q water (resistivity > 18 MQ-cm at 25 °C).

Polysaccharide Sample Preparation. 0.5% w/w water dispersions of guar gum (GG), hydroxypropyl
cellulose (HPC) and sodium hyaluronate (SH) were prepared by slowly adding a weighted amount of

the polysaccharide powder to MilliQ water under constant stirring at room temperature. In these
conditions homogeneous dissolution occurs in about 30 minutes for all the investigated biopolymers.
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VES Sample Preparation. 2% and 13% w/w VES samples were prepared by dissolving under magnetic
stirring the proper amount of sodium oleate in MilliQ water or in a 0.5 M KCl aqueous solution.

Preparation of Samples Containing Carbon Black. Carbon black was added to the polysaccharide or to
the VES samples following two different procedures: a) To effectively include CB in the polysaccharide
matrices, a 2% w/w saponin solution was first prepared. This solution was added to a weighted
amount of CB in order to obtain a final CB concentration of either 1% or 3% w/w and magnetically
stirred for a few minutes. The mixture was sonicated for 1 hour at 40 kHz and the polysaccharide was
added under magnetic stirring. b) In the case of the VES systems, no additive was necessary for the
dispersion of CB, as sodium oleate itself is able to disperse the carbonaceous particulate. Hence, the
VES solution was simply added to a weighted amount of CB (1, 3 or 10% w/w), then the mixture was
sonicated for 30 minutes.

Optical Microscopy. Nikon Eclipse Ti-S Inverted Microscope was used to obtain optical images of CB
dispersions in saponin and sodium oleate. All experiments were performed in automatic mode using
an objective with a 10x magnification at room temperature. At least three different regions for each
sample were analyzed in order to obtain a statistically meaningful result.

Flow Curves of Polysaccharide and VES Systems. Rheological measurements were performed by a Paar
Physica UDS 200 rheometer working in the controlled shear-stress mode. For all samples a plate—plate
geometry (diameter 4.0 cm; gap 300 um) was used. In these operating conditions, the total amount of
the sample in the cell was about 0.5 mL. Rheological measurements were performed at 25, 30, 40, 50
and 60 °C (Peltier control system). For each sample, the flow curve was acquired in a torque range
between 10 and 2000 mN-m, after a 15 min soaking time to equilibrate at the set temperature.

Frequency Sweep on VES Formulations. Frequency sweep measurements were carried out within the
linear viscoelastic range determined by means of an amplitude sweep test. The storage (G’) and loss
(G”) moduli were measured over the frequency range of 0.001 to 100 Hz.

Conductivity Measurements. Conductivities of both polysaccharide and VES systems were measured
through a senslON™+EC7 conductivity platinum cell (HACH, error < 5% in the measuring range
between 0.2 and 2:10° puS/cm). For each sample at least five measurements were performed and
averaged.

Electrical Responsiveness. The electrical responsiveness of VES and polysaccharide-based systems was
assessed by applying a 30 V voltage for 1 hour through a Hewlett Packard Harrison 6112 A DC power
supply. Two platinum wires of 1.0 mm diameter (Sigma-Aldrich) were dipped into the dispersions and
used as electrodes (See Figure 1).
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Figure 1. Schematic representation of the setup for the electrical treatment.

SAXS Experiments. SAXS experiments were carried out using a HECUS S3-Micro (Kratky camera)
equipped with two position-sensitive detectors (PSD-50M) containing 1024 channels of 54-pum width.
Cu Ka radiation of wavelength 1.542 A was provided by a GeniX X-ray generator (Xenocs, Grenoble)
working with a microfocus sealed-tube operating at 50 W. The sample to detector distance was 281
mm. The volume between the sample and the detector was kept under vacuum during the
measurements to minimize scattering from the air. The Kratky camera was calibrated using silver
behenate, which is known to have a well-defined lamellar structure (d = 58.38 A)%. Scattering curves
were monitored in a g-range from 0.02 to 0.55 A2, Liquid samples were analyzed in a borosilicate glass
capillary tube. For all measurements the temperature was kept constant at 25 °C controlled by a
Peltier element, with an accuracy of + 0.1 °C. All scattering curves were corrected for the empty
capillary contribution considering the relative transmission factors. Desmearing of the SAXS curves was
not necessary because of the sophisticated point microfocusing system.

RESULTS AND DISCUSSION

Dispersibility of carbon black. Optical micrographs of carbon black (CB) dispersions in saponin and
sodium oleate (see Figure 2) were acquired to assess the dispersibility of CB as a function of the
additive amount and in the presence of two dispersing agents (saponin or sodium oleate). Indeed, it
was proved that the structure of carbon black, the nature of the polymer, and the processing history of
the sample affect the electrical conductivity of the composite.3%:32



Paper 11 173

Saponin 2%

Na oleate 2%

Na oleate 13%

Figure 2. Optical images of carbon black 1% (left) and 3% w/w (right) dispersions in saponin 2% and
sodium oleate 2% and 13% w/w. Scale bar: 300 um.

Our results show that stable aqueous dispersions of CB with saponin or sodium oleate were obtained.
Carbonaceous aggregates form when the amount of carbon black increases from 1% to 3% w/w. The
carbonaceous particulate appears homogeneously dispersed also in the presence of the higher
amount of CB. Therefore, any effect on the electro-responsiveness due to samples inhomogeneity can
be disregarded.

This result is of particular interest for practical applications since several efforts were made in the past
to find an easy way to disperse hydrophobic carbonaceous materials, such as fullerenes or carbon
nanotubes in aqueous media, especially for biomedical applications.3*3* Some works report the
encapsulation of CB in silica’>3® or polymer particles,? while others suggest the use of surfactant
molecules, such as sodium oleate and saponin, that can provide both electrostatic and steric
stabilization, depending on the nature of the hydrophilic head.?%3°

In particular, saponin can adsorb by exposing its hydrophobic triterpene or steroid moiety to the CB
surface, while the glucoside hydrophilic head faces the aqueous phase.* In the case of sodium oleate,
we expect that its adsorption on the CB surface occurs through the C=C double bond in the chain, as
suggested by Wang,*! while the negatively charged carboxylate provides an electrostatic stabilizing
effect.

Rheology behavior. Rheological flow curves were acquired on both pure and carbon black-enriched
polysaccharides or VES formulations. The different rheological profiles (Figure 3) reflect the viscosity
changes and network stiffening induced by CB. For the sake of brevity, we discuss the results obtained

6
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for the samples showing the most significant changes, i.e. polysaccharides and VES formulations
containing 3 and 10% of CB, respectively.
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Figure 3. Top: Flow curves of 0.5% w/w pure (dotted lines) and containing 3% w/w of CB (empty
circles) GG (green), HPC (black), and SH (orange) dispersions. Bottom: Flow curves of NaOL 13% + KCl
4% (dark blue) and NaOL 13% + KCl 4% + CB 10% (light blue).

The pure polysaccharide dispersions exhibit a non-Newtonian behavior with the zero stress viscosity
ranging between 1 and 13 Pa-s moving from HPC to SH.*? The addition of CB leads to an increase in the
viscosity of at least an order of magnitude. This result is in line with the well known thickening effect of
CB,* and reflects the effective inclusion of the additive in the polysaccharide matrices. Moreover, in
the presence of CB the rheological profiles are significantly modified with respect to the pure
polysaccharides. In fact, besides the Newtonian region with a high viscosity value at low shear rate, a
marked change in the slope of the curves is observed, for shear stress ranging between 0.3 and 3 Pa,
especially for GG and SH based samples. This behavior is probably related to the viscous drag between
the polymer chains adsorbed on the CB particles and the bulk polymer, as described by Barrie in the
study of the interaction between CB and an acrylic resin.**

Regarding the VES formulations (Figure 3), the pristine system NaOL 13% + KCl 4% shows the typical
non-Newtonian behavior of ionic surfactants' aqueous dispersions: in particular, the sample displays a

Newtonian plateau with a high viscosity value (no = 230 Pa-s) followed by a shear-thinning region
7
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above a critical stress (around 115 Pa) that reflects the different alignment of the self-assembled
structures in the shear flow direction.*>#¢ When CB is added to the VES system up to 10% w/w, we
observed a strong increase in the zero-stress viscosity, from 230 to 5400 Pa-s, indicating that the
carbonaceous particulate acts as a reinforcing agent for the network. Furthermore, we observed that
the shear-thinning behavior starts at a higher value of the critical stress, suggesting a structuring effect
for the CB particles. Despite the addition of CB strongly affects the stiffness of the VES network, the
rheological profile with or without CB remains essentially unaltered. We argue that the structure of
the NaOL micellar network is not significantly modified by the presence of the carbonaceous particles.
In order to understand the effect of CB on the mechanical properties of NaOL dispersions and to
obtain insights on their relaxation dynamics, oscillatory frequency sweep tests were carried out on VES
systems before and after the addition of 10% of carbon black (see Figure 4).

At high frequency the samples behave as elastic systems (G’ shows a plateau and dominates over G”),
whereas at low frequency they show a viscous behavior (G” > G’).
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Figure 4. Storage (circles) and loss (dotted lines) moduli of pristine (dark blue) and 10% w/w CB-
enriched (light blue) NaOL 13% + KCl 4% VES formulations. All the measurements were carried out in
the linear viscoelastic regime (strain amplitude = 1.0 %).

At high frequency the samples behave as elastic systems (G’ shows a plateau and dominates over G”),
whereas at low frequency they show a viscous behavior (G” > G’). The dynamics of the studied systems
cannot be described according to the single-element Maxwell model, hence G’ and G” are used to
calculate the time-weighted relaxation spectra H(t) reported in Figure 5.7 The CB-enriched VES
formulation shows a higher relaxation time, confirming the reinforcing role of the particulate in the
stabilization of the matrix. Moreover, considering that the numbers of interconnections in the self-
assembled structure is directly related to the values of the elastic plateaus in the oscillatory frequency
sweep tests (Figure 4),°® we argue that carbon black leads to the formation of a more entangled
network, as suggested by the higher value of the G' modulus associated to the CB-enriched sample.
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Figure 5. H(t) relaxation spectra of pristine (dark blue) and CB-enriched (light blue) NaOL 13% + KCI 4%
VES formulations.

A further confirmation of the negligible effect of CB on the micellar structure of NaOL arises from the
SAXS data analysis (see Figure 6). The scattering curves of the samples before and after the addition of
CB are similar, except for the strong contribution to the scattering intensity in the low g-region (q <
0.005 A1) due to the CB particles. This result indicates that the addition of CB does not affect the size
and the intermicellar interactions among the charged aggregates.
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Figure 6. SAXS curves of VES formulations: NaOL 13 % + KCl 4 % (dark blue circles) and 10 % CB
enriched samples (light blue circles).

According to the literature,>0 the observed scattering profile is associated to the presence of
polydispersed core-shell elongated objects interacting via a screened Coulomb potential in solution.

