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1. Introduction 

 

The main task of WP 5 is the formulation of hydraulic fracturing fluids specific for the shale 

formations found in Europe. Since every shale formation is unique, fracturing fluids effective 

in North American shale formations might not be effective in European ones. In this 

framework the study of formulations with physico-chemical properties that are appropriate 

with the pressure-temperature conditions and the composition of shale gas formations is 

fundamental for the potential exploitation of European shale basins. 

At the same time, the environmental concerns about shale gas extraction cast doubts on the 

toxicity of the chemicals which are present in fracturing fluids. Thus, in order to minimize 

the environmental impact of hydraulic fracturing and reduce the amount of pollutants in the 

flowback and produced water, all the substances which are potentially dangerous are 

excluded and replaced by greener alternatives.  

 

On this basis, the four primary objectives of WP5 are: 

1. To formulate effective hydraulic fracturing fluids that contain no hazardous 

substances; 

2. To formulate hydraulic fracturing fluids that are effective at high salt concentrations; 

3. To generate a scientific method for the formulation of fluids based on the 

geochemical properties of a shale formation; 

4. To design additives that limit the extraction of salt and NORM from shale formations. 

1.1 General context  

Deliverable 5.1. summarize the results obtained in the period M1-M24, which includes Task 

5.1 (Preparation of formulations specific for EU formations), Task 5.2 (Laboratory testing of 

formulations) and Task 5.3 (Develop formulations effective at high salt content).  

This deliverable provides a report on the tested formulations which are effective at high salt 

content, along with laboratory scale samples of the best formulation prepared in the 

presence of large amount of salt. 

This work will be implemented in the Deliverable 5.2 (M36), in which the effect of the 

NORM-reducing additives on the salt-resistant formulations will be extensively investigated.   

1.2 Deliverable objectives 

The aim of Deliverable 5.1 is to provide an extensive overview of all the possible approaches 

for the formulation of hydraulic fracturing fluids which are effective in high salinity 

conditions. We take into account the geochemical data found in literature for the currently 

exploited formations in US and Europe, and cross them with the results obtained by WP8 to 

acquire information about the salt content in the flowback and produced water. Thus, we 

propose different model formulations which are completely safe in terms of composition 
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and possess optimized physico-chemical properties for the hydrocarbon extraction in high 

salinity conditions. 

  

2. Methodological approach 

2.1 Formulation Composition 

In the first stage we accomplished an accurate analysis of the current state of the art on the 

formulation of fracturing fluids, based on scientific publications and on the disclosed data 

from the companies which operate in the shale gas field.  

There are several types of fracturing fluids, but in all cases the formulations are composed 

by [1]: 

 Base fluid 

 Proppant 

 Additives 

Water-based fluids are used in approximately 80% of all wells.[2] The base fluid can be fresh 

water, seawater, brine, or a saturated brine, and the fluid selection depends on the well 

conditions or on the specific interval of the well which is drilled.[3] Among water-based 

fluids, the formulations can be divided in:  

 “Slickwaters” (water with small amounts of added chemicals) 

 Linear gels 

 Crosslinked gels 

 Viscoelastic surfactant (VES) gel fluids.  

 

Oil-Based Fluids are used on water-sensitive formations that may experience significant 

damage from contact with water based fluids. [4]  

 

Gelled oil systems were the first class of fluids which have been used in hydraulic fracturing 

and have the major advantage of being compatible with almost any type of rock formation. 

[5] Despite this, the environmental impact of the oil-based fluids is massive, so their 

application is limited to very specific well conditions. 

 

Some gases, such as CO2 and N2, have also been tested for use as fracturing fluids (foam 

based systems), showing the unique advantage of eliminating water usage with minimal 

chemical application. However, the limited capacity to transport proppants is a major 

drawback. In addition, the potential leakage of gases such as CO2 may cause environmental 

issues. [6] 

 

The proppant is a solid material, typically sand, treated sand or man-made ceramic 

materials, designed to keep the fracture open, during or following a fracturing treatment. 
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The proppant must be strong enough to resist the fracture closure stress; if not, it will be 

crushed and the fracture will close causing a drastic decrease of fracture permeability. 

  

The most critical factors for the control of the proppant settling rate from the frac-fluid and 

placement, or accumulation, in the fracture are the fluid viscosity and the density of the 

proppant. Moreover, fracture conductivity depends to a large extent on the type, uniformity 

and size of the proppants, amount of embedding into the matrix, crushing of the proppant, 

and placement in the fracture. The proppant must be refined for uniformity in size because 

fine particles will block flow channels and seriously decrease the permeability of the 

fracture. [7] 

 

Additives for fracturing fluids fulfill three main functions: enhance fracture creation, improve 

the capability to carry the proppant and minimize formation damage. [8] The companies 

generally do not disclose the specific chemicals used to prepare the fracturing fluids for 

competitive reasons, but the principal compositions of the frac-fluids is accessible.  

Additives which are commonly used to extend the fracture creation and enhance proppant 

transport include: 

 Viscosifiers - thickeners. Organic polymers like guar, xanthate and cellulose gums 

(which are also used in food products) can modify the viscosity of the water solution 

to obtain a gel-like fluid at ambient conditions. 

 Crosslinking agents. Organic Borate complexes are, by far, the most common 

crosslinker in use today. Borate-crosslinked fracturing fluids can be applied across a 

wide range of treating conditions and are resistant to shear degradation. Anyway, 

Borate-crosslinked systems are limited to temperatures below 120 °C and pH’s above 

8, other metals including Titanium and Zirconium are used as crosslinkers for guar 

and cellulose derivatives to broaden the range of application. [4] 

 Temperature Stabilizers. They are usually added to improve the fluid thermal stability 

in higher-temperature environments, and include low molecular weight copolymers, 

organometallic ligands and nanoparticles.  

 pH-control agents. Buffers are used in conjunction with polymers to reach the 

optimal pH for polymer hydration. When the optimal pH is reached, the maximal 

viscosity yield from the polymer is obtained. The most common example of 

fracturing fluid buffers is a weak-acid/weak-base blend, whose ratios can be adjusted 

so that the desired pH is reached. Some of these buffers dissolve slowly allowing the 

crosslinking reaction to be delayed.[4]  

 Fluid loss-control materials. Several types of polyacrylamide polymeric compounds 

are able to reduce pressure and loss of fluids due to friction and turbulence when 

pumped through pipes. Friction reduction can promote enormous pumping rates up 

to ≈ 16000 L/min.[11] 

 



Deliverable D5.1 
 

PU Page 10 of 37 Version 1.0 

 

Formation damage is reduced with such additives as gel breakers, corrosion control and 

scale inhibitors, biocides, surfactants, and clay stabilizers. 

