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scoelastic supramolecular
viscosifiers based on dynamic complexation of
zwitterionic octadecylamidopropyl betaine and
triamine for hydraulic fracturing applications†
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Joseph Sang-II Kwonac and Mustafa Akbulut *abc

Viscosity modifying agents are one of the most critical components of hydraulic fracturing fluids, ensuring

the efficient transport and deposition of proppant into fissures. To improve the productivity index of

hydraulic fracturing processes, better viscosifiers with a higher proppant carrying capacity and a lower

potential of formation damage are needed. In this work, we report the development of a novel

viscoelastic system relying on the complexation of zwitterionic octadecylamidopropyl betaine (OAPB)

and diethylenetriamine (DTA) in water. At a concentration of 2 wt%, the zwitterionic complex fluid had

a static viscosity of 9 to 200 poise, which could be reversibly adjusted by changing the suspension pH.

The degree of pH-responsiveness ranged from 10 to 27 depending on the shear rate. At a given

concentration and optimum pH value, the zwitterionic viscosifiers showed a two-orders-of-magnitude

reduction in settling velocity of proppant compared to polyacrylamide solution (slickwater). By adjusting

the pH between 4 and 8, the networked structure of the gel could be fully assembled and disassembled.

The lack of macromolecular residues at the dissembled state can be beneficial for hydraulic fracturing

application in avoiding the permeation damage issues encountered in polymer and linear-gel-based

fracturing fluids. The reusability and the unnecessary permanent breakers are other important

characteristics of these zwitterionic viscosifiers.
Introduction

Even though there is rapid development in renewable energy
technologies, oil and natural gas still play a critical role world-
wide for residential uses, commercial and industrial applica-
tions, power generation, and transportation; and are
irreplaceable as raw materials for chemical reactions and
material synthesis. In a recent study, the U.S. Energy Informa-
tion Administration (EIA) reported that petroleum and natural
gas accounted for 69% of the primary energy consumption of
the US in 2019.1 Similar trends were also observed globally:
natural gas and oil were used to satisfy about 54% of the world
energy demand in 2019.2 While the volume of proven global
shale gas is predicted to be 7299 trillion cubic feet, the amount
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of proven shale oil is estimated to be 335 billion barrels in the
world.3 As the global population and industrialization level
increase, so is the energy need. To meet this demand, hydraulic
fracturing has increasingly been relied upon. The US natural gas
production by the hydraulically fractured wells increased from 7%
in 2000 to 67% in 2015.4 Meanwhile, the US crude oil production
from hydraulically fractured wells increased from 2% in 2000 to
51% in 2015.5 In terms of global shale gas production, the shale
gas production in 2040 was projected at 168 billion cubic feet per
day compared to 42 billion cubic feet per day in 2015, corre-
sponding to a 400% increasing in 25 years.6

The hydraulic fracturing process injects several million gallons
of uid containing proppants such as sand or ceramic at high
pressure to create ssure and crack in the shale.7,8 The proppants
are le to keep the ssure and crack open to help the oil and gas
ow freely. Aer releasing the pressure, uid ows back from the
well, which recovers not only the fracturing uid but also the
chemicals and resources from the reservoir.9During the procedure
of injection and ow back to pipeline, viscosity is the key point to
inuence the recovery of oil or gas from the wellborn.10 Typically,
fracturing uid contains 98% to 99.5% water and 0.5% to 2%
chemical additive.7 One of the most important components of
fracking uid is the viscosity modifying agent, which prevents
RSC Adv., 2021, 11, 22517–22529 | 22517
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settling and non-homogeneous dispersion of proppant and
provides a strong driving force on proppant to follow the uid into
cracks, fractures, and ssures.90 Without viscosifying agents, it is
impossible to adequately transport proppants from the surface to
the ssures.89,90 Currently, the lack of effective, reliable viscosiers
is a limiting factor causing sub-optimal permeability increases and
relatively low productivity index in shale reservoirs even when
other steps of hydraulic fracturing are successfully executed.