Electrical treatment. The electroresponsivity of polymers is a widely known phenomenon that involves
a large set of biomolecules.>>3 The application of a voltage (30 V for 1 hour) to the formulations
produces electrophoretic, polarization and osmotic effects, that result in the separation of a liquid and
easy-flowing phase on one electrode, and of a viscous and sticky phase that concentrates at the

9
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opposite side. Taking advantage of their different viscosities, the two phases can be easily separated
by simply turning the vessel. The measured weight gives a rough estimation of the percentage of
recovered liquid phase squeezed out from the sample after the electrostimulation (Table 1).

Table 1. Zero stress viscosities (b + 5%, in Pa-s) and mass percentage of liquid (L, %) and sticky (S, %)
phases recovered after the application of a voltage (30 V for 1 hour).

Sample Mo L Mo (L) S Mo (S)
GG 2.1 - 1.1 : 1.1
HPC 1.3 60 0.55 40 40
SH 13 52 0.15 48 43
NaOL 13% + KCl 4% 230 34 390 66 4.4
GG+CB 3% 67 - 22 - 22
HPC+CB 3% 120 50 20 50 4.510°
SH+CB 3% 130 30 63 70 1103
NaOL13% + KCl 4% + CB 10% 5.4-10° - 3.6:10° - 3.6-10°

All pure polysaccharide dispersions, except for guar gum, exhibit this behavior in response to the
electrical treatment. Figure 7 shows the flow curves in the case of sodium hyaluronate. The electrical
treatment effect on the flow curves for the GG and HPC dispersions are reported in the Supporting
Information (Figure S1). By comparing the profiles of the pristine SH sample (black) and those of the
“liquid” and “sticky” phases (red and green, respectively), we figured out that the rheological response
is affected by the application of the voltage. Indeed, the red profile shows a two order of magnitude
lower 1o, whereas the green curve shows a noticeable increase in .

Despite this difference in the viscosity values, the three rheological profiles are similar. This suggests
that all the samples possess the same structure and no modification in the polysaccharide network is
induced by the electrical stimulation. Thus, we argue that the changes in viscosity are simply due to
the electrically induced differences in the polysaccharide/water ratio. Indeed, the applied voltage
leads to the contraction of both SH and HPC networks and results in the reduction of the mesh size
and in the partial removal of water from the polysaccharidic network. As expected the amount of the
liquid portion recovered at the end of the electrical stimulation depends on the nature of the
polysaccharide (see Table 1).

The electrical treatment imparts an effect also on the NaOL-based formulations, leading to the
formation of two phases with different flow curves (Figure 7). Both phases show lower profiles and the
curve obtained from the sticky and more viscous portion is not shown. Moreover, unlike the case of
polysaccharide formulations, the two collected phases exhibit a rheological profile significantly
different from that of the sample before the treatment. This result suggests that the application of the
voltage partially breaks the micellar entanglement and the homogeneity of the sample, leading to
irregular and more indented profiles in comparison to the typical VES flow curve.
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Figure 7. Top: Flow curves of 0.5% w/w SH dispersion before the application of the electrical treatment
(black) and of the two phases separated at the end of the process (viscous phase in green, fluid phase
in red). Bottom: Flow curves of NaOL 13% + KCl 4% VES formulation before the application of the
electrical treatment (blue circles) and of the two phases separated at the end of the process (brown
lines).

Considering that both pure VES and polysaccharides show a remarkable responsiveness upon the
application of a voltage, their electro-responsiveness was checked after the addition of the conducting
CB in different amounts: from 1 to 3% for the polysaccharides and up to a maximum of 10% for the
VES formulation. As expected, the addition of CB powder leads to a remarkable increase in the
conductivity for polysaccharide and VES systems, as resumed in Table S1 in the Supporting
Information. This result could inspire the production of smart molecular devices with enhanced
electroresponsiveness.

The flow curves of the two phases collected after the application of the electrical stimulation in the
presence of CB are reported in Figure 8.



Paper 11 179

1000 +
—~ 100 4
"
©
104
2
'3
8 14
2
>
0.1 4
0.01
A . L L .
10° 3
5
10 k
4
» 10 r
©
o 10 3
2
£ .
2 10 3
@
> 10 r
10° 3
o i

o Shear Sir‘eoss (Pa)
Figure 8. Top: Flow curves of 0.5% w/w HPC (black) and SH (orange) dispersion containing CB 3 wt%
before the application of the electrical treatment (empty circles) and of the two phases separated at
the end of the process (viscous, triangles and liquid, dotted lines). Bottom: Flow curves of sodium
oleate 13% + KCl 4% VES formulation containing CB 10 % before the application of the electrical
treatment (light blue circles) and at the end of the process (red triangles).

For the polysaccharide matrices, we recorded different responses to the electrical treatment
depending on the nature of the investigated polysaccharide (Figure 8 top). However, in all cases with
the exception of guar gum, the change in the zero-shear viscosities of the different phases after the
treatment is enhanced compared to the pure polysaccharides. This result suggests that CB can be
successfully used as an additive to tune the response of polysaccharide formulations to an external
treatment, such as the application of a voltage.

When the CB-enriched VES formulation is electrically treated, the zero-stress viscosity of the
formulation increases of about two orders of magnitude, indicating the formation of a more rigid
network, probably due to the shrinking of the self-assembled network. However, as for the pristine
formulation before the addition of CB, we did not observe the formation of two different phases,
presumably because CB acts as a reinforcing agent. In addition, the rheological profile of the sample
before and after the stimulation does not change significantly, showing the typical non-Newtonian
behavior of the VES formulations. This result confirms the view that, in the presence of carbon black,
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the application of a voltage can be used as a trigger to effectively increase the strength and stiffness of
the matrix without changing the viscoelastic network of sodium oleate-based formulations.

Effect of temperature. To evaluate the increased thermal resistance of our formulations after the
addition of carbon black, the flow curves were acquired at 25, 30, 40, 50, and 60 °C. For the sake of
comparison, the measurements were performed on polysaccharide- and VES-based formulations both
with and without CB powder.

Figure 9 shows the rheological behavior of GG dispersions before and after the addition of CB (3%
w/w). As expected, the raise in temperature causes a downward shift in the polysaccharide flow curve,
with a progressive lowering of the zero shear-viscosity value moving from 25 to 60 °C. More
specifically, the viscosity of pristine polysaccharide system ranges between 2.2 and 0.34 Pa's, while the
GG+CB samples exhibit a wider and higher spectrum between 67 and 10 Pas. Thus, the presence of CB
enhances the thermal resistance of the GG polysaccharide network with higher viscosity profiles in
comparison to the pure GG sample. Moreover, the two systems exhibit quite different profiles in the
lower stress region, while they flow in the same way. This feature seems to suggest that an additional
structural order is granted by the carbonaceous particles, that are responsible for the higher viscosity
in the GG+CB system. However, when the applied stress increases, this higher structuring breaks down
and the difference is canceled out. Despite this effect, the flow curves remain unchanged within each
series. Thus, the intermolecular interactions of the two systems are weakened as temperature raises,
resulting in a softer network where the chains slide one over the other with a progressively lower
friction. However, the similarities among the profiles in each polysaccharide set of curves confirm that
the structures of the network are only weakened but not modified in different arrangements.
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Figure 9. Flow curves of GG 0.5% (dotted lines) and GG 0.5% + CB 3% (circles) at 25 (red), 30 (black), 40
(blue), 50 (green) and 60 (pink) °C.

For SH and SH+CB we recorded a similar rheological behavior (Figure 10). Indeed, sodium hyaluronate
exhibits the same trend observed for guar gum with a progressive lowering of the zero-stress plateau
as temperature increases. The presence of CB does not modify this behavior but the response to the
increase in temperature is enhanced. More in detail, the pristine SH system shows only a limited
decrease in the viscosity, between 13 and 4.9 Pa-s, while the SH+CB sample shows a wider gap, from
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129 to 1.7 Pas. In comparison to guar gum the addition of carbonaceous particles affects the SH
network thermal resistance in a slightly different manner: the system is strengthened below 50 °C,
while at higher temperatures the presence of CB seems to promote the chains disentanglement. As
with guar gum, the CB-enriched system shows a double plateau and a double drop in its profile.
Instead, the pure polysaccharide exhibits a single plateau associated to a single fall in viscosity. This
difference reflects the second level structure, originating from the reinforcement of the polysaccharide
network due to the CB particles, that is responsible for the overall increased rigidity and viscosity.
Moving along the temperature series, we note the shift of the critical stress at which the higher
viscosity plateau starts to decrease. The highly ordered structure loses its stability: in fact, passing
from 25 to 50 °C, the gap between the first and the second plateau progressively becomes less
pronounced, until it is barely visible in the profile recorded at 60 °C.
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Figure 10. Flow curves of SH 0.5% (dotted lines) and SH 0.5% + CB 3% (circles) at 25 (red), 30 (black), 40
(blue), 50 (green) and 60 (pink) °C.

On the other hand, HPC 0.5 % shows an opposite trend, as reported in Figure 11. Both in the case of
HPC and HPC+CB, the zero-shear viscosity increases with temperature, as the polysaccharide network
becomes more viscous and rigid. Moreover, also the critical stress values corresponding to the collapse
of the network are shifted to higher rates. This counterintuitive behavior does not represent an
absolute novelty in the literature. Indeed, a similar case concerns another cellulosic derivative, the
extracellular polysaccharide produced by some bacterial strains of Xanthomonas Campestris.3>5* This
biomolecule shows a viscosity trend that follows in parallel the temperature profile: the higher the
temperature, the greater the zero stress viscosity of the system. In our case, this response to the
thermal stress is presumably due to the partially hydrophobic nature of the HPC side-chain. When
temperature is raised the hydrating water molecules are depleted from the hydroxypropyl side groups,
and lead to the formation of “stronger aggregation of interpolymer complexes” stabilized by hydrogen
bonding and hydrophobic interactions.>® The final result is an increase in the network crosslinking
degree and a strengthening in the viscosity and stiffness of the system. A further increase of the
temperature up to 120 °C leads to the gelation of HPC.
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Figure 11. Flow curves of HPC 0.5% (dotted lines) and HPC 0.5% + CB 3% (circles) at 25 (red), 30 (black),
40 (blue), 50 (green) and 60 °C (pink).

In summary, the rheological profiles confirm that when CB is added to polysaccharide matrices, the
result is an enhancement in the formulation resistance to the temperature increase, while the
rheological trend of each polysaccharide remains unchanged.

Regarding the NaOL-based formulations, Figure 12 shows the flow curves acquired at the different
temperatures on both systems before and after the addition of CB.

In the absence of CB, the temperature increase induces the breaking in the entangled micellar network
with a rapid drop in the viscosity of the system. In the case of the CB-enriched formulations, the zero-
shear viscosities are about two orders of magnitude higher, confirming the reinforcement of the
network due the addition of CB.
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Figure 12. Top: Flow curves of NaOL 13% + KCIl 4% acquired at 25 (red), 30 (black), 40 (blue), 50 (green)
and 60 (pink) °C. Bottom: Flow curves of the same VES systems containing CB 10% w/w at different
temperatures.