 

 Gel breakers. Breakers are added to the fracturing fluid to reduce the molecular 

weight of the various polymers used. This reduces the viscosity and facilitates the 

blowback of residual polymer which allows for cleanup of the proppant pack. Ideally 

these materials would be totally inactive during the treatment and then instantly 

“spring to action” when pumping stops, rapidly breaking the fluid back to a low 

viscosity preparing the fracture and formation for flow. This is very difficult to 

achieve as the breaker activity is very dependent on fluid temperature which varies 

with time. The three general types of breakers are Oxidizers (like ammonium 

persulfate, sodium persulfate, and calcium and magnesium peroxides),  Acid 

(Hydrochloric acid or acetic acid)  and Enzymes (hemicellulase, cellulase, amylase 

and pectinase).[4] 

 Scale inhibitors. Water used during the hydraulic fracture stimulation can mineral 

scales when coming in contact with naturally occurring water in the producing 

formation. Additionally, changes in temperature and pressure during initial 

production can cause mineral solids to precipitate from the fluid. To prevent this, a 

scale inhibitor is injected throughout the hydraulic fracturing fluid. Owing to their 

compatibility with other fracturing additives, the most commonly used chemistries 

are carboxylic acid and acrylic acid polymers. Scale inhibitors are usually used at 

relatively low dosages throughout the frac fluid (75 to 120 ppm) and make up 

0.0075% ‐ 0.012% of the total fluid volume. [11] 

 Corrosion Control. To prevent the degradation of the casing due to the acidic 

treatment, an acid corrosion inhibitor is utilized throughout the entire acid volume. 

Acid inhibitors tend to be complex products as they are tasked with a protecting the 

steel casing without reducing the acid’s ability to dissolve iron oxides (mill scale) 

that is usually present on the surface of the pipe. Acid inhibitors tend to contain 

amines, amides and/or amido‐amines and often contain formic acid as an intensifier 

for higher temperature applications. Usage rates can vary from 2,000 to 5,000 ppm 

in the acid only which equates to 0.0004% ‐ 0.0043% of the total fluid volume. [4] 

[11] 

 Biocides. Many bacteria can degrade the gels used for building fluid viscosity and 

have the potential to aggressively attack the metal equipment used both downhole 

and on the surface for producing natural gas and liquids from the well. Biocides are 

added to the source water to sanitize the fluid and greatly reduce the concentration 

of bacteria. There are several chemistries utilized as biocides in hydraulic fracturing. 

Historically, glutaraldehyde and blends of glutaraldehyde have been used.  

Another product that is highly biodegradable is DBNPA (2,2‐dibromo, 

3‐nitriloproprionamide). There are some operators who use sodium hypochlorite 

(the active ingredient in household bleach) for sanitation of source waters. 
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Methanol and naphthalene are added to control aerobic bacterial that can form 

metabolic products (such as slimes) and destroy additives used in the frac-fluid in 

storage and mixing tanks.  

Biocides are commonly applied throughout the whole hydraulic fracturing fluid at a 

rate of 75 to 500 ppm and represent 0.075% ‐ 0.05% of the total fluid volume. [11] 

 Surfactants. Surfactants have been historically used in hydraulic fracturing to reduce 

interfacial tension between the fluid and the shale and between different phases of 

fluid. The term “surfactant” covers a multitude of products and those used in 

hydraulic fracturing can be as simple as a laurel sulfate, butanol and ethlylene 

monobutyl esters to complex fluoro‐ and nano‐surfactants. Where used, surfactants 

are typically used at 500 to 1,000 ppm throughout the fluid which would account 

for 0.05% ‐ 0.1% of the total fluid volume. [11] 

 Clay control agents. KCl or an organic clay stabilizer is added to the base fluid to 

prevent the water from interacting with the reservoir mineralogy. KCl is typically 

added at a concentration of 2% but can be added at concentrations as high as 8% 

depending on laboratory testing results. Most testing on the commercially available 

organic clay stabilizers, which are typically some form of Quaternary Amine 

compound, has found them to be ineffective at the normal concentrations 

recommended. KCl is unique in its ability to stabilize clays and is much more 

effective than other inorganic salts such as NaCl, CaCl2 etc. [4] 

 

In the first stage of the work, we started studying very simple model formulations, based on 

polysaccharide dispersions. These fluids were tested in model solvent (pure water) and in 

the presence of high amount of salt. We investigated the effect of both salt concentration 

and nature on the formulation properties. Then we studied specific additives like surfactants 

in order to optimize the multifunctional performances of the formulation. Even in this case 

the test were performed in high salinity conditions to assess the effectiveness of the 

formulation. At the same time, we investigated the use of ViscoElastic Surfactants (VES) as 

multifunctional components for unconventional fracturing fluids.   

2.2 Physico-chemical Characterization 

The physico-chemical and mechanical characterizations of the different formulations were 

carried out mainly through flow tests, Differential Scanning Calorimetry (DSC), rheology and 

contact angle experiments.  

 

From the DSC thermograms we obtain information on how the water solution interacts with 

the gelling agents (i.e. polysaccharides, viscoelastic surfactants), influencing the network 

robustness and resistance to heating stresses. Furthermore, from the comparison of the 

thermograms acquired in the presence of different salts and salinity content we can 

qualitatively predict how the effectiveness of the designed formulation will be affected by 

the specific rock formation through the released salt. 
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On the other hand, flow curves acquired through rheological experiments give us a picture 

of the mechanical behavior of the fluid: we gain info on the flow behavior of the 

formulations in different salted medium; on the viscosity and its variation through the 

applied stress; and on the critical stress which lead to a transition from a viscous flow to a 

more fluid one. 

2.3 High Salinity Conditions  

In order to check the effectiveness of our formulations at high salinity conditions we tested 

them in different salt solutions, by following three complementary approaches which gave 

us feedbacks on how the investigated systems works.  