The commonly used viscositymodiers are polymericmaterials
such as the polyacrylamide and its derivatives,11,12 poly(vinyl
alcohol),13 poly(acrylic acid),14 cellulose (such as carboxy methyl-
cellulose and hydroxyethylcellulose),15 and nature polymer guar-
gum based materials.16 Polymeric material has been successfully
utilized in several reservoirs among different countries in the past
decades.17 However, polymer has several limitations when applied
as fracturing uid, decreasing production efficiency.18 First,
insoluble residue formation damages the formation by plugging
the pore or pores throats.19 Second, the plugged pores by the
residue cause the reduction of formation permeability that reduces
the mobility of oil and gas.20 Moreover, these polymeric materials
generally have poor resistance to heat and salinity in the reservoir
and suffer shear degradation during the injection.9

Recently, surfactant-based aqueous viscoelastic fracturing
uids have been considered as a possible replacement for the
polymeric materials in hydraulic fracturing uids.19,21 Based on
the concentration and ionic strength of components as well as
molecular architecture, self-assembly of surfactants forms
micelles of varying shapes such as spherical micelles,22 rod-like
micelles,23 vesicles,24 and wormlike micelles (WLM).25,89 Because
of the formation of entanglement, overlap and networks, long
and exible WLM in an aqueous system exhibit excellent
viscoelastic characteristics similar to the polymer solution but
no residues.26,27 Several researchers studied the clean fracturing
uid with high ow back rate, low friction, and low damage to
the formation with the surfactant system. Chieng et al.,28 re-
ported a viscoelastic surfactant (VES) through mixing the
traditional cationic surfactant cetyltrimethylammonium
bromide (CTAB) with maleic acid and citric acid. VES based
uid showed good resistance to the temperature and shear by
shearing at 170 s�1 at 90 �C for 2 hours. Besides, the gel could be
easily broken by adding ethanol and exhibit a small core
damage rate. Sun et al.29 reported a CO2 VES foam fracturing
uid prepared by C18 saturated alkyl trimethyl ammonium
bromide and crosslinked by sulfosalicylic acid triethanolamine
ester, which exhibited a heat resistance to higher than 120 �C.

Most of the prior studies have focused on the cationic or
anionic surfactants as building blocks of viscoelastic surfactant
systems.27–31 Similar studies with zwitterionic surfactants,
which have two distinct and oppositely-charged groups as
a head-group, are limited in numbers. The assemblies of zwit-
terionic surfactants can exhibit a better thermal resistance than
that of other surfactants and could be switched from nonionic
to cationic or anionic by adjusting the pH.30,32 Besides, the
zwitterionic systems tend to show a high salinity resistance,
enhanced biodegradation, and less sensitivity to divalent
ions.33–35 Compared to anionic and cationic surfactant, betaine
type zwitterionic surfactants tend to have a better dispersibility
22518 | RSC Adv., 2021, 11, 22517–22529
and colloidal stability, once assembled, with respect to pH and
salt. Furthermore, betaines containing carboxyl group exhibit
a better water solubility in comparison to other types of zwit-
terionic surfactants such as betaine with sulfonate group.34,36,37

Because of these characteristics, recently, betaine-type surfac-
tants have gained increasing attention in the exploitation of
natural sources as an additive in hydraulic fracturing uids. For
instance, Baruah et al.32 reported the combination of CAPB and
sodium oleate could yield viscoelastic systems with viscosity
stability against high pressures. Dai et al.33 reported the
adsorption behavior and surface tension of zwitterionic coca-
midopropyl betaine (CAPB) solution at temperature of 90 �C and
salinity of 115 200 ppm. Wei investigated the combination of
the CAPB with amino acid surfactant with different pH and
temperature to gain insights into the interaction between CAPB
and sodium lauryl sarcosinate.38 However, the majority of research
on zwitterionic viscoelastic systems has relied on CAPB; other
zwitterionic structures have not been explored much; and the
assessment of how such viscoelastic materials interact with prop-
pantmostly lacks in the literature. Compared to short-chain CAPB,
betaine type surfactants with long-chain have started to gain more
attention in recent years because of the lower critical micellar
concentration (CMC) of longer alkyl chains.39,40

