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ABSTRACT: In this work, carbon black (CB) is added in small amounts (3-10% w/w) to green
aqueous dispersions based on sodium oleate, guar gum, sodium hyaluronate or hydroxypropyl
cellulose gels to enhance their stability against mechanical and thermal stresses and provide an
electric responsiveness to an external voltage. Rheology, optical microscopy, small angle X-ray
scattering, and conductivity measurements are performed to compare the properties of carbon

black-enriched formulations to those of the pristine dispersions. Our results demonstrate that



even small amounts of carbon black are able to confer interesting physico-chemical properties to
these formulations: a remarkable increase of the viscosity of at least one order of magnitude is
observed for all systems even at high temperature (up to 60° C) upon CB addition indicating that
carbonaceous particles play a structuring role for the polymeric network. Furthermore, the
application of an external voltage of 30 V for 60 mins to CB-containing formulations imparts a
significant electric responsiveness to the systems allowing to modify their rheological behavior.
The CB-loaded formulations can be recycled at least three times. All these results suggest that
the carbon black can be effectively used as an alternative green additive to enhance the
mechanical and thermal stability of the formulations and that its addition can be a feasible way to
easily tune the properties of viscoelastic materials avoiding the use of toxic or potentially
dangerous chemicals. The possibility of achieving the remote control of mechanical and thermal
properties of viscoelastic formulations significantly expand the horizon of their potential

applications, for example in the field of shale gas extraction.

ABSTRACT GRAPHIC

SYNOPSIS



Electric responsiveness is imparted to green viscoelastic aqueous dispersions used as fracturing

fluids by small amounts of carbon black.

1. INTRODUCTION

Shale gas is natural gas (mainly methane and ethane) trapped within shale formations.! Shale is
a sedimentary rock formation that contains clay, quartz and other minerals depending on the
basin. Shale reservoirs do not naturally have sufficient permeability to allow the oil and gas to
flow at commercially exploitable rates.? In order to overcome this limitation, a specific process
was developed to increase the effective permeability through the creation of high conductivity
channels in the form of fractures within the formation. This process is called Hydraulic
Fracturing (or “Fracking”), and consists in the high-pressure injection of a 'fracking fluid' into a
wellbore to create cracks in the deep-rock formations.®> Shale gas extraction and production are
usually associated to some severe environmental issues, e.g. the production of wasterwater, the
contamination of deep fresh groundwater, and the leaking of toxic chemicals on site. There is a
great demand for green alternatives, both for products and for processes, aiming at reducing or
removing the chemical hazards. Clearly some physical and physico-chemical properties of the

frac fluids are crucial for the optimization of their performances in situ.

The control of frac fluids viscosity is a key parameter in determining the overall efficiency of
the gas extraction process.*® During the initial stages of the fracturing operations, the
formulation viscosity must be appropriately high in order to ensure a correct proppant transport
and avoid its sedimentation, which may cause the blockage of the well. When the well is

depressurized after fracturing the fluid must lose viscosity and clean up quickly from the



fracture, allowing an efficient recovery and an effective gas extraction.® For polymer-based
formulations, which represent the most widely used fracturing fluid systems, the initial increase
in the fluid viscosity is generally achieved through the addition of cross-linking agents, such as
boric acid, boron derivatives, Ti(IV), Zr(IV), and AI(III) complexes.>”® At the end of the
fracturing process, specific breakers including oxidizers (ammonium persulfate, sodium
persulfate, and calcium and magnesium peroxides) or enzymes (hemicellulase, cellulose,
amylase and pectinase) are added to the frac fluid in order to degrade the polymer and induce a
viscosity breakdown.”!® Other additives like acids, friction reducers, surfactants, clay control
agents, scale inhibitors, pH adjusting agents, iron control agents, corrosion inhibitors, and
biocides are also included at low concentrations to impart specific properties to the frac fluids,
depending on the reservoir conditions.’ Nevertheless, the environmental concerns related to shale
gas extraction (i.e. wastewater production, groundwater contamination, induced seismicity and
greenhouse gas emissions) cast doubts on the toxicity of the chemicals which are present in