 

At first we collected the responses of our formulations to a set of thirteen different salts or 

additives, which were individually taken into account at the concentration of 0.5 mol/L. The 

salts and co-solutes examined are sodium fluoride (NaF), sodium chloride (NaCl), sodium 

bromide (NaBr), sodium iodide (NaI), sodium sulfate (Na2SO4), sodium thiocyanate (NaSCN), 

sodium perchlorate (NaClO4), trisodium phosphate (Na3PO4), disodium monohydrogen-

phosphate (Na2HPO4), sodium dihydrogen-phosphate (NaH2PO4), potassium chloride (KCl), 

urea (CH4N2O) and trehalose (C12H22O11). From the evaluation of the answers we obtained 

info about the specific ion effect, mainly from an anion point of view, on the different 

formulations. More specifically, we observed which additives remarkably modify the 

properties of our formulations and which other are substantially ineffective. 

 

Secondly, we tested our formulations in a mixed salt solution that we called “shale water”. 

To prepare this solution we took into account the data related to the flowback water salinity 

content of some European shale basins, which we obtained from WP8 and from the 

literature [9, 10]. Shale water is composed by NaCl 1 M, CaCl2 0.2 M, KBr 0.014 M, SrCl2 

0.01M and BaCl2 0.002 M. The assumption underpinning these experiments is that the salt 

composition and concentration of the flowback water should be not too dissimilar from the 

salinity conditions present at the downhole. Thus, by examining our formulations in shale 

water we are able to qualitatively predict how these fluids behave in salinity conditions near 

to the operating ones.  

 

Finally, we performed other additional tests aimed at qualitatively detect the salt toleration 

thresholds of the various formulations. For reaching this goal we overstressed the salt 

concentration up to 5 mol/L, a much higher value in comparison with the averaged total 

salinity of European flowback water. Since sodium chloride is commonly the most abundant 

salt present in the flowback water, we carried out our experiments by simply varying the 

concentration of NaCl from 0.1 to 5 M.  
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3. Summary of activities and research findings 

3.1 Salt Resistant Formulations  

Our study started with the analysis of polysaccharide water solutions/dispersions, at a 

concentration of 1% in weight, based on guar gum (GG), sodium hyaluronate (SH) and 

hydroxypropyl cellulose (HPC). From the flow curves acquired1 on these formulations we 

obtained info on the rheological properties of the fluids. All of them exhibited a non-

Newtonian, which is characterized by higher viscosity values at low shear rate and by a 

remarkable drop in viscosity in more vigorous shear regimes, as it is possible to notice in 

Fig.1. These curves give us precious info in terms of viscosities, one fundamental parameter 

in fracturing formulation strictly connected to the capability of the fluid to successfully carry 

the proppant down hole. Moreover, from the shear stress value associated to the plunge in 

viscosity we gain info on the critical stress needed to make the fluid flow easier. This factor 

plays an important role in determining the pressure required during the fluid injection and, 

consequently, the costs of the pumping process. 

 

 
Figure 1: Flow curves of polysaccharide water dispersions. Hydroxypropyl Cellulose (black line), Sodium 

Hyaluronate (red line) and Guar Gum (Green line). 

 

The three polysaccharide dispersions show a zero shear viscosity which ranges between 24 

and 45 Pa  s. More specifically the SH provides the higher viscosity, then follows the HPC 

and finally the GG, which does not differ too much from the value of HPC.  It is important to 

                                                 
1 The flow curves were acquired with Paar Physica UDS 200 rheometer working in the controlled shear-stress 

mode, in a torque range between 10-3 and 2000 mN m. A plate–plate geometry (diameter, 2.5cm; gap, 300 µm) 

was adopted and all measurements were performed at 25.0 ◦ C (Peltier control system), after a 15 min soaking 

time to equilibrate at the set temperature 
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note how the three profiles are characterized by different drop in viscosity: both guar gum 

and sodium hyaluronate exhibit a similar trend, described by an evident decline at critical 

applied stress; whereas, hydroxypropyl cellulose shows a less pronounced fall. This evidence 

tells us that the HPC system offers the higher resistance to the applied shear stress, which 

instead causes the clear decreases in viscosity for GG and SH. 

 

From the thermograms of 1% aqueous mixtures of GG, HPC and SH (reported in Figure 2) we 

gain info on how the polysaccharide chains interact with water in building a network. More 

specifically we observe that the endothermic peak, related to the melting of free water, is 

always centered slightly above 0 ◦ C. This shift towards higher temperatures, according to 

literature, is presumably linked to a kinetic effect [13, 14]. The melting peak temperatures 

(Tmf) and the corresponding enthalpy changes (∆Hmf , 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 temperature and the largest melting enthalpy. HPC shows 

intermediate values. 

 

 
Figure 2: DSC heating thermograms of 1% aqueous mixtures of GG(black), HPC (blue), and SH (red). Curves 
have been offset for graphical purposes. 

 

Afterwards we investigated the rheological and thermal behaviors of these polysaccharide 

dispersions and solutions in the presence of different salts or co-solutes (listed in paragraph 

2.3), in a 0.5 molar concentration. This systematic analysis was targeted to better 

understand if there was a specific ion effect that could significantly affect the properties of 

the investigated systems. The data acquired on all the samples have indeed revealed how 

different salts/co-solutes can lead to remarkable changes of both thermal and rheological 

properties and, consequently, represent an efficient tool to modify and control the fluid 

behavior through the regulation/addition of specific additive. 
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In Figure 3 are shown some flow curves of polysaccharide systems in the presence of 

different salts, at 0.5 molar concentration. From the graph we can easily notice how the 

specific salt can affect the rheological behavior of the formulation, leading towards both a 

hardening (as in the cases of sodium hyaluronate or guar gum plus trehalose, guar gum plus 

Na2SO4) and a softening of the polysaccharide network (like for sodium hyaluronate plus NaF 

or guar gum plus NaI). More specifically, the trehalose has the same effect on all the 

polysaccharide systems. The effect is stronger in the case of sodium hyaluronate, which 

viscosity is almost four-fold over the pure polysaccharide solution (from 44.66 up to 159.25 

Pa s); but it is noticeable also for the GG and HPC. Indeed, trehalose is known as a 

kosmotrope or water-structure maker: this disaccharide is able to break the tetrahedral HB 

network of water and re-order the water molecules in the hydration layer [24,25]. The 

competition for water molecules between trehalose and the polysaccharide chains leads to 

partial de-hydration of the macromolecules [26]. It has been shown that trehalose can 

modify the hydration layer of biomolecules [27, 28], stabilizing their HB network. This 

picture is commonly known as preferential exclusion theory. The water replacement theory 

instead argues that the hydration layer of the macromolecules is substituted by trehalose, 

which directly forms HB and stabilizes the structure. Presumably, in our case there is not a 

prevalent mechanism thorough which trehalose increases the robustness of the network, 

instead it is more likely a combination of these effects that lead to the hardening of the 

structure. If trehalose has the same effect on all the polysaccharides, we can not say the 

same for other salts. Indeed both NaF and Na2SO4 exhibit an opposite behavior from neutral 

polysaccharides, like GG and HPC, and charged polysaccharide as SH.  Both SO4
2− and F- ions 

are kosmotropes, 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 HPC and 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 network increases, as indicated by the trend of the viscosity values. 