Herein, we report a pH-stimuli viscoelastic system based on
molecular complexation of zwitterionic octadecylamidopropyl
betaine and diethylenetriamine in aqueous media and the
evaluation of proppant carrying capacity under systematically
varied conditions. Octadecylamidopropyl betaine was synthe-
sized by the condensation reaction of stearic acid and dime-
thylaminopropylamine and the further condensation of the
product with chloroacetic acid. The rheological properties of the
developed viscosity system were investigated as a function of pH,
temperature, and salinity, considering the reservoir conditions of
various shale reservoirs. The proppant carrying capacity was
measured via a sand-settling assays at a temperature of 25 �C and
90 �C and salinity of 0–5 wt%. The ability to control the retainment
and settling of viscoelastic system was probed in the context of
active and passive mechanisms under different pH conditions.
Method
Material

Aluminum oxide (Al2O3) (activated, neutral, 150 mesh), stearic
acid (SA, 95%), chloroacetic acid and sodium chloride (NaCl)
were purchased from Sigma Aldrich (St. Louis, MO). N,N-
Dimethyl-1,3-propanediamine (DMPDA, >99%) and sodium
uoride (NaF, 99%), diethylenetriamine (DTA) were purchased
from Alfa Aesar (Tewksbury, MA). Polyacrylamide was
purchased from Sigma Aldrich (St. Louis, MO). All chemicals
were used as received. Ultrapure water with a resistivity of
18.2 MU cm was collected from a water purication system
(Millipore Milli-Q, Integral 10, Burlington, MA).
Preparation of dynamic binary complex (DBC) gels

The synthesis procedure of octadecylamidopropyl betaine (OAPB)
was described in Fig. 1a. First, stearic acid was mixed with DMPDA
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 (a) The reaction scheme for the formation of long-chain, large head-group zwitterionic amphiphile (OAPB) using stearic acid, DMPDA, and
chloroacetic acid. (b) The supramolecular complexation of OAPB with triamine to yield viscoelastic gel.
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at a molar ratio of 2 : 3 (SA : DMPDA) in a two-necked ask con-
taining NaF catalyst and dehydration agent Al2O3. The compo-
nents were allowed to react via reuxing at 160 �C for 10 hours in
the presence of nitrogen gas as described elsewhere.41 The resul-
tant material, which is an amidoamine, was washed with acetone
several times to remove unreactedmaterials and impurities, if any,
and then vacuum dried at 40 �C for 24 hours. The yield of the
amidoamine during the rst step was determined to be to 85%.
Aerward, amidoamine and chloroacetic acid at a molar ratio of
1.25 : 1 and total 30 grams were dissolved in 100 mL ethanol : -
water solution (5 : 1 v/v), followed by adjustment of the solution to
alkaline conditions with the addition of 0.5 M NaOH. The reaction
was carried out with a reux system under nitrogen atmosphere at
80 �C for 24 hours. Upon completion of the reaction, the nal
product consisting of a long-chain tail group and a large zwitter-
ionic head group with a quaternary ammonium cation and
a carboxylate anion was washed with ethyl acetate several times
and then dried under vacuum at 40 �C for 24 hours. Aer vacuum
drying, the weight of the product was measured which corre-
sponding to an isolated yield of 75%.

By mixing the resultant zwitterionic amphiphile, OAPB, with
triamine (DTA) at a molar ratio of 1 : 3 with a total active concen-
tration of 2 wt% in water, a dynamic binary complex (DBC) with
viscoelastic characteristics was produced (Fig. 1b). The suspension
was homogenized via probe sonication for 10 minutes at a power of
2000 W and 20 kHz (SJIA-2000 W; Ningbo Haishu Sklon Electronic
Instrument Co., Ltd., Ningbo, China). The suspension pH was
adjusted by dropwise addition of 0.05 M H2SO4 and 0.05 M NaOH.
Chemical characterization