Furthermore, the rheological profile is quite different if compared to the pristine samples, with two
different regions before the shear-thinning behavior. We argue that for low values of the shear stress
both the assembled objects and the CB particles move together with the typical Newtonian behavior.
When higher shear stresses are applied to the system, the viscous force between sodium oleate
micelles and the carbonaceous particles arises, producing a second region where the system behaves
as a shear-thinning material.*

It is worth noting that the system seems to have a more pronounced shear-thinning behavior as the
temperature increases, as suggested by the value of critical stress that corresponds to the onset of the
second region. For shear stresses higher than 100 Pa, the rapid drop of viscosity is similar to that
observed for the pristine samples without CB, indicating the total break of the entangled micellar
network even in the presence of the reinforcing agent.

The low-stress plateau region can be investigated at different temperatures in terms of an activated
mechanism that can be interpreted accordingly to a modified Arrhenius equation (see Table S2 and
Figure S2 in the Supporting Information).>® The extracted Gibbs free energy of activation (AG#*) for the
pure VES formulation (91.5 + 5.1) kJ-mol?, reflecting a tight entanglement of the chains that hinders
the flow. The obtained value is in line with those reported in the literature.>”:8 In the presence of the
carbonaceous additive, the VES system exhibits a different response to the temperature raise. Indeed,
the viscosity decreases in the range between 25 and 40 °C, as observed in the case of pure VES,
whereas it shows a higher plateau when the temperature is further increased up to 50 and 60 °C. Thus,
in this case AG* cannot be estimated with an Arrhenius plot.

For the polysaccharide systems the results are listed in the Supporting Information (Table S3 and
Figures S3 and S4). In the case of pure aqueous dispersions of SH and GG, we obtained values for AG*
of (20.8 + 1.1) and (38.8 + 5.1) kJ-mol?, respectively. The calculated AG* values of the two
polysaccharide dispersions fall in the range reported in literature for polymers.>® A similar analysis
cannot be extended to HPC because of the temperature-induced gelation process. As we already
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noted, when CB is added to the polysaccharide systems, we observed different responses to a
temperature increment. In the case of GG (a neutral polymer), we calculated almost the same AG#
value obtained before the addition of CB, (38.9 + 7.3) kJ-mol™. Instead in the case of the anionic SH,
the addition of CB induces a significant change in AG¥, that increases up to (92.4 + 9.6) kJ-mol .

The CB-polymer intermolecular interactions are usually interpreted in terms of a tunneling effect,® a
percolation phenomenon®! or through a combination of the two models.5%%3 Both models assume a
close contact between the chains and the CB particles. Probably, the different charge on the
polysaccharide chains is the key factor that affects the CB-polymer interaction mechanism and how
the system answers in response to the application of various stimuli. Anyway, the obtained results
seem to indicate a complex behavior of the mixed CB-polysaccharide systems and further experiments
are needed in order to describe the different mechanisms of interactions.

CONCLUSIONS

In conclusion, carbon black (CB) was added and dispersed uniformly in different green aqueous
polysaccharide or viscoelastic (VES) dispersions stabilized by saponin and sodium oleate. The
rheological, thermal and electrical properties of the samples showed significant changes upon the
addition of CB. In particular, carbon black brings about a greater viscosity and a larger threshold of the
network collapse, an improvement in the thermal properties, and imparts a remarkable electrical
responsiveness to an external voltage. Moreover, all these improved performances are achieved at a
quite low CB content (3% for the polysaccharide dispersions and 10% for the VES formulations), much
lower than the common amounts needed to obtaining significant results.?

Most composite systems that contain CB as a filler possess a solid matrix which implies that the system
is rigid and arrested and the components are in direct contact, without the mediation of a medium.
Steric, electrostatic, excluded volume, hydrogen bonding interactions rule over the thermal,
mechanical and rheological behavior of such systems. These solid systems are usually well described in
terms of the tunneling and percolation models.

In our case the presence of a dispersing continuous phase (aqueous solutions) totally changes the
scenario as the dispersed ingredients diffuse through the medium. This participates in the
intermolecular interactions that involve the single components, for example through solvation,
hydrophobic effects, depletion forces, etc. A very preliminary and rough speculation may favor the
percolative model over the tunneling effect. In fact, the presence of a dispersing agent (i.e. sodium
oleate or saponin) may increase the CB-polymer distance and deplete the short range interactions that
are required in the tunneling effect. Definitely further experiments are needed to investigate this topic
more thoroughly.

The addition of carbon black to viscoelastic or polysaccharide aqueous formulations can significantly
widen the horizon of their potential applications, for example in situations where the remote control
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of the physico-chemical properties of a water-based gel is necessary and not easily obtained with
other systems.
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RESPONSIVENESS IN GREEN BIOPOLYMERS

AND VISCOELASTIC FORMULATIONS
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SUPPORTING INFORMATION

Conductivity Data

Table S1. Conductivity measurements (i, uS-cm) on polysaccharide and VES formulations, both with

and without the addition of carbon black.

K + Std. Dev.
no CB with CB
GG 0.5% 756+ 1.6 2964 + 16°
SHO0.5 % 928 + 6.6 2965+ 16°
HPC 0.5 % 1249+ 14 2440 + 28°
NaOL 13 % + KCl 4% 5944 +234°

a: 3% w/w CB; b: 10% w/w CB .
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Flow Curves of Electrically Stimulated Polysaccharides

0.01

Figure S1. Flow curves acquired on HPC (black) and GG (green), before and after the electrical stimu-
lation. The responses of the polysaccharide systems before the stimulation are represented by circles, the
liquid and sticky parts obtained after the application of a voltage are indicated by dotted lines and trian-
gles, respectively. The application of the voltage leads to a separation in two rheological profiles for
HPC, as in the case of SH. Instead, GG shows an overall reduction of its viscosity profile only, without

any phase separation.
Arrhenius plots

The initial plateau region at low stress, characteristic of the Newtonian behaviour of worm-like mi-
celles, can be analysed as a function of temperature according to the modified Arrhenius equation, as
proposed by Chandler,'? to obtain the Gibbs free energy of activation representing the strength of flow

objects in solution:

_ (AGN)
NN = NeoneXp RT

plotting In () versus 1/T we obtain AGy from the slope and In(1,,y) from the intercept, respectively.
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Table S2. Zero-stress viscosity values 7, (in Pa's) measured for the NaOL 13 % + KCI 4 % green

formulation at two different concentrations of CB as a function of temperature (T, in ° C).

T o

no CB 10% w/w CB
25° 230 6740
30° 150 2420
40° 36 1627
50° 11 2985
60° 4.1 3914

In(ng)

T T T T T Ty
3.05 3.10 4320 3.25 3.30 3.35x10

315
1T(K"
Figure S2. Arrhenius plot for the CB-free NaOL 13 % + KCI 4 % sample. The linear regression gives

AGy=91.5+5.1 kJ'mol”.
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Table S3. Zero-stress viscosity values 7, (in Pa's) measured for polysaccharide green fluids at two
different concentrations of CB as a function of temperature (T, in °C). GG: guar gum, SH: sodium hya-

luronate and HPC: hydroxypropyl cellulose.

Mo
T GG SH HPC
no CB 3% CB no CB 3% CB no CB 3% CB
250 22 67 13 129 13 118
30° 1.6 53 10 67 19 203
40° 13 44 84 34 3.1 390
50° 073 26 6.1 8.1 84 594
60° 0.34 10 49 1.7 16 805
44 é—’d_,__ ----- —lb’ """" - ‘?'
J |
2ef :
B |
0 e F
14 L
305 310 3':5/ - K_1:;,'zo 325 330 3.35¢10°

Figure S3. Arrhenius plot for GG formulations with (green diamonds) and without (red circles) CB 3
%. The linear regression provides AGy = (38.9 +7.3) and (38.8 + 5.1) kJ-mol ™" with and without CB, re-

spectively.
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14 .~ ’ o

3.05 3.10 3.15 4 3.20 3.25 3.30 3.35x10
1T(K")

Figure S4. Arrhenius plot for SH formulations with (blue diamonds) and without (red circles) CB 3 %.

The linear regression provides AGy = (924 +9.6) and (20.8 + 1.1) kJ-mol" with and without CB.
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Glycerol carbonate (4-hydroxymethyl-1,3-dioxolan-2-one, shortly GC) is a dense, viscous, water soluble solvent.
The high dielectric constant and dipole moment make it a suitable non-aqueous green solvent for several salts in
different applications. GC dissolves significant amounts of inorganic salts such as KF. The saturation of GC with KF
leads to the formation of a viscous liquid at room temperature. In this paper, we report on conductivity, rheology,
differential scanning calorimetry and infrared spectroscopy experiments that indicate the formation of a glassy
liquid where GC molecules and KF ion pairs are intercalated in a firm and ordered tridimensional structure, sta-
bilized by hydrogen bonding and strong ion-dipole interactions.

© 2018 Elsevier BV. All rights reserved.

1. Introduction

Cyclic carbonates, such as glycerol carbonate (GC), propylene car-
bonate (PC) and ethylene carbonate (EC) are associated liquids with
strong intermolecular interactions, as suggested by their structural fea-
tures (see Scheme 1), the large value of the Trouton constants A,,S/R
and the Kirkwood parameter g (see Table 1) [1,2].

These liquids find remarkable applications in severalindustrial fields
[3.4]. In particular they are excellent solvents for electrolytes, due to
their very high dielectric constant and dipole moment that determine
the dissociation of ions and promote ion-solvent interactions, respec-
tively. Moreover, in the case of GC a terminal primary —OH residue fur-
ther increases the structuredness of the solvent and can assist in the ion
solvation through hydrogen bonding (HB). In glass-forming liquids
molecules are disordered though strongly interacting. PC and glycerol
are examples of low-molecular-weight organic glass formers [5].

Molecular liquids like GC, usually show an excellent glass-forming
ability, which is related to the strength of the intermolecular interac-
tions (van der Waals forces and hydrogen bonds) [6,7]. These materials
exhibit distinctly non-liquid-like features, a soft glassy rheology, which
make them very attractive for technological applications and intriguing
systems in terms of physics of condensed matter [8,9]. Indeed, several
technical applications take advantage of GC physico-chemical proper-
ties. These include the technology of lithium and lithium-ion batteries,

* Corresponding author.
E-mail address: pierandrea.lonostro@unifi.it (P. Lo Nostro).

https://doi.org/10.1016/jmolliq.2018.01.152
0167-7322/© 2018 Elsevier BV. Al rights reserved.

cement and concrete industries, sugar cane treatment, cosmetics and
detergents [1,10-12].