 

These results confirm how the presence of specific salts can strongly affect the robustness of 

the network and, consequently, represent a potential trigger to control and modify the fluid 

viscosity. So, starting from the knowledge of the salt composition and concentration of each 

different shale basin, we can choose the better formulation that fits with the required 

operative conditions.  

 

 



Deliverable D5.1 
 

PU Page 16 of 37 Version 1.0 

 

 
 

 
 

Figure 3: On top, Flow curves of  SH 1% (red), SH + trehalose 0.5 M (yellow), SH + Na2SO4 0.5 M (grey) and SH + 
NaF 0.5 M (green); on bottom, flow curves of  GG 1% (red), GG + Na2SO4 0.5 M (grey), GG + NaI 0.5 M (blue) 
and GG + NaF 0.5 M. 

 

A further peculiar case concerns the interactions between the charged SH chains and the 

three phosphate anions (Figure 4). In fact, the rheological profiles show that HPO4
2− 

increases the viscosity of the SH solution to 77.68 Pa·s, while H2PO4
− lowers (19.75) and 

PO4
3− dramatically breaks down the flow curves. 

 

We recall that the rheological properties of hyaluronate strongly depend on the pH in a non-

linear correlation [29-31]. In particular for hyaluronic acid the complex viscosity reaches a 
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maximum value at about pH = 2.5, sided by two remarkable drops in acid (pH = 1.6) and mid-

acid conditions (pH = 3.34) [29]. 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 [31]. Moreover, above pH = 12 

the viscosity dramatically breaks down, leading to a Newtonian-like behavior. Finally, in a 

wide range of pH (between 2.8 and 12) the rheological properties and viscosity remain 

unchanged [29, 30]. Furthermore, Maleki investigated the dilute (0.05% w/w) and semi-

dilute (0.5% w/w) regimes of hyaluronic acid solutions, with the pH set between 1 and 13 by 

adding 0.1 M phosphate buffers. The results show that the presence of these buffers does 

not affect the pH responsivity. 

 

The 0.5 M Na3PO4 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 NaH2PO4 and Na2HPO4 

solutions (pH = 4.7 and 9.9, respectively) differ from those reported in the literature. 

Presumably in these pH conditions mono-hydrogen phosphate 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 HPO4
2− anions bridge different 

chains and re-enforce the HB network. 

 

In the presence of di-hydrogen phosphate the pH is lower. The mid-acid environment 

weakens the network by reducing the number of active sites available for HB. Moreover, in 

H2PO4
− the number of acceptor sites for hydrogen bonding is reduced and thus the ion 

contribution to the strengthening of the system is reduced. 

 
 
Figure 4: Flow curves of  SH 1% (red), SH 1% + NaH2PO4 0.5 M (light blue), SH 1% + Na2HPO4 0.5 M (violet) and 

SH 1% + Na3PO4 0.5 M (black). 
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Also the thermograms acquired on the polysaccharide dispersions in the presence of 

different 0.5 M solutions confirm that the specific salt, or the additive, can strongly modify 

the chain-chain and chain-water interactions, leading to a fluid with altered properties. The 

melting peak temperatures (Tmf) and the corresponding enthalpy changes (∆Hmf , in J/g) of 

the polysaccharide in 0.5 M solutions are listed in Table 1.  As an example, the thermograms 

of GG in the presence of different 0.5 M solutions of sodium halides are shown in Figure 4. 

 

We can notice that NaF is profile is characterized by an endothermic peak which shows a 

bimodal behavior. In order to distinguish the all the two different contribution, the curve 

was deconvoluted by using an exponentially modified Gaussian function (EMG). This 

approach is commonly implemented in the analysis of various systems which exhibit 

overlapping DSC peaks [15-17]. The fitting procedure provides the two T0 values 

corresponding to the centers of the two Gaussian curves used for the deconvolution. T0 are 

found to be 5.07 and −4.45 °C. This behavior is even remarkably increased by moving along 

the halide series towards higher atomic number: in the case of NaCl, NaBr and NaI two 

distinct peaks appear in the DSC curve whose distance increases moving down in the group. 

The higher temperature peak corresponds to the melting of free water (Tmf in Table 1) and is 

similar to the peak produced by the salt-free GG dispersion. The lower temperature peak 

located between −30 and −5 °C relates to the melting of freezable bound water (Tmb in Table 

1), that freezes below 0 °C and has a reduced enthalpy of fusion [18]. For the pure 

polysaccharide dispersions the peak related to the melting of freezable bound water is not 

detected. Presumably the freezable bound and the free water melting peaks overlap 

together in the broad endothermic signal which is centered around 0 °C in the heating scans 

(see Fig. 2). The addition of a salt modifies 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 results obtained for the samples containing the sodium halides show no remarkable 

variation in Tmf and ∆Hmf with the exception of NaF. Instead, the values of Tmb decrease from 

−4.45 (NaF) to −29.65 °C (NaI), while ∆Hmb decreases from 125.8 (NaF) to 15.07 J/g (NaI). 

These trends suggest the presence of a specific anion effect on the conformational structure 

and intermolecular interactions of GG. In particular, the more chaotropic the anion, the 

lower the value of Tmb 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. This effect promotes the formation of interchain hydrogen bonding 

(HB) and eventually leads to the aggregation of polysaccharide molecules. 
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Figure 5: 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 NaI (magenta). Curves have been offset 

for graphical purposes. 

 

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) [19]. 

The ruling mechanism by which chaotropes increase the solvation of the polymer surface 

seems to be a direct interaction of the ions with the weakly hydrated portions of the 

polysaccharide chain, as already found and reported in the case of proteins [20, 21].  