The intermediate and nal compounds forming during various
stages of reactions were investigated using attenuated total
© 2021 The Author(s). Published by the Royal Society of Chemistry
reectance-Fourier transform infrared (FT-IR) spectroscopy
(Nicolet iS5, Thermo Fisher Scientic, Waltham, MA). The FTIR
spectra were obtained in the wavenumber from 400 cm�1 to
4000 cm�1 with 1 cm�1 step size and triplicate repeats. The
captured spectra were analyzes using Omnic soware suite
(version 9.2.86, Thermo Fisher Scientic). In addition, the
proton nuclear magnetic resonance scope (1H NMR) was
undertaken via a Varian VNMRS at 500 MHz. The 1H NMR were
obtained by dissolving amidoamine and OAPB in deuterated
chloroform and deuterated methanol, respectively.
Rheological measurements

Shear viscosity characteristics of the resultant dynamic binary
complexes were measured using a stress-controlled rheometer
(Haake RheoStress 1, Thermo Fisher Scientic) with parallel-
plate (20 mm titanium) geometry. In rheological studies, the
main experimental variables studied were solution pH (from 2
to 12), temperature (25 �C, 45 �C, 65 �C, 95 �C), and salinity (0, 1,
3, 5 wt%). Aer DBC (2 wt% in water) at pre-determined
conditions (pH, temperature, and salinity) was prepared, the
suspension was le to equilibrate under these conditions for
thirty minutes in a sealed container to minimize evaporation
losses. Then, the rheological measurements were carried out at
1 mm gap with a shear rate varying between 10�2 and 102 s�1.
For comparison purposes, a well-known viscosifying agent used
in hydrocarbon recovery applications, PAM was selected. Each
experiment was repeated at least three times to ensure statis-
tical reliability and conrm reproducibility.

The same rheometer and geometer were used to determine
the viscoelastic properties through dynamic oscillatory
frequency sweep with a constant 1% strain from 0.01 to 10 Hz,
which was in the linear viscoelastic regime of the sample at
RSC Adv., 2021, 11, 22517–22529 | 22519
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25 �C. Before the frequency sweep, the samples at different pH,
the linear viscoelastic regime was determined from dynamic
strain amplitude sweep at room temperature with 1 Hz.
Proppant carrying capacity

To determine the proppant carrying capacity and average
settling velocity of proppant in DBC gels, we relied on sand
settling assay described elsewhere.9 In these experiments,
7 wt% of 20–40 mesh sand, which was selected as model
proppant, was placed in a 20 mL glass vial containing 20 mL
DBC gel and rigorously shaken and vortexed to form a proppant
dispersion. Right aer the dispersion was placed on the labo-
ratory bench, the settling behavior was captured with a digital
camera (H-HAS12035, Panasonic, Japan). For the rst 10 min,
the video was continuously captured at a frame rate of 30 fps.
Then, the images were captured once every two minutes
between 10 min to 4 hours, and every 10 min aer 4 hours until
sand was 99% settled down. The average settling velocity was
calculated by dividing the settling length (half of the vial height)
by the settling time, which we dene as the settling of 95% of
sand particles detectable. Briey, it was assumed that sand was
homogeneous suspended in a vial, meaning there were initially
equal number (number density) of sand particles near the top
and the bottom. By further assuming that the acceleration
effects are negligible (i.e., settling velocity is constant), we
calculated the average settling velocity using the mean distance
of travelled by sand particles from the suspended state to the
settled state (i.e., the half-height of the sand column) and the
critical settling time (until no sand grains can visually be detected).
For more convenient visualization, we relied on sand with blue
color (ne stone granules, Ashland, KY) aer establishing that
quartz sand behaves similar to blue sand in terms of settling
behavior. Also, the sand was ltered with a 20–40 mesh lter to
reduce large variations in the particle size. In these experiments,
the inuence of external factors such as salt concentration (from
0 wt% to 5 wt%), pH (4, 6, 8 and 10); and temperature (25 �C and
90 �C) on the proppant carrying behavior of DBC were evaluated.
The time required for settling 95% of sand was taken as the critical
settling time for these systems.
Fig. 2 FTIR of long-chain zwitterionic amphiphile and its reactants in th