fracturing fluids.!'-!3

The demand for green alternatives, where the toxic and polluting controlled substances are
replaced by environmentally-friendly and biocompatible materials, the recovery of frac fluids,
the re-use of flowback and produced water, and the limitation of the extracted NORM (Naturally
Occurring Radioactive Materials) prompt several researchers to explore new innovative
approaches for fracturing fluid formulations. The industry is focused on the development of
alternative polymers that can replace guar gum, due to occasional high prices and short supply,
as well as public concerns about fresh water supplies.’ At the same time, several efforts have
been made to develop environmentally- and equipment-friendly additives that can be applied at

high temperatures and extremely low or high pH conditions.!*!> Other research directions



include the development of slickwater systems that can use less or no water, the formulation of
hydraulic fracturing fluids by recycling produced water with a high salinity content, the
improvement of viscoelastic surfactant (VES)-based fluids to be compatible with high salinity-
produced water, divalent ions in formations as well as high temperature environments, and the
development of “energized fluids” based on CO:2 and nitrogen with enhanced proppant transport
capability.>!-1® A very promising approach for the formulation of a new generation of frac
fluids is the design of stimuli-responsive systems, whose rheological and mechanical properties
can undergo controlled and reversible modifications in response to an external stimulus.'>*° The
stimulus or external field applied include thermal, electric, magnetic, pH, UV/visible light, ionic
or metallic interactions or combinations thereof.?!*> For gas and oil applications, the most
investigated systems are thermo- and salt-responsive materials, since their rheological behavior
can be effectively modulated using the intrinsic variations of temperature and salt composition
inside the formations.'® The need for a clear-cut control on the fluid modifications lead to the
development of more efficient systems, which respond to different chemical stimuli. Jung et al.
reported a switchable hydraulic fracturing fluid that undergoes a reversible, large and fast
volume expansion triggered by CO2 with a simultaneous increase in viscosity.?> A similar
strategy is followed by Zhang et al. for the development of a viscoelastic surfactant-based
nanostructured fluid that responds to specific stimuli, namely pH and CO: gas, switching
between a high viscosity wormlike micellar network and a low-viscosity dispersion with

precipitate.?*

In this work we developed a system for the modulation of frac fluid viscosity through a
physical stimulus (i.e. an applied voltage), which overcomes all the limitations related to

chemical triggers, such as the irregular fluctuations in the chemical composition and pH



conditions of flowback water during the drilling/extraction operations, or the addition of specific
chemicals to the fracturing fluid. In particular, we investigated the effect of relatively small
amounts of carbon black (CB) on the electroresponsiveness and the thermal and rheological
properties of two different classes of aqueous frac fluid formulations. The first was a linear gel
system based on a polysaccharide dispersion in water, i.e. guar gum (GG), sodium hyaluronate
(SH) and hydroxypropyl cellulose (HPC). The second system was a viscoelastic surfactant-based
(VES) formulation containing a green anionic surfactant (sodium oleate, NaOL) as the main
ingredient in combination with an inorganic salt (potassium chloride). Carbon black was added
to these formulations in relatively small amounts, namely 3% and 10% w/w for polysaccharides
and VES formulations, respectively. It is worth noting that such CB contents are much lower
than 20% w/w, which is the amount of carbon black or carbon nanotubes commonly used to
modify the properties of most composites.?> CB is an anthropogenic carbonaceous material that
is essentially a pure form of soot, produced during an incomplete combustion of hydrocarbons.?
Different manufacturing processes produce different types of carbon black, including furnace
black, thermal black and connect black. CB is extensively used as filler in the rubber industry to
prepare composites with improved strength, stiffness and wear resistance properties.?’” CB also
finds a remarkable use in the polymer industry, especially in the production of polypropylene,
polyvinyl chloride, polyester and polyethylene.?3% The presence of carbonaceous particles
confers an enhanced electric conductivity and an increased resistance to thermal degradation,
abrasion and tear to the polymer matrix.’! Moreover, the addition of CB brings about other
advantages, i.e. the reduction of the amount of polymeric materials (with no significant
modification in their mechanical properties) and the reinforcement of the polymer viscoelastic