 

In the case of the other additives (Na2SO4, NaSCN, NaClO4, Na3PO4, Na2HPO4, NaH2PO4 and 

trehalose) only a broad endothermic peak around 0 °C is clearly detected (see Table 1). The 

presence of these cosolutes does not induce a separation between the freezable bound and 

the free water melting peaks, resulting in a DSC profile which is similar to those of pure GG, 

HPC and SH samples.  

 

Aqueous solutions of HPC and SH in the presence of salts and cosolutes show an identical 

thermal behavior to that previously described for GG dispersions. The values of Tmf , ∆Hmf , 

Tmb and ∆Hmb extracted from the thermograms are reported in Table 1. SH and HPC samples 

show analogous DSC curves to the corresponding GG samples, with the exception of 

perchlorate. For both HPC 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 interactions similar to those occurring with other chaotropic 

ions. In the GG sample this peak is not shown, indicating that a different mechanism 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 [22, 23]. 
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Table 1: Melting temperature and enthalpy change of free water (Tmf and ∆Hmf, in ° C and J/g) and of the 

freezable bound water (Tmb and ∆Hmb, in ° C and J/g) in 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 Tmf ΔHmf Tmb ΔHmb Tmf ΔHmf Tmb ΔHmb 

                       Guar Gum 1%   Sodium Hyaluronate 1% 

none  7.88 307.3   2.18 353.0   

NaF 5.07 155.5 -4.45 125.8 0.66 300.8 -5.23 40.46 

NaCl 1.05 245.2 -19.98 22.11 -0.03 260.1 -20.43 23.77 

NaBr 1.80 249.7 -26.03 16.58 -0.16 268.8 -26.71 19.18 

NaI 1.62 256.2 -29.65 15.07 -0.57 272.4 -29.99 16.54 

Na2SO4 4.24 318.4   2.49 331.8   

NaSCN 1.54 282.7   -0.13 289.4   

NaClO4 2.58 278.2   -0.22 299.6 -33.19 5.678 

Na3PO4 1.28 58.88   0.64 317.6   

Na2HPO4 5.13 293.5   1.79 274.5   

NaH2PO4 3.00 291.5   -0.32 307.5   

Urea 3.48 247.9 -10.62 8.342 0.00 268.8 -11.83 13.67 

Trehalose 1.56 255.2   0.07 261.9   

 

In order to reduce the polysaccharide content, as was suggested to us during the annual 

consortium meeting in Liblice (19-22 June 2016), we halved the GG, SH and HPC 

concentration to 0.5 %. At the same time we studied different strategies attempting to keep 

the viscosity around sufficiently high values, despite the polysaccharide reduction.  

 

After the abovementioned investigation on the specific effect of salts, singularly taken into 

account, we tested the rheological behaviors of the proposed formulations in a high salinity 

solution, named “shale water” (see paragraph 2.3), which emulates the real operative 

conditions. From the answers to this environment, composed by a mix of different salts, we 

obtain info about the salt tolerance of the various systems and therefore we move one step 

closer to their applicability. All the investigated polysaccharide formulations exhibit a good 

salt tolerance. More specifically, sodium hyaluronate and guar gum are only marginally 

affected by the mix of salts present in the shale water; on the other hand, hydroxypropyl 

cellulose shows a stiffening of the network which results in an increased viscosity. With the 

purpose of further enhancing the salt tolerance of our formulations, and always looking 

towards a more complete and functional fluid, we evaluated the addition of green 

surfactants/additives effective in enforcing the network and helping to efficiently carry the 

proppant. We added once at time and in extremely small content, equal to 0.05 % in weight, 

saponin, rhamnolipid and sodium citrate. In detail, we observed that saponin plays a 

constructive role in the formation of the polysaccharide network both with GG and HPC, 

whereas with SH it enhances the viscosity of the systems only at lower stresses, then the 
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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 6A). Oppositely, rhamnolipid play 

against the structure of the formulations that, especially in the cases of GG and SH, move 

towards lower values of viscosity. The HPC solution is almost unchanged by the presence of 

rhamnolipid (Figure 6B). Finally, with addition of sodium citrate we observe a more 

heterogeneous behavior: 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 Pa s to 70 Pa s. So, sodium citrate 

results particularly effective in strengthening the structure of the hydroxylpropyl cellulose 

formulation.  
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Figure 6: (A) Flow curves of  SH 0.5 % pure (red dotted line) and in the presence of saponin 0.05 % and shale 

water (red circles); HPC 0.5 % pure (black dotted line) and in the presence of saponin 0.05 % and shale water 

(black circles); and GG 0.5 % pure (green dotted line) and in the presence of saponin 0.05 % and shale water 

(green circles). (B) Flow curves of SH 0.5 % pure (red dotted line) and in the presence of rhamnolipid 0.05 % 

and shale water (red circles); HPC 0.5 % pure (blue dotted line) and in the presence of rhamnolipid 0.05 % and 

shale water (blue circles); and GG 0.5 % pure (yellow dotted line) and in the presence of rhamnolipid 0.05 % 

and shale water (yellow circles). (C) Flow curves of SH 0.5 % pure (violet dotted line) and in the presence of 

sodium citrate 0.05 % and shale water (violet circles); HPC 0.5 % pure (blue dotted line) and in the presence of 

sodium citrate 0.05 % and shale water (blue circles); and GG 0.5 % pure (light blue dotted line) and in the 

presence of sodium citrate 0.05 % and shale water (light blue circles). 

 

Therefore, our findings provide useful information and strategies to control and modify the 

viscosity of the formulations, by regulating the salt concentration and the presence of 

appropriate additives. Moreover, by considering the different behaviors in response to the 

specific salts, it is possible to select the proper formulation which fits better the salt 

composition originating from the rock formation. 