22520 | RSC Adv., 2021, 11, 22517–22529
Zeta potential measurement and microstructural analysis

To gain insights into the interactions between proppant (sand)
and DBC gels by measuring changes in the zeta potential of DBC
gel and sand, we utilized electrophoretic light scattering tech-
nique (Zetasizer Nano ZS90, Malvern, Westborough, Massa-
chusetts). The zeta potential was calculated from mobility via
the Smoluchowski approximation,42 which is valid when the
Debye length is much smaller than the characteristics particle
size (i.e., thin double layer condition). Briey, the zeta potential
was calculated using the Henry equation: UE ¼ 23zf(ka)/3h,
where UE is the electrophoretic mobility detected by M3-PALS
technique, 3 is the dielectric constant, h represents the
viscosity of the solvent, z is the zeta potential and f(Ka) is the
Henry's function. Since the electrophoretic determination of
the zeta potential is made in diluted aqueous media, f(Ka) is 1.5
in this case according to the Smoluchowski approximation.43 In
our studies, the zeta potential values were conducted with the
2 wt% samples, sand in the ultrapure water and 2 wt% samples
with sand at pH 2, 4, 6, 8, 10, and 12 since their assembly state and
viscosity characteristics can change with concentration. The
samples were vortex-mixed for 10 minutes to suspend the
assembly well and then injected into the folded capillary cell DTS
1070 for the zeta potential measurements. The structural charac-
teristics of DBC gels were probed using an optical microscope
(BioRyx 200 system, Arryx Inc., Chicago) with 30� lens.
Results and discussion
Chemical characterization

The zwitterionic building block of DBC gel was obtained from
stearic acid, which is one of the most common fatty acids that
can be produced in sustainable fashion from coconuts. To
conrm the condensation reaction of stearic acid with DMPDA
and further condensation of the resultant compound with
chloroacetic acid, we utilized FTIR spectroscopy (Fig. 2). The
spectra revealed that the reaction of DMPDA with steric acid
resulted in the shiing of peak at 1699 cm�1, which is due to
C]O stretch of carboxylic acid group (stearic acid), to
1638 cm�1, which can be ascribed to the C]O stretch of amide
e frequency range of (a) 1000–2000 cm�1 and (b) 2000–4000 cm�1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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from the amino–amide intermediate. The observation of the
amide peak indicates the successful production of the inter-
mediate. On the amino-amide spectra, characteristic bands for
N–H stretching of secondary amide, two C–H stretchings of
long-chain alkane, and C]O group of vibration from secondary
amide were found at 3307.8 cm�1, 2846.8 cm�1, 2915.8 cm�1,
and 1639.1 cm�1, respectively. The product forming with the
reaction of amino–amide with chloroacetatic acid was featured
with two carbonyl peaks on its FTIR spectra with one due to the
C]O stretching of original amide, RC(]O)NR0(1699 cm�1), and
another owing to the C]O stretching of carboxyl, R00HN–CH2–

C(]O)OH (1738 cm�1). The appearance of the peak at
1738 cm�1 for OAPB compared to amino-amide can be attrib-
uted to the formation of RHN–CH2–C(]O)OH group. The
persistence of peak at 1638 cm�1 implies that amido group of
aminoamide did not participate in the chemical reaction. The
shi from 1708 cm�1 carboxylic group in chloroacetic acid to
1738 cm�1 in OAPB indicates a change of electronegativity of
the neighboring atom due to the presence of positive charge
from quaternary amine.44 For the OAPB synthesized, other
major peaks were identied to be C–H bending at 1461.7 and
1472.3 cm�1 and N–H bending at 1550.4 cm�1.45,46