In spite of the increasing interest in innovative synthetic routes for
the production of GC[13,14],aimed at reducing the costs and enhancing
the yield, only few articles on the GC physico-chemical properties have
appeared in the literature.

While studying the solubility of some electrolytes in different cyclic
carbonates in terms of the Hofmeister series [ 1], we came across a pecu-
liar behavior of saturated solutions of KF in GC. In this paper we report
our results from conductivity, viscosity, calorimetric and infrared mea-
surements that reflect the formation of a dense and viscous glassy liquid
at room temperature.

2. Experimental
2.1. Materials

Glycerol carbonate and potassium fluoride (99%) were purchased
from Sigma-Aldrich (Milan, Italy). The salt was purified, dried and
stored under vacuum, according to the standard procedures [1a,b].
Glycerol carbonate was used as received and kept under inert atmo-
sphere to avoid water contamination.

2.2. Electric conductivity measurements

A Metrohm 712 conductimeter with a 0.83 cm ™' cell constant was
used. Salt concentrations ranged between 0 and 1.5 M. The cell was
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Scheme 1. From left to right: minimized chemical structures of EC, PC and GC. Grey, red and white spheres represent carbon, oxygen and hydrogen atoms, respectively.

Table 1

Physico-chemical properties of glycerol, propylene and ethylene carbonate at 25 °C.
Property GC PC EC*
Dielectric constant, & 109.7 649 89.8
Dipole moment, u (D)® 5.05 536 481
Viscosity, 1) (cP) 85.4° 253 1.90
Density, p (g/mL) 1.3969" 1.200 1321
Trouton constant, Ayq,S/R 346 116 121
Kirkwood parameter, g 8.18 123 160
* At40°C.
® From Ref. [4].
€ From Ref. [3].
4 This work.

immersed in a thermostatted water bath to control the temperature of
the sample (25.0 + 0.1 °C).

2.3. Rheology measurements

Rheology measurements were acquired with a Paar Physica UDS 200
rheometer working in the controlled shear-stress mode. For all samples
a plate-plate geometry (diameter, 4 cm; gap, 300 um) was used. All
measurements were performed at (25.00 & 0.01) °C. For each sample
the flow curve was acquired in a torque range from 10> to
2000 mNm. The sample equilibrated for 15 min at the set temperature
before running the measurement.

24. Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) runs were carried out on a
DSC-Q2000 from TA Instruments (Milan, Italy). The samples were first
equilibrated at —30 °C, then cooled from —30 °C to —90 °C at 2 °C/min,

s
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and finally heated up to —30 °C at 2 °C/min. The experiments were con-
ducted under N, atmosphere with a flow rate of 50 mL/min. The thermo-
grams were analyzed by the TA Universal Analysis software. For all
samples the glass transition temperatures (T,) were obtained from the in-
flection point in the DSC signal.

2.5. Attenuated total reflection Fourier-transform infrared spectroscopy

Attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR) spectra were acquired using a Thermo Nicolet Nexus 870
FT-IR spectrophotometer, equipped with a liquid nitrogen cooled MCT
(mercury-cadmium-telluride) detector, by averaging on 128 scans at a
resolution of 2 cm ™" and with CO,-atmospheric correction. The spectra
were acquired in the range 4000-900 cm~". For each spectrum the
background was previously recorded and subtracted to the sample
profile.

3. Results and discussion
3.1. Electric conductivity measurements

The conductivity of KF + GC samples was measured at 25.0 °C as a
function of the salt concentration (c). Fig. 1 shows the specific conduc-
tivity ~and the molar conductivity Aof KF + GC solutions as a function
of c. The data of kand Awere fitted according to the Casteel-Amis equa-
tion [15], and to the Fuoss-Kraus model, respectively (see Appendix A)
[16].

In the dilute regime & raises with ¢ due to the increasing number of
charge carriers. At moderate-to-high concentrations (c > 1 M), as the
ion-ion interactions strengthen and the viscosity of the medium in-
creases, the curve shows a plateau due to the competition between
the increase in the number of charge carriers and the decrease in ionic
mobilities [17]. For ¢ > 1.5 M the solution becomes turbid presumably
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Fig. 1. Specific conductivity « (solid line) and molar conductivity A(dashed line) for KF solutions in GC as a function of the molar concentration of the salt (c). The lines serve as a guide to

the eyes.
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Fig. 2. Calculated fractions for triple ions (red), ion pairs (blue) and free ions (black) for KF
in GC at 25 °C. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

due to the formation of larger particles and we observed the onset of an
intense yellowing, that preludes to the degradation of GC [18].

The Casteel-Amis model fits the experimental data with good agree-
ment. The trend recorded for « confirms that at moderate-to-high con-
centrations stronger ion-ion interactions come into play and rule over
other forces in setting the ionic conductivity [19].

The plot of Avs. ¢ (Fig. 1) provides interesting insights into the sol-
vent-solute interactions. The curve shows a rapid increase in the dilute
regime, then reaches a maximum at about 0.15M and progressively de-
creases when c further increases. The presence of a maximum is a typi-
cal behavior that suggests the formation of ion pairs and triple ions
(K>F* and KF5 ') [20]. In most cases the maximum is preceded by a min-
imum, corresponding to the onset of triple ions formation [12]. In our
system this minimum is not observed, indicating that the ion associa-
tion is predominantand the formation of charged triplets already occurs
atvery low c values. The Adata were analyzed in terms of the Fuoss-
Kraus model (see Fig. Al in Appendix A) from which the association
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Fig. 4. DSC runs for pure GC (solid line) and for the KF saturated solution (dotted line).

constants for ion pairs (K;) and for triple ions (Ky) can be estimated
(see Appendix A) [16,21].

K; is about 2.8:10°% confirming the high tendency for K™ and F~ to
form ion pairs, while Ky is about 550, that reflects the formation of triple
ions in GC. While the formation of ion pairs is typical for solutions of
salts in polar organic solvents, the creation of triple ions at the extent re-
corded here was unexpected. From these values the fraction of triplets,
ion pairs and free ions (o, o, and oy, respectively) can be calculated as
described in Appendix A [16,21].

The distribution curves for oy, o, and o are reported in Fig. 2. KF ion
pairs are always the most abundant species (o> 0.8), with a very small
fraction of free ions (o< 0.02). The fraction of triple ions increases from
0.01 to 0.18 as more KF is added.

These findings lead to two important conclusions: (i) The lack of a
minimum in the A/c plot is due to the high concentration of the non-
conductive ion pairs even atvery low contents of KF, and to the decrease
in their fraction as triple ions are formed. Thus, the major contribution
to the conductivity is provided by the triple ions, and this results in
the maximum in the A/c curve. (ii) These data suggest that GC, despite
its remarkably high dielectric constant, does not effectively solvate
and separate K™ and F, that rather remain associated in ion pairs (or
triplets, at higher c). This can be explained in terms of the strong inter-
molecular interactions, on the structuredness of the pure liquid, and on
the asymmetry between the interactions of the terminal ~-OH moiety
with anions and the carbonyl oxygen with cations in GC.

3.2. Rheology measurements

Rheology measurements were performed at 25.0 °C. The flow curve
for pure GC (see Fig. A2 in Appendix B) shows a remarkable hysteresis in
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Fig. 3. Flow curves acquired on pure GC (red) and on KF + GCsolutions at different salt concentrations: 7-10~* M (yellow), 7-10~% M (light blue), 0.21 M (blue),and 0.68 M (purple). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this artide.)
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Infrared (ATR-FTIR) spectra between 3800 and 2400 cm™" for pure GC (dotted line) and GC + KF solutions at different salt

concentration: 7-10~* M (red), 7-10~2 M (green), 0.21 M (blue), and 068 M (black). The whole spectra are shown in Fig. A4 in Appendix D. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

the viscosity data of the pure liquid when an increasing stress s first ap-
plied and then reduced. To the best of our knowledge this is the first re-
port on the thixotropic nature of GC due to its intrinsic structuredness.
Fig. 3 reports the flow curves for pure GC and with increasing concentra-
tions of KF between 10> M and 0.68 M.

The viscosity of KF + GC solutions increases as a function of the sol-
ute concentration. However, when the KF content is further increased,
the viscosity steeply grows and exceeds by >10 times the value found
for the pure solvent. This suggests that KF induces a very significant
change in the solvent ordering, by forcing the formation of a stronger
and more viscous structure in the medium.

The fractions of triple ions, ion pairs and free ions obtained from the
conductivity data were used in a modified Jones-Dole equation (Eq.
(1)), that describes the variation of the solution viscosity 1) as a function
of the solute concentration ¢ [22], by including two terms that take into
account the effect of free ion-solvent and ion pair-solvent interactions
[23.24]:

n="mn, [1+A\/(_a,+a‘)c+B,(a,+a‘)c+B,,a,,c+Dc2] (1)

here 1) is the viscosity of the pure solvent at the same temperature, A is
the Falkenhagen coefficient that takes into account the electrostatic
forces [25], B; and B, are the Jones-Dole coefficients that account for
the ion-solvent and the ion pair-solvent interactions, respectively, and
D is an additional term related to higher order solute-solute interac-
tions. This equation is specifically targeted to fit cases where the salt

concentration is relatively high, ¢ > 0.1 M, and ion pair association is
non negligible [23], whereas when ¢ < 0.1 M the higher order term
Dc? is usually overlooked [26-30].

nwasrecorded at an applied stress of 10 Pa and plotted versus c (see
Fig. A3 in Appendix C). The values of A, B;, B, and D were calculated by
fitting the experimental data according to Eq. (1). We obtained positive
values for Aand B, (0.11 dm*? mol "2 and 4.22 dm® mol ', respective-
ly); whereas, both B; and D are negative (—0.92 dm® mol ' and —
7.67 dm® mol 2, respectively). This result and the rise in the viscosity
suggest that ion pairs are the most represented species in solution. We
recall that the Jones-Dole B coefficient is positive for cosmotropes and
negative for chaotropes, e.g., B is 0.127 for F~, and —0.009 dm> mol '
for K™ (in water, at 25 °C) [31]. Interestingly we note that in the present
case B;, which is due to the free ionic species (mainly K™, F~, K;F* and
KF5) that singularly destroy the structure of liquid GC, is large and neg-
ative. Instead, B is positive, suggesting that the ion pairs enhance the
order of the solvent molecules.

3.3. Differential scanning calorimetry

The thermal behavior of pure GC and of its KF saturated solution was
investigated through Differential Scanning Calorimetry (DSC). The DSC
scans are reported in Fig. 4. Glycerol carbonate has a remarkably large
range of stability with a high boiling point and a very low melting tem-
perature [3]. From the DSC experiments we detected a glass transition
temperature (Tg) at —70.8 °C for the pure GC and at —61.3 °C for the
KF saturated solution. A similar behavior was reported for glycerol and
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Fig. 7. Shift of the ATR—IR C=O stretching band wavenumber versus the KF concentration. The dotted black line is a guide for the eye.