3.2 VES-based Formulations 

We investigated the rheological and thermal behavior of two different Viscoelastic 

Surfactant-based (VES) formulations which contain a surfactant as the main component in 

combination with an inorganic salt (or a charged molecule). These surfactants can form long 

elongated micellar structures that contribute to the viscoelastic behavior in order to 

increase fluid viscosity. [12] As the concentration of surfactant increases in water, micelles 

start to form. Further increasing the concentration exceeds the critical micelle concentration 

(Cmc) for the surfactant in water; these molecules start interacting with each other. These 

interactions are based on ionic forces and can be amplified by adding electrolytes (salts) or 

other ionic surfactants. Depending on the ionic charges and the size and shapes of the 

surfactants and these counter-ions, ordered structures start to form, which increases 

viscosity and elasticity. The reverse mechanism is true for breaking these systems. The 
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structures can be disrupted by adding other surfactants, ionic additives and hydrocarbons or 

can be diluted by additional formation water. [11]  

 

We examined two formulations which differ for the surfactant charge and the nature of 

counter-ion. The first one contains cetyltrimethylammonium bromide (CTAB), a cationic 

surfactant commonly used in hair conditioning products and cosmetics, in combination with 

sodium salicylate (NaSal), an analgesic and antipyretic used in medicine. For the second 

system we select sodium oleate (NaOL), a non-toxic, biocompatible anionic surfactant 

combined with potassium chloride (KCl), which is one of the most effective clay control 

agent in fracturing fluid formulations (see parag. 2.1). We perform rheological experiments 

(flow curves) and DSC measurements on the two formulations by varying the concentration 

of the surfactant and the counter-ion in order to understand the interplay between the two 

components and its effect on the viscosity and the thermal properties of the overall system.      

The flow curves and the DSC thermograms for the CTAB + NaSal formulations at different 

concentrations are reported in Figure 7 and Figure 8 respectively. 

 

 
Figure 7: Flow curves of CTAB 0.05 M + NaSal 0.03 M (black line) and CTAB 0.1 M + NaSal 0.06 M (red line). 
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Figure 8: DSC thermograms of CTAB 0.05 M + NaSal 0.03 M (red line) and CTAB 0.1 M + NaSal 0.06 M (black 
line). 

 

From Figure 6 we notice that the two formulations exhibit a typical shear-thinning behavior: 

in the case of CTAB 0.05 M + NaSal 0.03 M the value of the zero-shear viscosity  is slightly 

larger (180 Pa∙s) compared to CTAB 0.1 M + NaSal 0.06 M (120 Pa∙s). Despite this, for the 

formulation containing CTAB 0.05 M + NaSal 0.03 M the viscosity breaks down at lower 

applied stress, while CTAB 0.1 M + NaSal 0.06 M shows a more extended Newtonian 

plateau.  

 

The thermal behavior of the two formulations is very similar (Figure 8): in both systems we 

observe a large endothermic peak around 0°C (0.67 °C for CTAB 0.1 M + NaSal 0.06 M, 1.19 

°C for CTAB 0.05 M + NaSal 0.03 M), which is associated to the melting of the free water. The 

amount of free water is larger in the case of CTAB 0.05 M + NaSal 0.03 M since it exhibits a 

larger enthalpy change related to the melting process ((∆Hmf = 330.8 J/g) compared to CTAB 

0.1 M + NaSal 0.06 M (307.3 J/g). 

 

In Figure 9 and Figure 10 the flow curves for the systems NaOL + KCl are reported. In Figure 

9 the experiments are conducted by varying the concentration of NaOL and keeping the 

concentration of KCl at the fixed value of 4 %. KCl is commonly used in fracturing fluid 

formulations at this concentration as clay stabilizing agent. Figure 10 shows the results for 

samples containing a fixed amount of surfactant (13 % w/w) in the presence of KCl at 

increasing concentration (from 0.1 % to 4 %).  
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Figure 9: Flow curves of NaOL + KCl formulations at different surfactant concentration. 
 

 
Figure 10: Flow curves of NaOL + KCl formulations at different salt concentration. 

 

 

 

From Figure 9 we observe that the progressive addition of surfactant results in an increase in 

the zero-shear viscosity, which passes from a value of 1-2 Pa∙s in the case of NaOL 1.5 % to a 

value of  ≈1200 Pa∙s for NaOL 13%. It is worthwhile to mention that two different plateau 

regions, which can be associated to different structures in the formulations, are present 

when the NaOL concentration exceeds the value of 7 %. 
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Moreover, the increase in the surfactant concentration causes a shift towards higher values 

of the critical stress at which the viscosity breaks down and the sample starts to flow. Thus, 

it is possible to modulate both the formulation viscosity and resistance to the applied stress 

by simply varying the amount of surfactant in the presence of a relatively high concentration 

of salt. 

 

The effect of the KCl concentration on the rheological behavior of the NaOL-based 

formulations is extensively investigated in Figure 10. When KCl is not present, the 

formulation shows a very low viscosity (<0.1 Pa∙s) and a Newtonian behavior in the whole 

range of applied stress. The addition of KCl results in a remarkable increase of the zero-shear 

viscosity and in the appearance of shear-thinning effect at high stress values. The viscosity 

reaches its maximum for the sample containing KCl 2 %, then it slightly decreases with the 

progressive addition of the salt. The zero-shear viscosity as a function of KCl concentration is 

reported in Figure 11.  

 

 
Figure 11: The zero-shear viscosity as a function of KCl concentration. 

 

The critical stress at which the formulation viscosity breaks down follows a similar trend: it 

increases up to a KCl concentration of 2-3%, then it shows a progressive decrease as the salt 

concentration exceeds the value of 3 %.  

 

The thermal behavior of the NaOL-KCl formulation is reported in Figure 12 and Figure 13. 

Analogously to the flow curve experiments, we investigated both the surfactant (Figure 12) 

and the salt (Figure 13) concentration effect.  
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Figure 12: DSC thermograms of NaOL + KCl formulations at different surfactant concentration. 

 

 
Figure 13: DSC thermograms of NaOL + KCl formulations at different salt concentration. 

 

From Figure 12 we observe that the variation of the surfactant concentration doesn’t affect 

the thermal behavior of the formulation: in all cases two distinct endothermic peaks 

centered around - 1 °C and - 11°C appear in the DSC profile. The higher temperature peak 

corresponds to the melting of free water and is similar to the peak produced by the salt-free 

NaOL formulation. The lower temperature peak is associated to the melting of freezable 

bound water that freezes below 0 ◦C and has a reduced enthalpy of fusion. The peak 

temperatures and the related enthalpy changes are similar for all the samples, 

demonstrating that the concentration of the surfactant has no noticeable effect on the DSC 

profile.  

 

On the contrary, the variation of KCl concentration remarkably affects the thermal behavior 

of the formulations, in terms of water-surfactant micelles interactions (Figure 13).  