behavior.?* Several theories, such as tunneling and percolation models, have been developed in



the past to explain how the presence of CB affects the mechanical and rheological behavior of
these composite materials.’*3¢ Steric, electrostatic, excluded volume and hydrogen bonding
interactions rule over the thermal, mechanical and rheological behavior of such systems since
they are composed of a solid and rigid matrix where polymer chains and carbon black particles
are in direct contact. In our case, the scenario is totally different since the dispersed
polysaccharides or viscoelastic surfactants are free to diffuse in the continuous aqueous phase
containing also CB particles. This feature certainly modifies the intermolecular interactions
between the ingredients of these multicomponent systems, that include solvation, steric and
hydrophobic effects and depletion forces. Further experiments should be performed to

investigate this topic more thoroughly.

The effect of CB on the frac fluids’ properties was investigated by means of rheology (flow
curves and oscillatory measurements), electric stimulation experiments, 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. The application of a moderately low voltage to the CB-enhanced frac fluid
formulations results in a prompt collapse of the gel structure with a consequent viscosity
breakdown. The process is reversible as the frac fluids can be recovered and recycled. Moreover,
the addition of carbon black enhances the thermal resistance of the formulation preventing the

viscosity loss at high temperature.

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 green fluids

for hydraulic fracturation involved in a lower environmental impact of shale gas extraction.



2. EXPERIMENTAL SECTION

Materials. Sodium oleate (ACS grade) was purchased from Riedel-De Haén (Seelze, Germany).
Carbon Black VULCAN® XC-72R was provided by Cabot Corporation (Boston, USA), KCI1 (>
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).

Preparation of polysaccharide-based formulations. 0.5% w/w water dispersions of guar gum

(GG), hydroxypropyl cellulose (HPC) and sodium hyaluronate (SH) were prepared by slowly
adding a weighed 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 thus giving homogeneous and transparent samples, except
for guar gum dispersions which appear slightly cloudy due to the presence of seeds’ residues in
the commercial material. All samples remain transparent after their preparation at least up to 12

months.

Preparation of VES formulations. VES frac fluids were prepared by dissolving under magnetic

stirring the proper amount of sodium oleate in MilliQ water or in a 0.5 M (4% w/w) KCl aqueous

solution in order to obtain a final surfactant concentration of either 2% or 13% w/w.



Preparation of Carbon Black-enhanced frac fluids. 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. Saponins belong to a
class of natural surfactants which are effectively used to stabilize carbonaceous particles in water
dispersions.?”38 This solution was added to a weighed 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 (NaOL
13% + KCI 0.5 M) was simply added to a weighed amount of CB (1, 3 or 10% w/w), then the
mixture was sonicated for 30 minutes. Rheology tests were carried out and showed that the

formulations retain their original rheological properties after the addition of CB and sonication.

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

with 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, and the temperature was
set at 25, 30, 40, 50 or 60 °C with a Peltier control system. For each sample, the flow curve was
acquired in a torque range between 10~ and 2000 mN-m, after a 15 minutes 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.

Electric Responsiveness. The electric 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).

Figure 1. Schematic representation of the setup for the electric treatment.

The applied voltage induces a phase separation in the frac fluid formulations; the two phases that
concentrate at the cathode and at the anode are recovered (taking advantage of their different

viscosities) and weighed.

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-um width. Cu Ko 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
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calibrated using silver behenate, which is known to have a well-defined lamellar structure (d =
58.38 A).3° Scattering curves were monitored in a g-range from 0.02 to 0.55 A~!. 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.

3. RESULTS AND DISCUSSION

Dispersibility of carbon black. Optical micrographs of CB in the presence of saponin and sodium
oleate are acquired to assess the dispersibility of carbon black as a function of its concentration
(Figure 2). Indeed, it was proved that the structure of carbon black, the nature of the polymer,

and the processing history of the sample affect the electric conductivity of the composite.40:4!
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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 pm.