PC[32,33]. The heat flow signal suggests the presence of an enthalpicre-
covery associated to the glass transition. The two contributions, namely
the AG, at the glass transition temperature (T,), and the endothermic
peak due to the enthalpic recovery process, cannot be separated by
standard DSC. The remarkable increment in the T, of the liquid upon
the addition of KF confirms a strong stiffening effect induced by the elec-
trolyte on the solvent molecules structuredness.

3.4. Attenuated total reflection-Fourier transform infrared spectroscopy

The Attenuated Total Reflection-Fourier Transform Infrared Spec-
troscopy (ATR-FTIR) experiments (see Fig. 5) indicate that an increment
in the KF concentration brings about a shift in the O—H stretching band
from 3420 cm ™" for pure GC, to 3370 cm ™" for the 0.68 M KF sample.
Most likely this finding reflects the interaction between the hydroxyl
moiety and the fluoride anion, that leads to a weakening in the 0—H
stretching mode. Further addition of KF results in a more significant
shift of the band to lower wavenumbers.

Importantly, the addition of KF does not modify the FTIR profile of
pure glycerol carbonate (see Fig. A4 in Appendix D). In fact the position
of the absorption bands of GC is not affected by the addition of the salt
[34,35]. In particular, the CH, and CH vibrations of the cyclic carbons re-
main unaffected (2990-2880 cm™'). The C=O stretching is slightly
shifted to lower wavenumbers (from 1791 cm™" for the pure liquid to
1766 cm ™' for 0.68 M solution) probably due to the interaction of the
carbonyl moiety with the potassium cation. The C—C and C—0
stretching of the 2-hydroxyethyl chain appear at 1167 and 1047 cm ™!
and are not modified by the addition of KF.

The O—H stretching peak decreases as a function of the KF concen-
tration (Fig. 6) due to the stronger solvent-salt interactions while more
salt is added.

A lighter and opposite effect was found in the case of the C=0
stretching, whose wavenumber increases at high concentrations of KF,
asindicated by Fig. 7. We argue that when the concentration of potassi-
um fluoride is large the pristine HB between the carbonyl residue and
the primary -OH group is remarkably weakened, as F~ substitutes the
carbonyl's O. At the same time the purely electrostatic (ion-dipole) in-
teraction between K™ and the carbonyl of the GC molecule is weaker
than the G=0---H—O0 hydrogen bonding, resulting in a shift in the infra-
red peak for the C=0 stretching mode. Thus, the basic nature of the
fluoride ion seems to be the main driving force that modifies the
structuredness of the solvent molecules in ordered domains.

4. Conclusion
In conclusion the experimental results apparently suggest a remark-

able strenghtening in the structuredness of liquid glycerol carbonate
upon addition of potassium fluoride.

Literature sources on the behavior of fluoride ions in non-aqueous
solvents report that F~ is scarcely solvated in aprotic solvents, with a
lower basicity and a higher nucleophilicity. On the other hand, in protic
solvents F~ greatly interacts with the solvent molecules through HB,
leading to a higher basicity [45,46].

The cartoon in Fig. 8 schematically depicts a hypothetical structure
of the solution where the solvent molecules are organized in wormlike
structures intercalated by KF ion pairs with which they interact
through ion-dipole interactions (between K™ and the C=O0 residue)
and HB between F~ and the —~OH moiety of GC. The dissolved KF salt
mainly forms ion pairs that are responsible for the remarkable in-
crease in the viscosity of the solution. A similar ordering was proposed
by Jones for the dissolution of LiF in EC or PC [2]. Free solvated K™ and
F~ and triple ions are present and contribute to the overall conductiv-
ity of the sample.

In the side directions, along the main axis the solvent molecules are
oriented in the opposite way, as required by the minimization of the di-
poles energy. Such ordered structure would justify the conductivity and
viscosity features of this glassy liquid system. Further structural investi-
gations through SAXS and NMR experiments and solubility assessments
are currently in progress.

Fig. 8. Schematic cartoon showing the proposed structure that comprises ordered
domains of GC molecules with a head-to-tail orientation intercalated by KF ion pairs. In
the opposite direction the GC dipoles are inverted. The large purple and the light blue
globes represent potassium and fluoride ions, respectively. K™, F~ and triple ions are
dispersed in the solution.
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Appendix A. Casteel-Amis Equation and Fuoss-Kraus Formalism
The specific conductivity () was fitted according to the Casteel-Amis model that provides an empirical equation commonly used to describe the con-

ductivity behavior of electrolytes over wide ranges of salt concentration [15,36]. In this model the relation between and the concentration m (in
molal units) is expressed as:

K m\* 2 a
=(—) exp|b(m—u)"——(m—pu Al
= () e [pmop= & om-p) )

where ki, is the maximum value of conductivity, jtis the concentration at which ki, is reached, and a and b are fitting parameters (see Table A1).
Kmax and prare mainly determined by the solvent viscosity and the ionic radii [37].

Table A1

The parameters a, b, it and rina obtained by fitting the specific conductivity data with the Casteel-Amis equation.
u Kimax a b /3
0.89 + 0.06 577+ 4 1.08 + 0.05 0316 +0.141 375

More recent approaches describe the conductivity of strong electrolyte solutions at moderate-to-high concentrations in polar non-aqueous solvents.
The “quasi-lattice theory” or the mean spherical approximation (MSA) method are some examples [17 and references therein]. These models do not fit
accurately our data, thus we decided to use a modified semi-empirical version of the Fuoss-Kraus model, which provides a quantitative estimation of the
ionic fractions in solution from conductivity measurements [16]. This model is widely used for polyelectrolytes-based systems [38-40]. The method re-
quires the determination of the limiting conductivities, then the calculation of ion pair and triplets conditional formation constants and finally the frac-
tions of triplets, ion pairs and “free” ions as a function of the salt concentration [41].

Assuming that only KF, K™, F~, K;F ™ and K,F~ are present in the solution (i.e. no quadrupoles or higher charged clusters), the KF ion pair can
either dissociate in free ions:

KF—K" + F~
or triplets:

3KF—KF,™ + KyF'

From the calculation of the activity coefficients through the extended Debye-Hiickel theory and the Bjerrum formula [1a,b] we found that y..
ranges between 0.94 and 0.96, thus we used the approximation of unitary coefficients. Moreover, assuming that the concentrations of K;F ™ and
KoF ™~ are equal, the corresponding conditional association constants K; and K for ion pairs and triplets are related to the ion fractions in the following

manner:
KF| 1-q
Ki=—m3== A2)
TRTFI a2 )
[KF;"] _ [KoF'] ar
Gi= - = A3
T IKFIF] T KFI[K'] ~ euc(1—eu—3a) A3)
where ¢ and ai are the free ions and triplets fractions respectively. From which we obtain:
_ —1+VT+4Kic
Y= Ko (A4)
_ Kray(1—ay)c
T 3Krayc *3)
ap = 1—ay—ay (A6)

ap is the fraction of ion pairs. If we do not consider the effect of the electrostatic field generated by the ions, the total molar conductivity is expressed as:

A=y +arh” (A7)

where /Ay’ and A" are the limiting molar conductivities in GC for the free ions and the triple ions respectively. Thus, replacing the expressions for o and
«r and rearranging the equation, we obtain:

=+ (A8)
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In the dilute regime, the plot of A/€ vs. c produces a linear relation with a slope of Ay"K7rK;~'/? and an intercept of A'K; ~'/2. In order to calculate

the values of K; and Ky, Ao and A" must be determined. We assume that Ay’ = A,, since at infinite dilution ion-ion interactions vanish and triple ions
formation can be neglected. The value of A from the limiting molar conductivities (A;) can be estimated as:

A= viN (A9)

where 1; is the number of i ions in the formula unit of the electrolyte.
The limiting molar conductivity A; is related to the ionic mobility u; according to [42]:

Ai = ziFu; (A10)

where Fis the Faraday constant and z; is the charge of the i ion. The ionic mobility is defined as [43]:

ez
U= =—— All
' bmery (A1)
where e is the elementary charge, z; is the charge of the i ion, 1} is the solvent viscosity and ry is the solvated radius of the i ion. Assuming a spherical
geometry for the solvated ion, its solvated radius can be calculated as:

%"rfa: =‘3}"r§w. +ons-Vs (A12)
where n; is the number of solvent molecules in the solvation layer around the ion, V; is the molar volume of a solvent molecule and r.y, ; is the crys-
talline radius of the ion. We calculated the ionic mobilities and the conditional association constants K; and Ky for n; values ranging between 1 and 5.
The value of n has a negligible influence on the ionic mobilities and on the conditional association constants. Moreover, considering also the effects
due to the steric hindrance, we assumed an average solvation number of 3. Once /, is obtained, A," is taken as 2/,/3 (Ao’ cannot be determined
experimentally) [44].

The values of the ionic mobilities (u, in A-s?/kg) and the limiting molar conductivities (A and A in S-m?/mol) in GC are shown in Table A2:

Table A2
Calculated ionic mobilities (u, in A-s*/kg) and limiting molar conductivities (A and A in S-m?mol) for K* and F~ in GC at 25 °C.
Uy Ur Ak Ap fo= N + Ap
473107 487-1071° 456-107° 470-10°° 926-10°°

For the triple ions, A" = 2/ = 6.17-107° S m*/mol.
The plot of A\/c as a function of ¢ (see Fig. A1) shows a linear trend in the dilute regime, up to approximately 22 mM. The slope and intercept are
2.03107° £ 9107 Sdm’? mol > and 5.54-10~® 4+ 1:10~% S m'”? mol"’? respectively.

500x10°

Acﬂl ( S~mm~mol'm)
g
1

T T T T I
0 B 10 15 20 25x10
Molar Concentration (mol~dm")

Fig. A1. Plot of A\/C as a function of c.

Eqs. (A2) and (A3) provide the values of K; and Ky: K; = (2.8 + 0.4) - 10° and K = 550 + 235, from which the values of o, - and o can be calculated.
Appendix B. Thixotropy in glycerol carbonate

Fig. A2 shows the flow curve of pure glycerol carbonate acquired in two steps: the applied stress was first increased and then restored to the initial
value. The hysteresis of the curve reflects the thixotropic nature of the solvent and gives a further evidence of its structuredness.
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Fig. A2. Thixotropic behavior of pure GC.

Appendix C. Extended Form of the Jones-Dole Equation

The viscosity values at 10 Pa were plotted vs. the KF concentration and fitted with a modified Jones-Dole equation (Fig. A3). Indeed, when ionic
association occurs the Jones-Dole B coefficient is split in two different contributions: the first (B;) is related to the interactions between the solvent
and the charged species, whereas the second term (B,,) takes into account the solvent-ion pairs interactions. When the salt concentration exceeds the
value of 0.1 M anadditional term (D) is added to take into account the solute-solute interactions of higher order [26-29]. The equation then becomes:

=1 [1 +A /(e +ae)c + Bi(a +ar) ¢+ By ap ¢ + Dcz] (A13)
N . . . R R
o 100x10°
o
E‘ 90
.% 80
[
e 70
jd 60
%‘
8 50
s 0.00 0.05 0.10 0.15 0.20

KF Molar Concentration (mol - dm“)

Fig. A3. Viscosity values plotted vs. the salt concentration for KF + GCsolutions at 25 °C The curve is obtained by fitting the experimental data with Eq. (A13) and the fitting parameters are
listed in Table S3.