A similar analysis in the region of 2000 cm�1 to 4000 cm�1

revealed that primary amine of DMPDAhadN–Hstretching peaks at
3287 cm�1 and 3363 cm�1. Upon reaction of DMPDA with stearic
acid, these peaks shied to 3302 cm�1, which can be ascribed to the
N–H stretching of amide forming (amino–amide). The reaction of
chloroacetic acid with amino–amide resulted in the emergence of
a shoulder at 3380 cm�1 which is likely to be because of the O–H
stretching from carboxylic terminal group of OAPB.47,48 Overall,
when we put these pieces together, we can conclude the successful
synthesis of OAPB as illustrated in Fig. 1. In addition, the comple-
mentary 1H NMR results of OAPB and amidoamine were also rep-
resented in ESI Fig. S5† to further conrm the reactions.
Fig. 3 Static (i.e., zero-frequency) viscosity of DBC suspension (2 wt%)
involving OAPB and DTA building blocks and PAM (2 wt%) as a function
of pH at 25 �C. Error bars indicate the relative error of static viscosity
for three repetitions.
Inuence of pH on the viscosity of DBC gels

Fig. 3 compares the static viscosity (i.e., zero frequency) values
of DBC involving OAPB and DTA and PAM, which is a commonly
used viscosier in fossil fuel recovery applications at the same
concentration (2 wt%). Based on these data, the following
observations can be made: First, DBC provides a superior
thickening characteristic as a viscosity modier compared to
PAM for all pH values. Above pH 10 and below pH 6, the DBC
solution was about ve-orders-of magnitude more viscous than
water. Second, while viscosity of PAM was mostly constant with
respect to pH, DBC demonstrated a strong variation in viscosity
with pH. The ratio of the maximum and minimum static
viscosity was about 26.9 for DBC while the ratio was 2.4 for PAM.
The viscosity of DBC at pH 8 was signicantly smaller than that
at pH values above 10 and below pH values 6. Several forces
dominated among the DBC, including electrostatic force,
hydrogen bonding, and hydrophobic interactions. The switch-
able viscosity can be ascribed to the differing extent of proton-
ation and deprotonation for carboxyl terminal group of OAPB
and amine groups of DTA at different pH values. The state of
protonation and deprotonation of these building blocks
© 2021 The Author(s). Published by the Royal Society of Chemistry
controls hydrogen bonding and electrostatic interaction and
therefore the assembly dynamics. Similar pH-responsive behavior
for complexes involving other types of carboxylic acids and amines
have been reported in past studies.49–51 Briey, the charge of OAPB
and DTA depends on the pH of the solution and the electrostatic
attraction between them occurs once opposing charges appear on
them at the same time. At low pH, the DTA protonated (+3 or +2) to
combined with the deprotonated OAPB to form more ordered
orientation and become tightly-packed.9,52 Also, the C]O group of
OAPB and neutral N–H group of DTA can help the hydrogen
bonding formation contribute to the network structure formation.53

Thus, the electrostatic attraction, hydrogen bonding and the
hydrophobic force between long carbon chain can contribute to the
assembly and hence, improved viscosity. However, aer pH
becomes neutral (pH 7–8), the electrical attraction becomes weaker
and the number of non-bonded OAPB increased due to the
decrease in the protonation of DTA, which can not only generate
free amphiphiles but prevent the formation ofmicelles. This causes
the low viscosity and small phase-separation. On the other hand, at
the high pH, the DTA become neutralized; thus, the electrostatic
attraction was diminished, but the hydrogen bonding was
strengthened. The net charges of DBC were low and the main
driving forces for DBC were hydrogen bonding and hydrophobic
interactions that contributed to tight and ordered structure again.
The repulsion between quaternary ammoniumwas screened by the
carboxyl group ofOAPB andOH– in the solution. Thus, the viscosity
started increasing compared to the neutral condition. Overall, pH-
responsiveness is the key feature of DBCsmaking themattractive as
fracturing uid viscosiers which is to satisfy on-demand need for
carrying and depositing proppants during the stimulation step.
Inuence of shear rate and temperature on the viscosity of
DBC gels