Stable aqueous dispersions of CB are obtained both with saponin and sodium oleate. The
formation of aggregates is observed when the amount of carbon black increases from 1% to 3%
w/w, and the carbonaceous particulate appears to be homogeneously dispersed in all samples.
Optical micrographs of the CB-enriched polysaccharides and VES-based formulations (see
Figure S1 in the Supporting Information) show that carbon black particles are macroscopically
homogeneously dispersed into the polymeric/micellar matrices, even at very high CB
concentration (10% w/w for the VES fluid), as the visual inspection shows. Therefore, any effect

on the electro-responsiveness due to samples inhomogeneity can be disregarded.
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This result is of particular interest for practical applications since several efforts were made to
find a simple and feasible way to disperse hydrophobic carbonaceous materials, such as
fullerenes or carbon nanotubes in aqueous media, especially for biomedical applications.*>*

4445 or polymer particles,*® while others

Some works report the encapsulation of CB in silica
suggest the use of surfactant molecules, that can provide both electrostatic and steric

stabilization, depending on the nature of the hydrophilic head.?”-

In our samples, saponin adsorbs by exposing its hydrophobic moieties to the CB surface, while
the hydrophilic head faces the aqueous phase.*® For sodium oleate, we expect that its adsorption
at 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.

Rheological behavior. Flow curves are acquired on both pure and carbon black-enriched
polysaccharides and VES fluids. The most significant changes are observed for the formulations
containing 3 and 10% w/w of CB, respectively. The different rheological profiles are reported in

Figure 3.

100-5
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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% + KCI 4% (dark blue) and NaOL 13% + KCI 4% in the presence of CB 10% w/w

(light blue).

The pure polysaccharide dispersions exhibit a non-Newtonian behavior with the zero-stress
viscosity no ranging between 1 and 13 Pa-s moving from HPC to SH. These values are consistent
with the viscosities reported for typical linear gel frac fluid formulations.”® The addition of CB
brings about two remarkable effects in the frac fluid rheological behavior: first, it leads to an
increase in the viscosity of at least one order of magnitude, which reflects the effective inclusion
of the additive in the polysaccharide matrices. Second, the rheological profiles are significantly
modified with respect to the pure polysaccharides when CB is added to the formulations. Indeed,
we observe a marked change in the slope of the curves for shear stress ranging between 0.3 and 3
Pa, especially for GG and SH-based samples. This behavior can be probably related to the
viscous drag between the polymer chains adsorbed on the CB particles and the bulk polymer, as

previously described by Barrie in the case of the CB/acrylic resin composites.*®
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Regarding the VES formulations, the pristine system NaOL 13% + KCl 4% shows a typical
shear-thinning profile, with an extended Newtonian plateau (no = 230 Pa-s) followed by a steep
decrease in viscosity in the high shear stress region. This rheological behavior is ascribed to the
presence of wormlike micelles,*! that brings about a rapid drop in the viscosity due to their
shear-induced alignment.>? It is widely reported that the addition of inorganic salts to aqueous
solutions of oleate promotes the growth of spherical micelles into ‘polymer-like’ elongated
aggregates, due to the screening of the electrostatic interactions between the charged
headgroups.®?>3 Above a critical concentration these wormlike micelles form an entangled
network, giving rise to a viscoelastic behavior which is reminiscent of that of flexible polymer

solutions.>#¢

When CB is added to the VES system up to 10% w/w, the shear-thinning behavior is retained,
albeit a viscosity variation from 1000 to 5000 Pa-s over the shear stress range 0.1-100 Pa. A
remarkable increase in the zero-stress viscosity is detected (from 230 to 5400 Pa-s compared
with the pristine VES formulation), indicating that the carbonaceous particulate acts as a
reinforcing agent for the network. Furthermore, the critical stress at which the viscosity breaks

down shifts to higher values, confirming the structuring effect of the CB particles.