Table S3
Fitting parameters obtained from Eq. (A13).
A B; By b s
0.11 +0.02 —092 +0.17 422 4+ 072 —7.68 + 0.97 36107*

Moreover, the theoretical Falkenhagen coefficient for GC was calculated as reported by Jenkins and Marcus [24], and compared to the fitting
value:

A, T
A:W-m\_)\,) (A14)

where A. is 1.113-107° C (m-K-mol )", &,is the dielectric constant of the solvent, Tis the absolute temperature, and f(\ - >, A — °) is the ions infinite
dilution equivalent conductivities function that, in the case of symmetrical electrolytes (z.. = |z_| = z), is defined as:

2 = © o w2
2 (N2 A7) ]'1_ 4 (A=A a15)

4= [4 (2+v2) (A7 -A7) (1+ﬁ)2()\°_°+>\°1)2
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From Eq. (A14) the calculated value for A comes out to be 0.11 dm*”?/mol*?, in very good agreement with the value obtained from the fitting

procedure.

Appendix D. ATR-FTIR Results

The ATR-FTIR spectra acquired in the range 4000-900 cm ™" for pure GC and GC + KF solutions at different salt concentration (7-1073 M, 7-10"2 M,

0.21 M, and 0.68 M) are reported in Fig. A4.

60

Trasmittance (%)

404

204

‘°°‘—W* -
804

T T
4000 3500 3000

T ™ T T
2500 2000 1500 1000

Wavenumber (cm” )

Fig. Ad. ATR-FTIR spectra acquired on pure GC (black dotted line) and on KF + GCsolutions at different salt concentrations: 7-10~* M (red), 7-10~2 M (green),0.21 M (blue), and 068 M

(black solid line).
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The effect of eight potassium salts (KF K3P04, KOCN, K>C04, KCl, K,SO4, KBr and KI) on glycerol carbonate (GC)
studied through NMR, DSC, y and ATR-FTIR From the data, the main th
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1. Introduction

In a previous paper [1] we reported some curious effects that
followed saturation of glycerol carbonate (GC) with potassium fluoride.
The effects were studied at room temperature via conductivity,
rheology, differential scanning calorimetry (DSC) and attenuated total
reflection Fourier-transform infrared spectroscopy (ATR-FTIR) mea-
surements. We found that KF forms mainly ion pairs, triple ions and
larger clusters. Together with a few free ions these impart to the thixo-
tropic solvent a structuredness much stronger than expected for the
mixture. Apparently this occurs through the formation of hydrogen
bonds (HB) with the fluoride anion and ion-dipole interactions between
K™ and the carbonyl residue [1].

Here we extend the previous work to include the solubility and be-
havior of arange of other potassium salts in GC. We compare the results
with those for other cyclic carbonates previously explored. Since we op-
erate either at the saturation limit or at a moderately high concentration
our results are both anion and solvent specific. The aim is to explore the
nature of non-aqueous solvent Hofmeister effects systematically. To do
so, information on variation of the thermodynamics of solvation across a
range of solvents, the effect of ions on solvent structure and on solvent
dynamics need to be available to obtain a comprehensive physical pic-
ture [2].

Alkylene carbonates such as GC, propylene carbonate (PC) and eth-
ylene carbonate (EC) are non-aqueous associated liquids with strong

« Corresponding author.
E-mail address: pierandrea Jonostro@unifi.t (P. Lo Nostro).

https://doi.org/10.1016/j.molliq.2018.06.120
0167-7322/0 2018 Elsevier BV. All rights reserved.

van der Waals intermolecular interactions as suggested by their struc-
tural features (see Scheme 1), and by some of their physico-chemical
properties (see Table 1) [3, 4].

All solvents considered in Table 1 possess high dielectric constants
and dipole moments. The conventional view is that this explains why
alkylene carbonates are suitable solvents for strong electrolytes and
therefore widely used in different industrial areas [5, 6]. Solvent-
solvent and salt-solvent intermolecular interactions are often depicted
in a too simplistic view that derives from an electrostatic (Born energy)
interpretation of free energies of ion transfer. We now know that dis-
persion self-energies provide significant ion specific contributions
[14-21].

Alkylene carbonates (glycerol, ethylene and propylene carbonates)
also possess high heat capacities and large phase transition parameters
that reflect the strong intermolecular interactions.

In the case of GC a terminal primary —OH residue further increases
the ordered structure of the solvent and can assist in the ion solvation
through hydrogen bonding (HB). Scheme 1 shows the atom numbering
and the partial charge on each atom in GC. The presence of a significant
negative charge on the carbonyl oxygen (O1) that can strongly interact
with the terminal hydroxyl group on the other side of the molecule and
build up a robust structuredness in the liquid, as reflected by some sol-
vent properties such as the high enthalpy of vaporization and the rela-
tively low enthalpy of melting. Moreover GC possesses a large static
polarizability (about 9.3 A® see Ref. 12), larger than that of PC and EC
(see Table 1), that - together with the large dipole moment - can justify
the existence of important and highly cooperative van der Waals inter-
molecular interactions [22].
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Scheme 1. Minimized chemical structure of GC. Grey, red and white spheres represent
carbon, oxygen and hydrogen atoms, respectively. In blue the numbering for hydrogens,
in black the numbering for carbons, and in red the numbering for oxygens. Partial
charges (calculated with Avogadro 1.1.0): C1: +0.511, C2: +0.135, C3: +0.163, C4:
+0.085, 01: —0,203 02: —0.430,03: —0.425, 04: —0.391, Hyg: +0.074, Hy: +0.074,:
Hj: +0.079, Hy: +0.060, Hy: +0.060, Hy: +0210.

Another consequence of their ordered structure is that molecular
liquids like GC and PC behave as excellent low-molecular-weight or-
ganic glass formers [23-25]. In fact these materials show non-liquid-
like features, such as the rheological behavior typical of a soft glass,
that make them very interesting for fundamental research and techno-
logical applications [26, 27]. In spite of the increasing interest in innova-
tive synthetic routes of GC in order to cut the production costs and
enhance the yield [28, 29], only few articles on the GC physico-
chemical properties have appeared in the literature [30].

Table 1
Physico-chemical properties of glycerol, propylene and ethylene carbonate at 25 °C. Inthe
case of GC the phase change refers to a glass transition.

Property GC PC EC H0
Dielectric constant, & 109.7 64.9 898 80.1
Dipole moment, it (D)" 5.05 536 481 185
Viscosity, 1) (cP) 85.4° 253 1.90 089
Surface tension, 'y (mN/m) 442 34.6' 50.6" 2
Heat capacity, Cy(liquid) (J/mol-K) 201" 170" 156% 75.29
Melting point, mp (°C) (-708°) —527° 382° 0
Fusion enthalpy, A H (k]/mol) (19.6)" 8.96° 13.02° 601
Fusion entropy, AgsS (J/mol-K) (97) 4 43 2
Boiling point, bp (°C) 354° 242 248° 100°
Vaporization enthalpy, A,,,H (Kj/mol) 785 56.3¢ 55.29 40.66
Vaporization entropy, A,,,S (J/mol-K) 125 109 107 109
Static polarizability, c (A*) 93¢ 8.5 6.6 15'

2 At40°C

® FromRef. [5).

< From Ref. [6].

4 At 150 °C, from Ref. [7].

© From Refs. [8] and [9].

f At 30 °C from Ref. [5].

5 At110 °C from Ref. [5].

" Calculated from Ref. [10).

! From Ref [11].

1 Experimental values obtained from the Lorenz-Lorentz equation.
¥ From Ref. [12).

! From Ref. [13].

This is surprising because several applications take advantage of the
properties of GC. These include for example the technology of lithium
and lithium-ion batteries, cement and concrete industries, sugar cane
treatment, cosmetics and detergents [3, 4, 31-33].

Indeed the study of the behavior of salts in organic solvents stands
out as a self-evidently important field of research because of the need
for better insights into the microscopic mechanisms that determine
over specific ion phenomena. In fact the way salts modify the structure
and physico-chemical properties of protic and aprotic polar liquids is of
great importance to assess whether hydrogen bonding is involved or
not. Or indeed whether hydrogen bonding is a meaningful or useful
concept on which to build intuition and predictability.

The relative simplicity of aprotic solvents should contribute insights
into of the most significant problems related to the universality of
Hofmeister effects in aqueous solutions and dispersions, and to the elu-
sive related issues of hydrogen bond clusters and ion specificity of hy-
dration interactions.

In this paper we specifically investigate the effect of HB on the solu-
bility of some salts and more particularly on the thermodynamics and
other physico-chemical properties through NMR, DSC and ATR-FTIR
measurements. These properties were studied in the presence of differ-
ent potassium salts to elucidate the interactions between the anions and
the solvent. Since the solvent possesses a terminal —OH group, it can
establish HBin the pure liquid state, as suggested and confirmed by sev-
eral peculiar physico-chemical properties and observations. The range
of the investigated salts range from potassium halides to phosphate,
carbonate, sulfate and cyanate to study the effect of the anion's basicity
and of the anion’s capability to act as a donor/acceptor for hydrogen
bonds. We found that fluoride, phosphate, carbonate and (partly) cya-
nate do behave as basic anions and are able to interact with the solvent
molecules by participating in HB. Chloride and bromide play an inter-
mediate role according to the Hofmeister sequence. Compared to the
behavior of iodide in EC and PC, its interactions with GC represent a
striking anomaly with respect to what we expected on the basis of our
previous studies.

2. Experimental
2.1. Materials

Glycerol carbonate (290.0%), potassium fluoride (299.5%), potas-
sium chloride (299.0%), potassium bromide (>99.0%), potassium iodide
(299.0%), potassium carbonate (299.0%), potassium phosphate
(298.0%), potassium cyanate (96%), and potassium sulfate (299.0%)
were purchased from Sigma-Aldrich (Milan, Italy). The salts were puri-
fied, dried and stored under vacuum, according to the standard proce-
dures [3, 4]. Glycerol carbonate was used as received and kept under
inert atmosphere to avoid water contamination.