The volumetric ow rates of hydraulic fracturing injection
changes from well to well and from service company to service
company. Accordingly, it is important to have a comprehensive
RSC Adv., 2021, 11, 22517–22529 | 22521
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understanding of how the viscosity of DBCs changes with shear
rate if they would be used as fracturing uids. In addition,
temperature is an important parameter thatmust be considered in
the context of viscosier performance owing to the geothermal
gradient.54,55 Fig. 4 shows the dependence of viscosity of DBCs to
shear rate and temperature for pH values from 2 to 12. For all
samples, viscosity decreased with increasing shear rate, indicating
a shear-thinning behavior. However, the DBCs retained their
viscous characteristics and were two-to-three orders of magnitude
more viscous than water even at extremely high shear rates. Shear-
thinning behavior can be ascribed to the shear-induced ordering
of DBC chains and/or the disruption of dynamical assembly and
disassembly equilibrium of building blocks of DBC. Furthermore,
it is important to underline that polymers, such PAM, tend to
degrade under higher shear rate, which limits their applications as
reusable viscosity modiers in this area.9,56,57 On the other hand,
DBCs returned to their high viscosity states once the shear rate is
reduced, indicating the lack of permanent damage.

Regarding the inuence of temperature on the viscosity of DBC,
as temperature increased, the viscosity mostly decreased (Fig. 4).
However, once the temperature exceeded 65 �C, the viscosity
increased with temperature at pH 2 and 4 (Fig. 4d). This may be
attributed to the increased solubility of long-chain fatty acids inwater
at elevated temperature and the resultant increased availability for
complex formation.58,59 Briey, the increased solubility of OAPB
Fig. 4 The effect of temperature on the viscosity of DBCs (2 wt%) at (a) 2
12. Error bars indicate the relative error of viscosity for three repetitions.

22522 | RSC Adv., 2021, 11, 22517–22529
enhanced the chance of DBC assembly because of raised possibility
of interaction through electrostatic force betweenOAPB and triamine
andmight enforced network at low pH conditions. This type of trend
was presented by some other studies of different type of VES.60 It also
maybe because of the restructuring of the micelles or reorganization
of the counter ions near themicelles at different temperature.60,61On
the other hand, the electrostatic attraction is strongest at the pH 2
and pH 4 due to the full protonation of DTAwhichmay contribute to
the stability of DBC to the high temperature.34 Namely, a trans-
formation frommicellar state to free state can happen at the elevated
temperature and free amphiphile can more readily partake in the
assembly process.62 It is also important to underline that even though
viscosity mostly decreased with increasing temperature, the DBC
suspension still had a better viscosity performance than PAM solu-
tion (shown in ESI Fig. S2†).

To better understand the inuence of temperature on the
viscosity of DBC and put its temperature sensitivity into
a perspective compared to other types of viscosiers, the rela-
tionship between temperature and viscosity was described by
Arrhenius equation, m(T) ¼ m0 e

(Ea/RT).63 Here, m0 is the viscosity
at a reference temperature and Ea is the activation energy. The
activation energy can be calculated from the slope of ln(m) versus
1/T plot. Fig. 5 shows the relationship between natural loga-
rithm of zero-frequency viscosity and inverse of temperature.
The linear regression analysis revealed that the activation energy
5 �C, (b) 45 �C, (c) 65 �C, and (d) 90 �C for pH values of 2, 4, 6, 8, 10, and

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 Natural logarithm of static viscosity versus inverse temperature
for DBC suspension.
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was 21–49 kJmol�1, 34–50 kJmol�1, and 70–98 kJmol�1 at pH 4, 6,
and 10, respectively. In comparison to the weakly cross-linked PAM
hydrogel presented by Du and Hill,64 the disentanglement activa-
tion energies of their PAM was 15–60 kJ mol�1. In this case, the
DBC with pH 4 and pH6 has competitive performance with
traditional polymer hydraulic system. Given that a lower activation
energy indicates less sensitivity to temperature, as pH of DBC
increases the temperature sensitivity increases. In comparison,
Fig. 6 Viscosity of DBCs (2 wt%) with respect to shear rate at different sa
the suspension pH of 8, and (d) the suspension pH of 10. Error bars indi

© 2021 The Author(s). Published by the Royal Society of Chemistry
activation energy for wormlike micelles were reported to be in the
range of 70–300 kJ mol�1,65,66 indicating that a better temperature
tolerance of DBCs compared to wormlike micelles and also
implying potential nanostructural differences between DBCs and
wormlike-micelles.