In order to get a deeper insight into the effect of CB on the mechanical properties of NaOL
dispersions, oscillatory frequency sweep tests were carried out on VES systems before and after

the addition of 10% of carbon black (see Figure 4).
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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% + KCI1 4% VES formulations. All the measurements were

carried out in the linear viscoelastic regime (strain amplitude = 1.0 %).

The formulations exhibit the typical rheological behavior of viscoelastic fluids, with two distinct
regimes. At low frequencies, when @ < w. (@ is the frequency, wc is the crossover frequency
between the two moduli) the loss modulus G’ exceeds the storage modulus G, indicating a
predominantly viscous behavior. Instead for o > w. G’ dominates and the system is mainly
elastic. In simple physical terms, this crossover separates the plateau regime of the collective
network dynamics from the single-filament regime.>’” 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-weighed relaxation spectra H(z) reported in Figure 5.8

16



600 -
= 400
I

200

Figure 5. H(7) relaxation spectra of pristine (dark blue) and CB-enriched (light blue) NaOL 13%

+ KCl1 4% VES formulations.

The relaxation spectra exhibit a broad primary peak from which we estimate the relaxation times.
The CB-enriched VES formulation shows a longer relaxation time, confirming the reinforcing
role of CB in the stabilization of the wormlike 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 5),> we argue that the addition of CB
leads to the formation of a more entangled network, as suggested by the higher value of the G’

modulus for the CB-enriched sample.

A further confirmation of the negligible effect of CB on the micellar structure of NaOL is

provided by SAXS experiments (Figure 6).
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Figure 6. SAXS curves of VES formulations: NaOL 13% + KCI 4% (dark blue circles) and 10%

CB enriched samples (light blue circles).

The scattering curves before and after the addition of CB are similar, except for the strong
contribution to the scattering intensity in the low g-region (¢ < 0.005 A') due to the CB
particles. This result points out that the dimensions of the charged aggregates and the
electrostatic interactions among the elongated micelles are not affected by the addition of CB.
According to the literature,>>3% the observed scattering profile is associated to the presence of
polydispersed core-shell elongated objects interacting via a screened Coulomb potential in

solution.

Electric responsiveness test. The application of a voltage 4V (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 phase that
concentrates at the opposite side. The effect of the external electrical stimulus is investigated
both on pristine formulations and on CB-enriched systems. Table 1 reports the mass percentage

of the recovered liquid (L) and viscous (V) phases along with their zero-stress viscosities 70
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obtained from flow curve experiments. The flow curves of the polysaccharides networks after the
electric treatment without CB and in the presence of 3% w/w of CB are shown in Figures S2 and
S4, respectively. Figures S3 and S4 report the flow curves of pristine and CB-enriched VES

formulations after the electric stimulation, respectively.

Table 1. Zero-stress viscosities for the polysaccharide and VES-based formulations before the
application of the voltage (70, Pa‘'s), mass percentage and zero-stress viscosities of liquid and

viscous phases (L, V, no.L, no.v) recovered after the application of a voltage (30 V for 1 hour).

Before AV After AV
Sample no(Pa-s) | L (%) nor(Pas) V(%) nov(Pas)
GG 2.1 - 1.1 - 1.1
HPC 1.3 60 0.5 40 40
SH 13 52 0.1 48 43
NaOL 13% + KCl1 4% 230 66 4.4 34 390
GG + CB 3% 67 - 22 - 22
HPC + CB 3% 120 50 20 50 4500
SH + CB 3% 130 30 63 70 1000
NaOL13% + KC14% + CB 10% 5400 - 3.6:10° - 3.6:10°

Concerning the pure polysaccharide-based fluids, we observe that HPC and SH dispersions
exhibit phase separation in response to the electric treatment, with a recovered viscous phase of
about 40 — 48%. In particular, the viscous phase shows a remarkable increment in 70, which
increases from 13 and 1.3 Pa‘s to 48 and 40 Pa-s for SH and HPC, respectively, while for the
liquid phase the viscosity decreases by two orders of magnitude. Despite this strong change in
the viscosity of the formulation before and after the application of the voltage, the rheological
profiles remain more or less unaltered, suggesting that no structural modifications or degradation

in the polysaccharidic network are induced by the electric stimulation. On the contrary, the
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application of the external voltage does not affect the behavior of the guar gum-based

formulation, that remains in its initial homogeneous monophasic state after the treatment.