2.2. Solubility

The solubility of salts in GC was measured at different temperatures.
A weighted amount of GC was transferred in a test tube and an excess of
dry salt was added. The vial was sealed and kept under magnetic stirring
for two days in a thermostatted bath at the required temperature (0.1
°C). The stirring was stopped and the saturated solution was left to
equilibrate in the presence of the salt for 24 h, before a certain amount
(b, in grams) of solution was carefully taken from the top of the solution
and transferred to a flask and diluted with water up to avolume V (inL).
The aqueous mixture was than analyzed through Inductively Coupled
Plasma Atomic Emission Spectrometer (ICP-AES) in order to measure
the concentration of K™ (c, in mg/L). The calibration curve was built
analysing five standard solutions of dry KCl using a water + GC mixture
as a solvent with approximately the same composition of the sample
under investigation. The calibration data were fitted with a quadratic
curve with a correlation coefficient R? of 0.99993.



Paper IV

207

F. Sarri et al. / Journal of Molecular Liquids 266 (2018) 711-717 713

The solubility (m in molal units, i.e. moles of solute per 1 kg of GC) of
the salt was then calculated as:

1000cV

™M = 1000bMy —cMV

1)

where M is the atomic mass of potassium (39.102 g/mol) and M is the
molar mass of the salt.

2.3. Density of glycerol carbonate

The density of GC was measured with an Anton Paar DMA 5000 in-
strument as a function of temperature between 15° and 50 °C, with an
accuracy of 107" g/mL.

2.4. Nuclear magnetic resonance

1D- and 2D-NMR spectra were recorded with a Bruker 400
Ultrashield spectrometer operating at 400 MHz (for 'H) and 100 MHz
(for '*C). All the experiments were carried out in vacuum-dried NMR
coaxial tubes. CDCl; was used as external lock and reference material
in the coaxial insert. NMR signals were referenced to nondeuterated re-
sidual solvent signals (CDCls, 7.26 ppm and 77.0 ppm for 'Hand '*C, re-
spectively). The monodimensional 'H and '*C NMR spectra for pure GC
are shown in Figs. S1 and S2 in the Supporting information. The assign-
ment of the chemical shift to each proton in the pure GC molecule was
carried out by performing homo- and heteronuclear 2D-NMR experi-
ments as 'H—'H COSY (homonuclear correlation spectroscopy) and
'"H—"3C HSQC (heteronuclear single quantum coherence spectros-
copy), see Figs. S3 and S4 in the Supporting information.

2.5. Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) runs were carried out on a
DSC-Q2000 from TA Instruments (Milan, Italy). The samples were first
equilibrated at —30 °C, then cooled from —30 °C to —90 °C at 2 °C/
min, and finally heated up to —30 °C at 2 °C/min. The experiments
were conducted under N, atmosphere with a flow rate of 50 mL/min.
The thermograms were analyzed by the TA Universal Analysis software.
For all samples the glass transition temperatures (T;) were obtained
from the inflection point in the DSC signal.

2.6. Attenuated total reflection Fourier-transform infrared spectroscopy

Attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR) spectra were acquired using a Thermo Nicolet Nexus 870
FT-IR spectrophotometer, equipped with a liquid nitrogen cooled MCT
(mercury cadmium-telluride) detector, by averaging on 128 scans at a
resolution of 2 cm ™" and with CO-atmospheric correction. The spectra
were recorded between 4000 and 600 cm ™. For each spectrum the
background was recorded and subtracted from the sample profile.

3. Results and discussion
3.1. Nuclear magnetic resonance

The literature offers some reports on the effect of salts or ionic lig-
uids on the NMR spectra of organic molecules, and the study of
Hofmeister phenomena by means of NMR techniques is attracting an
ever growing attention [34-40]. However a systematic study on specific
ion effects induced by a series of selected electrolytes on the NMR spec-
tral properties of glycerol carbonate has not been published yet.

NMR spectra were recorded on saturated solutions of KF, K>COs,
K3PO,, KCl, KBr, KI, K504 and KOCN in GC at room temperature. Fig. 1
shows the NMR of pure GC, and of its saturated solutions of different

potassium salts. The individual spectra are reported in the Supplemen-
tary material (see Figs. S1-S15).

The change in the shift (6) of the alcoholic proton was quantified
through the shift index Is defined as:

P
15:100% (2)

where &, (4.42 ppm) and 6, are the chemical shifts of the —OH in pure
GCandin the saturated salt solution, respectively. The values of I are re-
ported in Table 2 and follow the trend:

KF>K; PO, >KOCN>K, CO5 >KCl>K, S0, >KBr>KI

These results suggest that the major perturbation in the chemical
shift of the —OH proton is produced by anions that behave as strong
bases: fluoride, carbonate, phosphate, and cyanate. The deshielding of
the hydrogen in the presence of these anions indicates an electron-
poor environment around this nucleus. These results suggest that a
quite strong interaction (hydrogen bonding) between the basic anion
and the —OH group takes place in saturated solutions of KF, K,CO5
and K5PO4.

This evidence parallels our previous findings that showed the pres-
ence of ion pairs, triple ions and higher order clusters in saturated solu-
tions of KF in GC through viscosity and conductivity measurements [1].
A similar study on the viscosity and conductivity of salt solutions in GC
as a function of the solute concentration will be performed in a future
work in order to detect the presence of ion pairs and higher clusters in
GC salt solutions. After some time (about 30 h) saturated solutions of
KF or K5PO,4 slowly became yellowish due to the formation of 2,3-
epoxy-1-propanol (glycidol) and CO, [41].

On the other hand other anions such as chloride, sulfate and bromide
do not alter significantly the chemical environment around the alco-
holic proton and/or the structuredness of the solvent.

Concerning the non-hydroxyl protons, all salts left unaltered the
NMR spectrum of pure GC with the exception of KI, that produces a
small but recordable change. In fact the Hx and Hy shift from
3.70-3.84 (in pure GC) to 3.56-3.70 ppm, between 2% and 4% compared
to pure GC (see Table 3). Due to this effect we recorded HSQC spectra on
the GC + Kl solution to double check the chemical shift and assignment
of each proton (see Fig. S15 in the Supporting information).

Remarkably, KI induces a strong decrement in the value of &
resulting in a negative value of I.. Since Hl is a very strong acid and cor-
respondingly iodide a very weak base, this behavior is rather related to
the large polarizability of this anion and to the onset of significant dis-
persion interactions between the anion and the solvent molecules. We
recall that the polarizability of I” in ethylene carbonate was calculated
to be as large as 3 A* [3]. NMR spectra acquired on less concentrated so-
lutions of the same salts did not show any significant variation of the
chemical shift respect to &, in fact a clear detectable change in the
chemical shift was obtained using salt concentrations near the solubility
limit.

Noticeably potassium iodide lowered the chemical shifts of the non-
hydroxyl protons (between 2% and 4% respect to pure GC). The other in-
vestigated salts did not change the 6 of the same nuclei respect to pure
GC. We argue that this shielding effect is again due to the large polariz-
ability of iodide that by approaching the GC ring creates an electron-
richer environment around these protons.

3.2. Density

The density of pure GC was measured as a function of temperature
between 15° and 50 °C (see Table 4).
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6.0 55 50 45
1 (ppm)

4.0 35 3.0

Fig. 1. NMR spectra of pure GC and of its saturated solutions with different potassium salts. 1: KI, 2: KBr, 3: pure GC, 4: K»S04, 5: KQ, 6: K»C03, 7: KCNO, 8: K3PO4, 9: KF.

A linear regression was used to fit the data:
p=16750-9.4918 . 10* T 3)

To the best of our knowledge this is the first set of density values for
GC at different temperatures. The only value we found in the literature
was 140 g/mL at 25 °C, that agrees with our finding [6, 30].

3.3. Solubility and thermodynamics of solvation

The solubility of salts in GC at different temperatures was measured
following the same procedure adopted in previous studies [3, 4]. We ob-
served that potassium phosphate, sulfate and carbonate behave similarly
to KF [1], i.e. the solvent can be easily oversaturated with these salts at all
temperatures. In our previous study we concluded that this behavior s re-
lated to the formation of very stable ion pairs, triple ions (K,F ™ and KF; )
and higher clusters, while the free K™ and F~ ions represent only a minor
fraction of the entire distribution [1]. We also concluded that the ion pairs
are intercalated between solvent molecules through ion-dipole interac-
tions between the cation and the carbonyl moiety, and hydrogen bond
between the anion and the primary —OH residue. The NMR results

Table 2
Chemical shift (6,in ppm) and shift index (Is = 0.5%) of saturated solutions of KF, K{, KBr,
KI, K2CO3, K3PO4, K250 and KOCN. CDCls: 6 = 7.26 ppm.

Salt 6 Is
(Pure GC) 440 .

KF 5.66 286
KiPO, 5.18 17.7
KOCN 5.00 136
KoCO3 an 704
Kcl 444 091
K250, 441 023
KBr 438 ~034

K1 4.09 ~7.05

reported in Section 3.1 suggest that a similar behavior occurs with phos-
phate, carbonate and cyanate. As a matter of fact K;PO,, K;CO5 and KOCN
can produce oversaturated solutions in GC.

Such behavior changes when the anion is unable to establish hydro-
gen bonds with the solvent. Therefore we measured the solubility of
KCl, KBr, KI and KOCN as a function of temperature between 25° and
45 °C. Table 5 reports the solubility of these electrolytes expressed in
molal units (m) in the equilibrated saturated solutions. The solubility
of all salts increases with the temperature, indicating that the dissolu-
tion process is endothermic.

From the experimental solubility the enthalpy, Gibbs free energy,
and entropy changes of solution can be calculated from Egs. (4)-(6)
[42, 43], assuming that in the investigated temperature range they can
be considered constant, and are listed in Table 6:

AgG® = —RTInK g, = —RTIn(y, m)* (4)

ALHO — —2R 9 In(y,m) (5)
=t 39(1/T)

BaiS” = (Bt~ 8aC) /T ©)

7. is the mean molal activity coefficient and K, the solubility prod-
uct of the salt in GC. The calculation of . is derived from the Debye-
Hiickel theory and the Bjerrum formula, and outlined in the
Appendix A. However imperfect these theories may be, the entropy

Table 3
Chemical shifts (6, in ppm) of the non-hydroxyl protons (see Scheme 1) in pure GCand in
its saturated solution of KI.

BB’ c DD’
GC 3.70-3.84 4.88 4.35-4.57
KI 3.56-3.70 479 4.23-446
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Table 4
Density (p, in g/mL) of pure GC as function of temperature (T, in K). o is the standard de-
viation for each measured value. R = 0.99998.

Table 6

Enthalpy (As#H’, in kl/mol), Gibbs free energy (AsG°, in kj/mol), entropy (AiS° in J/
K-mol) changes of solution at 30 °C, lattice enthalpy (U, in kj/mol), and the experimental
enthalpy change of solvation (A, H (exp), in kj/mol) calculated according to Eq. (7) for

T(K) p(g/mL) o (g/mL) thei i electrolytes in GC.