 

The sample containing NaOL + KCl 0.1 % shows a DSC curve with single endothermic peak 

centered at 1.79 °C, which is similar to the peak of the salt-free NaOL 13 % formulation. As 
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the concentration of KCl increases, a second endothermic signal related to the melting of the 

freezable bound water appears between -14 and -11 °C. Passing from 0.5 % to 4 %, the 

values of the peak temperatures and of the enthalpy changes related to the melting of the 

free water decrease, while those associated to the melting of the freezable bound water 

show an increase. This indicates that the amount of free water decreases in favor of the 

freezable bound water as the salt concentration increases.  

 

The melting peak temperatures and the corresponding enthalpy changes for all the 

investigated formulations are listed in Table 2.  

 
Table 2: Melting peak temperatures and the corresponding enthalpy changes for NaOL-KCl formulations. 

 

 

Peak 1  

(Free water Melting) 

Peak 2  

(Freezable bound water Melting) 

Tpeak (°C) Tonset (°C) ΔH (J/g) Tpeak (°C) Tonset (°C) ΔH (J/g) 

Sodium Oleate 13 % 1.48 -0.32 303.3 
   

Sodium Oleate 13 % + KCl 0.1 % 1.79 -0.61 311.0 
   

Sodium Oleate 13 % + KCl 0.5 % 1.48 - 1.49 279.9 -14.61 -16.56 3.132 

Sodium Oleate 13 % + KCl 1 % 0.14 -2.32 262.5 -13.21 -15.31 6.319 

Sodium Oleate 13 % + KCl 4 % -1.87 -5.60 150.5 -11.77 -13.87 27.92 

       
Sodium Oleate 10 % + KCl 4 % -1.74 -5.06 161.7 -11.50 -12.87 33.11 

Sodium Oleate 7 % + KCl 4 % -1.47 -5.09 166.0 -11.37 -12.65 27.77 

Sodium Oleate 5 % + KCl 4 % -1.37 -4.65 166.8 -11.19 -12.24 31.49 

Sodium Oleate 3 % + KCl 4 % -1.02 -4.52 154.9 -10.91 -11.70 34.81 

3.3 Innovative approaches for fracturing fluid formulations  

Besides the conventional formulations based on polysaccharide dispersions or VES system in 

the presence of salts and/or other additives, we explored some innovative approaches to 

obtain fracturing fluids with tunable rheological, mechanical and thermal properties. In 

particular we studied: 

 The effect of a green crosslinker; 

 The addition of an electro-responsive additive; 

 The addition of a photo-responsive additive. 
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Green Crosslinker 

As was already mentioned in the above paragraph (3.1), we investigated some alternative 

and innovative strategies with the purpose of maintaining high values of viscosity in spite of 

the need to cut the polysaccharide content, which implicitly leads to a reduction of viscosity.  

In this light, we evaluated the addition of citric acid as a green crosslinker, able to increase 

the robustness of the polysaccharide network after a heating treatment that promotes the 

formation of inter-chains crosslinking bonds. We applied this crosslinking treatment on five 

different gelling agents: the three abovementioned polysaccharides (SH, HPC and GG), the 

hydroxyethyl cellulose (HEC) and the carboxymethyl cellulose (CMC). The citric acid is 

dissolved in a content equal to the 5 % in weight before the addition of the polysaccharide, 

which consequently builds up its network in a modified environment. After the mixing, the 

formulation is stored in a hove at 30 °C for 24 hours. Subsequently, a second heating 

treatment 8 hours long at 80 °C is performed. Unfortunately the only polysaccharide which 

exhibited an increase in viscosity was the carboxymethyl cellulose, whereas all the other 

four polysaccharides showed flat profiles and a water-like behavior characterized by low 

values of viscosity. In Figure 14 are shown the flow curve of the CMC plus citric acid 

immediately after mixing, after the 30 °C heating procedure, and after the second heating 

treatment carried out at 80 °C. 

 

 
Figure 14: Flow curves of  CMC 0.5 % + citric acid (CA) 5 % (orange); CMC 0.5 % + citric acid (CA) 5 %, after 
heating treatment of 24 hours at 30 °C (green); and CMC 0.5 % + citric acid (CA) 5 %, after heating treatment of 
24 hours at 30 °C and successively of 8 hours at 80 °C (black). 

 

By looking at the graphs, we can easily see how this procedure can strongly affect and 

modify the rheological properties of the CMC formulation. The sole addition of citric acid 

(CA) is indeed not sufficient to change the rheology of the fluid, which behaves as a 

Newtonian liquid with a low and constant viscosity value, around 0.03 Pa s (orange line). 

After the first heating treatment the systems appears to be extremely different (green line): 
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it shows a non-Newtonian profiles, characterized by a sharply raised zero stress viscosity 

immediately below the value of 100 Pa s. The curve also presents a considerable purge at 

relatively applied stress, meaning that this formulation requires only a minimum amount of 

energy to easily flow. By performing the second heating procedure, for 8 hours at 80 °C 

(black line), the curve moves towards slightly lower viscosity values (60 Pa s) but, at the 

same time, acquires a stronger structure as its possible to see by focusing on the higher 

value of critical stress that causes the collapse of the system. 

 

Electro-responsive Formulation 

Another promising approach followed by us includes the carbon black powder inside the 

polysaccharide formulations, with the dual function of increase the viscosity and enhance 

the responsivity to electrical stimuli. From previous experiments carried out by our work 

package it indeed appeared that the SH, HPC and GG polysaccharide formulations have an 

intrinsic responsivity to the application of a low voltage. Indeed, if 10 Volts are applied for 

30 minutes on one of these viscous fluids then a phase separation takes place. A sticky and 

more viscous substance concentrates at one electrode, while the fluid at the other side 

flows easily. To completely dissolve the carbon black it was used a 2 % saponin solution; 

then, after the addition of the powder, the solution was firstly stirred and secondly kept in 

an ultrasound bath for 1 hour. In Figure 15 are shown the flow curve of pure SH at 0.5 % 

content, of SH plus 1 % of carbon black, and of SH plus 3 % of carbon black. 

 

 
Figure 15: Flow curves of  SH 0.5 % (red); SH 0.5 + Carbon Black (CB) 1 %, dissolved in saponin 2% (green); and 
SH 0.5 + Carbon Black (CB) 3 %, dissolved in saponin 2% (black). 
 

The presence of carbon black leads to a noticeable increase in viscosity that raises 

accordingly with the carbon black concentration. Moreover, by focusing on the shapes of 

the acquired profiles we can note that these fluids exhibit a dual and distinct drop in 

viscosity. This effect is linked to the presence of two ordered structures, precisely detectable 
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from the double steps in the curves, which cooperate in building a stronger network but, at 

same time, remain autonomous and independent from each other. Indeed, from the 

profiles, the collapse of each single structure is distinguishable. 