The formation of two phases with different viscosities upon the application of the voltage can be
attributed to the electrically-induced differences in the polysaccharide/water volume ratio: in
fact, the applied voltage leads to the contraction of the polysaccharide matrix with the
consequent reduction of the mesh size and the partial removal of water from the network. Thus,
the relative amount of the recovered phases after the electric stimulation strictly depends on the

nature of the polysaccharide.

Similar results with the formation of two phases with different viscosity after electrostimulation
are observed also for the pure NaOL-based formulation (see Figure S3). Indeed, the viscous
phase collected at one electrode shows a significant increase in 70 (from 230 to 390 Pa-s) along
with a remarkable contraction of the Newtonian region and a shift of the critical stress towards
lower values. The viscosity of the liquid phase decreases by two orders of magnitude, and the
downward shift of the critical stress is observed also in this case. The rheological profiles of the
two recovered phases significantly differ from that of the untreated fluids. This result suggests
that the application of the voltage partially breaks the micellar entanglement and the self-
assembled structures, leading to irregular and variable profiles in comparison to the pristine VES

flow curve.

In this section, we discuss the results concerning the effect of CB addition on the electro-
responsiveness of both polysaccharide and VES formulations. The mass percentage of the

recovered liquid (L) and viscous (V) phases together with their zero-stress viscosities 70 are
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listed in Table 1. The flow curves of the fluids recovered after the application of the electric

stimulation in the presence of CB are reported in Figure S4 in the Supporting Information.

In the case of the polysaccharide-based formulations, the relative increase in the zero-shear
viscosities of the viscous phase after the electric treatment is exceptionally large compared to the
pure polysaccharides, with the exception of guar gum. In particular, 7 increases from 120 to
4500 Pa-s for HPC and from 130 to 1000 Pa‘s in the case of SH formulations. These results
confirm the remarkable structuring effect of CB on the polysaccharide texture and highlight its
contribution to the physical phenomena (i.e electrophoretic, polarization and osmotic effects)
that regulate the electric response of the fluid. 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.?*>3¢ Both models assume a close contact between the polymeric
chains and the CB particles: the presence of the carbonaceous aggregates on the polymer
enhances the electric conductivity of the fluid, promoting a stronger contraction of the
polysaccharide network and resulting in higher viscosities after the electric treatment. These
evidences are further confirmed by electric conductivity experiments (see Table S2 in the
Supporting Information) that show a remarkable increase in the fluid conductivity when CB is

added to the formulation.

When the voltage is applied to the CB-enriched VES formulation (see Figure S4 in the
Supporting Information), the zero-stress viscosity increases of about two orders of magnitude
(from 5.4-103 to 3.6:10° Pa-s), indicating the formation of a more rigid network that can be
attributed to the shrinking of the self-assembled micellar aggregates. The strengthening effect of
CB also prevents phase separation, which is not observed in this case. Moreover, the rheological

profile of the formulation does not change significantly before and after the electric treatment,
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showing the typical non-Newtonian behavior of the VES formulations. These results are a proof-
of-concept and show the efficacy of combining CB with simple handling commercially available
materials to obtain versatile formulations with an enhanced viscosity that can be effectively
modified through the application of an external voltage. The use of a physical trigger enables
also the re-utilization of the frac fluids, which can be easily recovered, regenerated or recycled
for subsequential fracturing operations. Preliminary experiments demonstrate that the original
viscosity and rheological properties can be restored by adding a proper amount of water to the
viscous phase which is recovered at the electrode. In particular the polysaccharide-based
formulations can undergo this transition 2-3 times at least, without degradation or performance

loss.