2880 14017 17512 - 10°° :

2930 1.3969 50000 - 10~7 Salt Al AuG’ A’ U A Hexp)
2980 13921 12150 - 10°° Kal 234 4 5% 2746%  683x11% 715 —481 +5%
3030 13873 83666 - 107 KBr 208 + 5% 26+6% 600+ 11% 682 ~474 £ 5%
3080 13826 12724-10°° K 203 + 8% 217%  597+15% 649 —446 + 8%
3130 13778 98319107 KOCN 170 £11%  28+7% 468+ 18% 653"  —483+11%
3180 13731 983191077 N

3230 1.3685 89443 - 107 See Ref 1adl.

changes are surely positive indicating that the addition of an electrolyte
induces a remarkable perturbation in the liquid structure.

The thermodynamic parameters obtained for GC suggest that the
dissolution of the electrolyte requires more energy than that involved
in the orientation of the solvent dipole around the dissolved ions.

The experimental enthalpy change of solvation, A, H% exp), was
calculated as:

Ay H°( exp) = AqH'—U @

where U is the lattice energy of each solid.

For a given ion the Gibbs free energy, the enthalpy, and the entropy
changes of solvation can be evaluated according to the modified Born
theory that is basically an electrostatic model [45]:

_ _ eN(-1)
BanC” = 8mepe(r +7) ®
e’N 1 Toe
A”'Vm=48nsotr+f)(ligie7ﬁ) ®
Ao BN (02 (10)
o> = 8rgge2 (r+ 1) \0T

where e is the electron charge, ¢ the dielectric constant, & the vacuum
permittivity, r; the crystal radius, Tthe absolute temperature and 7 a fitting
parameter. In the derivation of AH and AS from the derivative of AG re-
spect to the temperature, 7 is assumed to be temperature independent.
For GC, (%) is about —0.36 K~', and was estimated from the values
of ¢ reported by Chernyak [5].
The solvation thermodynamic parameters were calculated following
the procedure described in a previous work [3] and are listed in Table 7.
As with other polar solvents like dimethylformamide (DMF) or EC,
the entropy of solvation change of the ions in GC are all negative and
small. Thus, the balance between the disorder induced by the ion in
the solvent and the re-ordering of the solvation GC molecules around
the ion brings about a (small) lowering in the entropy [3]. The most ef-
fective re-structuring ion is K™, while the anions have a smaller effect.
The values of AoS” are quite similar to those that we calculated in
ethylene carbonate, indicating a similar perturbation in the liquid struc-
ture upon dissolution of the salt [43].

Table 5
Solubility (in molal units, mol/kg) of electrolytes in GC as a function of temperature.

b Calculated value.

As in the case of EC the solvation process is enthalpy driven and
dominated by K™, while the solvation of anions is weaker (both in
enthalpic and entropic terms).

Plotting the value of A,,,H’, calculated according to the Born equa-
tion (Eq. (9)) [45] as a function of the experimental value A, H’(exp)
from Eq. (7), we obtain the graph shown in Fig. 2:

The graph shows that the electrostatic Born model works quite well
for all salts, except for KI for which there are significant deviations. This
occurs also for ethylene carbonate [3]. The deviation is probably related
to the non-electrostatic van der Waals interactions that iodide can es-
tablish with the solvent molecules due to its soft nature and large
polarizability.

3.4. Differential scanning calorimetry

The thermal behavior of pure GC and of its saturated solutions was
investigated through Differential Scanning Calorimetry (DSC). The DSC
scans are reported in Fig. 3. From the DSC experiments we detected a
glass transition temperature (T,) that strongly depends on the nature
of the added salt (see Table 8).

Compared to pure GC (T, = —70.8 °C), KF, K3PO4, KOCN and K>CO5 in-
duce a significant increment in the glass transition temperature, while
K, KBr and K50, do not modify T, in a significant manner. A similar be-
havior was reported for glycerol and PC [46, 47]. The heat flow peak indi-
cates the presence of two contributions, the AC, at the glass transition
temperature (T;), and the endothermic peak related to the enthalpic re-
covery process. These can be separated by a modulated DSC experiment.

The large increment in the T, of the liquid upon the addition of KF,
K5PO4, KOCN and K,COj; confirms a strong stiffening effect induced by
the electrolyte on the solvent molecules structuredness as outlined in
our previous work [1]. Unexpectedly, KI has the same effect as KF on
the glass transition temperature of liquid GC, although it is not able to
bind to the —OH group as do the basic anions. We argue that this result
and the shielding effect induced by I~ on the protons of the ring may be
explained by invoking a partial approach of I~ toward the glycerol
carbonate's ring due to non-electrostatic van der Waals forces that in-
volve this anion and the solvent molecules. Probably this phenomenon
perturbs the structuredness, reduces the mobility of the solvent mole-
cules and hence increases the glass transition temperature [48]. Further
studies are necessary to detail the specific mechanism through which
these phenomena occur.

Table 7

Calaulated ion solvation free energy (AGEL, in kj-mol~"), enthalpy (A H?, in kj-mol ")
and entropy (A1,S’, inJ-K~"-mol~") changes (see Egs. (8)-(10)) at 30 °C, crystallo-
graphicradius (r, in A), experimental best fitting 7 (in A), for different ions in glycerol
carbonate.

T(°0) Kcl KBr KI KOCN lon BearG° AconH® AaS° r T

25° 203-107% 262-107% 7.03 - 1072 281-1073 K* ~296 ~300 -13 133 1.0
30° 4451073 53010 134-107° 3.66-107% a- ~181 -183 -7 1.81 20
35° 9531073 104-107° 207 -10°% 6.08-10° Br- -174 -176 -7 1.96 20
40° 190-10°° 196-10°° 246107 144-10°° I= -178 ~180 -7 216 17
45° 415-1073 395-10°% 994 - 1073 213.107% OCN~ -179 ~181 -7 234 15
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' J 5 Table 8
7 Glass transition temperature (Tg, in “C) and wavenumber (¥’ in cm ') for the O—H
7 stretching absorption in saturated solutions of salts in GC at 25 °C.
5 z Salt Ty v
~ | 7 ]
) -450 7 (Pure GC) ~70.8 3420
£ 74 KF -613 3370
= 4 KsPO, —574 3398
2 ’ KOCN 585 3404
~ P . K2C0s —62.8 3409
KCl ~704 3425
E_& KOCN ”/ [ ] K2504 ~700 3428
] P KI KBr ~665 3408
- y KCl KI ~615 3372
7/
-500 | P 4 | 4. Conclusion
7
7’ The results indicate the dissolution of an electrolyte in glycerol carbon-
- + ate occurs via two different solvation mechanisms. On one hand the potas-
=500 -450 sium cation interacts with the carbony! group through simple electrostatic
"0 ion-dipole interactions. On the other hand the role played by the anion
Aso,,, (exp) (kJ/mol) greatly depends on its nature. If the anion has a strong basic nature,

Fig. 2. Calculated A, H° versus experimental solvation enthalpy change A, H%(exp) at 30 °C
for the investigated electrolytes in GC. The calculated value was obtained by summing the
two contributions for the cation and the anion.

3.5. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy

The Attenuated Total Reflection-Fourier Transform Infrared Spec-
troscopy (ATR-FTIR) experiments indicate a shift of the O—H stretching
band from the pristine 3420 cm ™' wavenumber that was found for pure
GC (see Table 8).

The lowering in the frequency of the O—H signal induced by the
presence of KF, K3PO,4, KOCN and K,CO; reflects the interaction between
the hydroxyl moiety and the basic anion, that leads to a weakening in
the O—H stretching mode. KI produces an effect comparable to that of
KF with a significant shift (from 3420 to 3370 cm™ ') in the O—H
stretching, indicating a weakening in the strength of the O—H bond.
This result parallels the effect that we already recorded in NMR and
DSC experiments on KI + GC samples and can be related to the partial
adsorption of iodide ions near the GCring.

Exo Up

then it interacts with the hydroxyl moiety through hydrogen bonding.
This would modify the structuredness of the solvent significantly. Instead,
if the anion is not an acceptor, then its interaction with the solvent mole-
cule is minimal. However, in the case of iodide, we recorded a peculiar be-
havior reminiscent of the effect induced by the very basic fluoride anion.
Taking into account the large static polarizability of GC, we discussed
this anomaly in terms of polarizability-related non-electrostatic van der
Waals interactions that brings the anion close to the GC ring.

In conclusion, if the anion behaves as a strong base in a protic sol-
vent, then the formation of hydrogen bonding is the main feature that
determines the behavior of the salt in the solution. On the other hand
when the anion cannot participate in a hydrogen bond, then other
kinds of interactions, such as van der Waals non-electrostatic forces
are at play and in this case specific ion effects emerge.

As a natural extension of this work we envisage the study of the effect
induced by more salts (including nitrate, thiocyanate, perchlorate, chlo-
rate, tetrabutylammonium, tetraphenylborate, etc.), the experimental
measurements of the activity coefficient, and the acquisition of SAXS pro-
files on GC solutions in the presence of different salts. We are confident
that the new experiments will cast new light on the specific interactions
between ions such as iodide and glycerol carbonate molecules.

-80 -70

T T 1
-60 -50 -40

Temperature (°C)

Fig. 3. DSC curves for pure GC (black), KF (orange), Kl (green), KBr (grey), KI (dark blue), KOCN (red), K,CO; (light blue), K>S0, (pink) and K3PO, (brown) saturated solutions.
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Appendix A. Mean molal activity coefficient

The mean molal activity coefficient for the free ions (7y..) was esti-
mated through the Debye-Hiickel theory as Refs. [3, 49]:

Avm
logys = = paym A
Here m is the molal concentration of the salt.
A=18247.10° [P (A2)
3T
B= 50.2901\/F (A3)
€T

where p, € and T are the density and the static dielectric constant
of the solvent, and the absolute temperature, respectively. A is in
kg'?-mol~"?and B in kg'?-mol~"2-A™". a is the distance of closest
approach. For fully dissociated 1:1 electrolytes a can be taken as the
Bjerrum length q:

e? m
9= 2eksT (M)
where e and kg are the elementary charge and the Boltzmann constant,
respectively.
Table Al shows the values of €, A, g, and B as a function of tempera-
ture that were used for the calculation of the average ionic activity coef-
ficients in GC solutions (see Table A2).

Table A1
Values of £, A, g, and B as a function of temperature used for the calculation of y., in GC
solutions.

T B A q B
25.1 1096 03642 25558 03281
30.1 107.8 03635 25556 03276
35.1 106.0 03632 25569 03271
39.7 1043 03631 25593 03267
450 1024 03633 25635 03264

Table A2

Values of . for the different salts in GC as a function of temperature according to
Eqs. (A1)-(Ad4).

T v (KCl) ¥ (KBr) ¥ (K1) ¥« (KOCN)
251 0.99158 098354 097187 0.98167
30.1 0.98294 097113 096241 0.97928
35.1 097616 096349 095443 097377
397 0.95875 0.93207 095093 0.96114
45.0 0.92919 0.90071 091333 0.95380

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.molliq.2018.06.120.
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