 

Finally, from measurements of conductivity carried out on both the pure SH solutions and 

the SH plus carbon black dispersions we obtain the evidence of the enhanced electrical 

responsivity of the investigated formulation (see Table 3). 

 
Table 3: Electrical conductivity (σ) and resistance (R) of  sodium hyaluronate 0.5 % (SH), sodium hyaluronate 
0.5 % plus carbon black 1% (dissolved in saponin 2%), and sodium hyaluronate 0.5 % plus carbon black 3% 
(dissolved in saponin 2%). 

 

SAMPLE R ( kΩ ) σ ( mS/m ) 

SH 0.5 % 1243 0.197 

SH 0.5 % + Saponin 2 % + CB 1 % 18,2 0.320 

SH 0.5 % + Saponin 2 % + CB 3 % 10,0 0.330 

 

  

 Photo-responsive formulation 

The VES-based formulations are very versatile fluids which allow the incorporation of several 

additives within their entangled micellar structure. Starting from the NaOL-KCl formulation, 

we implemented the fluid with the addition of Azorubine, a synthetic red dye, approved for 

use in food, drug and cosmetics (E122). When irradiated with UV light the Azorubine 

molecule undergoes a TRANS-CIS isomerization changing its steric hindrance. Thus, by the 

addition of Azorubine to the VES formulation it is possible to modify the entanglement of 

the micelle and the rheological properties of the fluid with an external UV stimulus. To scale 

up this concept from the laboratory to a real shale gas extraction plant, the light stimulus 

could be propagated into the well in a safe and relatively inexpensive way through optical 

fibers. 
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Figure 16: Molecular structure of Azorubine. 
 

We studied four different samples, adding Azorubine and a salt (KCl) to test the formulation 

in moderate-high salinity conditions: 

 NaOl 13% 

 NaOl 13 % + Azorubine 0.18 % 

 NaOl 13 % + KCl 4%  

 NaOl 13 % + Azorubine 0.18 % + KCl 4 %  

 

We performed rheological measurements (Flow Curve, Amplitude Sweep, Frequency Sweep) 

and Differential Scanning Calorimetry (DSC) before and after UV irradiation (254 nm, 8 

hours). In Figure 17 the flow curves for the four different formulations before and after UV 

irradiation are reported. 

 
Figure 17: Flow curves for the four different formulations containing NaOL, Azorubine and KCl, before (solid 
lines) and after (dashed lines) UV irradiation. 

 

From Figure 17 we observe that NaOl 13 % has a low viscosity, and the UV irradiation has no 

remarkable effect on it. The addition of Azorubine results in an impressive increase in the 

formulation viscosity (6∙104 Pa∙s), and after the UV irradiation the viscosity breaks down to a 

value of about 3-4 Pa∙s. KCl 4 % increases the strength of the 3D network (less than 

Azorubine), but with KCl the formulation is insensitive to the UV stimulus. Moreover, we 
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notice that KCl and Azorubine have a non-cooperative effect on the formulation viscosity: 

when the two additives are present the viscosity reaches a value of about 1-2 Pa∙s, which is 

lower than the viscosity of the formulations containing the sole Azorubine or KCl. The effect 

of UV irradiation is also reduced when KCl is added to formulation in presence of Azorubine.  

Figure 18 shows the Frequency Sweep experiments on four different formulations before 

and after UV irradiation.   

 

From Figure 18 we observe that NaOL 13 % shows a typical viscous liquid behaviour, while 

with the addition of Azorubine the formulation rheological behavior becomes solid-like. 

After the UV irradiation, in the presence of Azorubine the profile changes and a crossover 

appears, indicating a viscoelastic behavior. The addition of KCl has a structuring effect, as 

demonstrated by the flow curve experiments; the UV irradiation does not induce 

remarkable modifications in the profile, except for a shifts towards lower values of the 

crossover frequency. 

 

The profile for the sample containing KCl and Azorubine is similar to NaOL (viscous fluid), 

with no effect of the light stimulus.  

 

In Figure 19 the DSC thermograms of the four different formulations before and after the UV 

irradiation are reported. 

Figure 18: Frequency Sweeps for the four different formulations containing NaOL, Azorubine and KCl, before 
(solid lines) and after (dashed lines) UV irradiation. 
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Figure 19: DSC thermograms for the four different formulations containing NaOL, Azorubine and KCl, before 
(solid lines) and after (dashed lines) UV irradiation. 

    

The DSC experiments demonstrate that the UV treatment doesn’t affect significantly the 

thermal behaviour of the formulations, since the profiles are identical before and after the 

irradiation. In the case of NaOL and NaOL with Azorubine a single endothermic peak is 

detected, and it is associated to the melting of the free water. When KCl 4 % is added to the 

system, two additional endothermic peaks appear in the thermograms: one can be related 

to the melting of the freezable bound water, the other one can be probably ascribed to a 

transition in the micellar structure. Anyway, these evidences demonstrate that the presence 

of a salt alters the interaction between the surfactant wormlike micelles and the solvent. 

 

4. Conclusions and future steps 

We developed and formulated different fracturing fluids which are completely safe and 

environmentally-friendly for the extraction of the shale gas from European formations.  

 

The formulations were tested in order to assess their physico-chemical properties, in 

particular the rheological and thermal behavior. The experiments were conducted both in 

the absence and in presence of high amount of salts to confirm the effectiveness of the 
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fracturing fluids in a high salinity environment, which mimics the real operative conditions in 

the extraction wells.  

 

All the investigated formulations exhibit a remarkable tolerance toward the high salinity 

conditions, indeed the thermal and the rheological properties of the fluids are retained or 

even enhanced by the presence of salts. 

 

Moreover, these properties can be tuned over a wide range, by modifying the nature and/or 

the concentration of the main components of the formulation. In this way, starting from the 

geochemical data and operative conditions, we can appropriately select the formulation that 

matches the basin properties.  

 

In the future, we will deeply focus on the development of additives for the limitation of 

NORM extraction, in particular Ba2+ and Ra2+. The successful reduction of NORM extraction 

will be assessed through laboratory tests using non-radioactive materials.   

 

At the same time we will continue the characterization and the tests on the most effective 

salt-resistant formulations.  
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