Effect of temperature. Another peculiar feature of CB-enriched polymer composites is their
improved thermal stability.®!*> To address this point, flow curves are acquired on polysaccharide
and VES-based fluids at 25, 30, 40, 50, and 60 °C. The zero-stress viscosity values 70 at the
different temperatures are listed in Table 2. The flow curves as a function of 7 acquired on all the
investigated formulations are reported in Figures S5, S6, S7 and S8 in the Supporting

Information.

Table 2. Zero-stress viscosity values (70, Pa‘s) and the extracted Gibbs free energy of activation
(AG?, kJ-mol™) for polysaccharide and VES formulations before and after the addition of CB at

25, 30, 40, 50 and 60 °C.

1o (Pa-s)

GG SH HPC VES
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TCC) NoCB CB NoCB CB NoCB CB NoCB CB

25 2.1 67 13 130 1.3 120 230 5400

30 1.6 53 10 65 1.8 203 150 2421

40 1.3 44 8.4 34 3.1 390 36 1627

50 0.7 26 6.1 8 8.4 594 11 2985

60 0.3 10 4.9 1.7 15 805 4 3914

AG? 3819 38.8 208 924 - - 91.5 -

Similar results are obtained in the case of the pristine GG and SH-based formulations: the raise
in temperature induces a downward shift in the flow curve, with a progressive lowering of the
zero shear-viscosity value as temperature increases. Indeed, the intermolecular interactions are
weakened as temperature raises, resulting in a softer network where the polysaccharide chains
flow with a progressively lower friction. However, no thermal degradation or irreversible

modifications occur in the polymer matrix.

In the presence of CB, the viscosity decrement as a function of temperature is still evident, but
the values of 70 are significantly larger in comparison to the pure polysaccharide networks,
indicating that the carbonaceous particles improve the thermal response of the formulation. It is
interesting to observe that the flow curves of CB-enriched GG and SH systems exhibit a double
plateau and a double drop in the flow profile (Figures S5 and S6 in the Supporting Information).

This peculiar behavior suggests the formation of CB-induced ordered structures which are
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responsible for the higher viscosity in the lower stress region. When the applied stress increases,
these structures break down and the flow profiles overlap in the shear-thinning region. Increasing
temperature, the critical stress at which the higher viscosity plateau starts to decline shifts
towards lower stress values: 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. This result

indicates that the highly ordered structure loses its stability.

A completely opposite behaviour is observed for HPC-based formulation: the zero-shear
viscosity increases with temperature, indicating that the polysaccharide network becomes more
viscous and rigid. Moreover, also the critical stresses corresponding to the collapse of the
network are shifted to higher values. This counterintuitive response is related to the peculiar
phase behavior of hydroxypropyl cellulose in water: HPC exhibits a lower critical solution
temperature (LCST), and it is known to form a liquid-crystalline phase in a concentrated
solution. After phase separation, the polymer-rich phase forms an anisotropic liquid-crystalline
layer.®> The balance between the hydrophilic and hydrophobic interactions of inter- and
intrapolymer chains is essentially responsible for this phase transition in the HPC network.5+6
The temperature increase perturbs the interactions between water molecules and polymer chains,
leading to polymer association and to the collapse of the swollen network. The formation of
aggregates eventually brings about an increase of the formulation viscosity, as shown by the flow

curve experiments.

Regarding the NaOL-based formulations, the temperature increase induces the breaking of the
entangled micellar network with a rapid drop in the viscosity of the system in the absence of CB
(see Figure S8, Supporting Information). In the case of CB-enriched formulations, the zero-shear

viscosities are about two orders of magnitude higher, confirming the reinforcement of the
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network due the addition of CB (see Table 2). It is also important to note that the rheological
profiles obtained in the presence of CB are quite different from those of the pristine
formulations, with two different regions before the drop in the shear-thinning regime (see Figure
S8 in the Supporting Information). Presumably, for low shear stress values, both the self-
assembled micelles 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 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 viscosity drop is similar to that observed for the formulation without CB, indicating

the total break of the entangled micellar network even in the presence of the reinforcing agent.

From a thermodynamic standpoint the trend of the low-stress plateau region at different
temperatures can be investigated in terms of an activated mechanism according to a modified
Arrhenius equation (further details and the Arrhenius plots are reported in Figures S9, S10, S11
in the Supporting Information).®® The extracted Gibbs free energy of activation (AG?) for the

polysaccharide and VES formulations are reported in Table 2.

For the NaOL-based formulation, we obtain AG” = 91.5 + 5.1 kJ-mol!, reflecting a tight
entanglement of the chains that hinders the flow. This value is in line with the previous
literature.5”-%% In the presence of CB, the VES system exhibits a different and non regular
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 temperature is

further increased up to 50 and 60 °C.
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In the case of pure aqueous SH and GG dispersions, we obtain 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 the literature for polymers.®® A similar analysis cannot be
extended to HPC because of its peculiar thermal behavior. As we already pointed out, 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 obtain almost the same AG” value of the
same system 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 .

4. CONCLUSIONS

Carbon black (CB) was dispersed in green aqueous polysaccharide or viscoelastic (VES)

formulations in order to modify their rheological, thermal and electric properties.

Rheology experiments performed at 25 °C on pristine formulations and CB-enriched systems
revealed a viscosity increase and a higher stress threshold before the network collapse upon the
addition of CB, indicating that carbon black acts as a reinforcing agent for the network. In
particular, the zero-stress viscosity increased of at least one order of magnitude for VES
formulations and guar gum (GG) fluid, while an increase of about two orders of magnitude was
observed for sodium hyaluronate (SH) and hydroxypropyl cellulose (HPC) networks. Similar
experiments were performed increasing the temperature up to 60 °C to mimic the use of these
formulations at high temperature in real applicative situations, for example in shale gas

extraction. Our results demonstrated that the increase of temperature was responsible for a
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progressive lowering of the zero shear-viscosity value due to a weakening of the intermolecular
interactions between the molecules, except for hydroxypropyl cellulose, which showed the
opposite thermal behavior. Nevertheless, the addition of carbon black brings about the reduction
in the downward shift of the zero-stress viscosity with respect to the pristine formulations. This
finding confirms the strengthening effect and the possibility to confer a higher thermal stability

to the polymeric networks upon the addition of carbon black to the frac fluid.

Finally, the responsiveness of CB-enriched formulations to the application of an external voltage
of 30 V was assessed through electric responsiveness tests. All systems exhibited phase
separation in response to the electric treatment with the formation of two phases with different
viscosities. In the case of polysaccharides, HPC and SH dispersions showed a remarkable
response to the application of the electrical stimulus with a recovered viscous phase of about 50-
70% respectively, while no significant effects were observed for guar gum formulation.
Regarding the VES systems, the addition of carbon black conferred a structuring effect to the
micellar network and the strengthening of the network prevented the phase separation upon the
application of the external voltage. In fact only one phase with an increased zero-stress viscosity

of about 10° Pa-s instead of 103 Pa-s of the same system before electrostimulation was collected.

It is worth noting that previous literature reported the addition of huge amounts of CB, i.e. about
20% wi/w, in order to appreciably affect the properties of the composite material.?> Our results
showed an improvement of the performances of the studied formulations upon the addition of
significantly lower CB concentrations (3% w/w for the polysaccharidic dispersions and 10% w/w

for the VES formulations).
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Our study demonstrates that the addition of electro-conducting solid particulates, such as carbon
black, offers a smart alternative method to tune the physico-chemical properties of a viscoelastic
formulation containing a polysaccharide matrix or a viscoelastic surfactant. This achievement
can significantly widen the horizon of the potential applications of these CB-enriched
formulations. For example, these enhanced smart composite materials can be efficiently used as
innovative and green frac fluids with lower environmental impact with respect to the commonly
used formulations whose physico-chemical properties are generally controlled through the

addition of hazardous chemicals that represent an issue for the environment and public health.
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