Effect of salinity on the viscosity of DBCs

Seawater is oen used as a source of solvent dispersing visco-
siers in fracturing uids. The average salinity of seawater
throughout the world is about 3.5%, with sodium chloride
being the most abundant salt in it.67 In addition, shale reservoir
stimulated by hydraulic fracturing uids tend to contain
connate water with relatively high salinity.68 Prior research
indicated some of viscosifying agents such as wormlike micelles
lose their viscous characteristics signicantly in the presence of
salts.69,70 Similarly, polymer viscosiers can degrade in the
presence of salts.71 For many supramolecular systems, the
addition of salt in a solution causes the electrostatic screening
and affects the pKa in a rational manner that inuences the
polymerization or network structure formation.72 As such, it is
essential to study and understand how salinity inuence the
viscosity of DBCs to properly assess its potential as hydraulic
fracturing uid viscosiers.

Fig. 6 demonstrates the viscosity as a function of shear rate at
varying salinity conditions and pH values. At pH 4 and 6, the
linity value for (a) the suspension pH of 4, (b) the suspension pH of 6, (c)
cate the relative error of viscosity for three repetitions.
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introduction of 1 wt% NaCl into DBC suspension in water
reduced the static viscosity about 2.8–5.5 folds, but further salt
additions did not further alter the viscosity signicantly (Fig. 6a
and b). At pH 8, the addition of small amount of salt (1 wt% and
3 wt%) slightly reduced the viscosity while the addition of 5 wt%
salt increased viscosity by 2- to-4- folds (higher at lower shear
rates). At pH 10, the addition of small amount of salt (1 wt%) did
not modify the viscosity behavior much. However, when higher
amount of salt (3 wt% and 5 wt%) is added, the viscosity
decreased to lower and lower values. In comparison, the presence
of salts only slightly reduced the viscosity of PAM solution.
However, at a given viscosier condition, the viscosity of DBCs
were always larger than that of PAM solution. Conversely, the
relative reductions in viscosity compared to no salt conditions were
higher for DBCs. Hence, in the context of hydraulic fracturing, the
following considerations can be made: the primary goal of frac-
turing uid is to effectively carry proppant from surface to the
ssures via borehole. For this step, it is required to have high
viscosity and proppant carrying capacity.73,74 Once proppant is
forced and injected into the ssures, the viscosity has to be
reduced to selectively pull water back but not proppant.73 Connate
water (high salinity) in shale reservoir ismore likely tomix with the
injection uid at this last step. Hence, aer proppant is deposited
in the ssures, the reduction of viscosity can be benecial in the
context of selectively removing water back.

Regarding the nonlinear inuence of salinity on the viscosity
of DBC, the formation of dynamic binary complex involves
intermolecular interactions such as electrostatic interactions
and hydrogen bonding at multiple length scales. The presence
of salts can weaken the strength of intermolecular bonds
holding the nanostructured assembly together via the screening
of electric elds.75 The hydrogen bonding potential of
uncharged surface groups of DTA and OAPB can also be reduced
in the presence of salts. In addition, the presence of salts can
also change the solution pH: the pH of acidic solutions tends to
decrease upon addition of neutral salts.76 Hence, the system can
shi from one pH state to another pH state by adding salt.
Another issue to consider is that the viscosity of water itself can
increase when salt is added.77 In addition, the distribution of
hydrated salt ions near and within DBC assemblies can perturb
structural order sterically similar to analogous supramolecular
assemblies.78,79 The sophisticated combinations of these
molecular processes are likely to be responsible for the observed
trends in viscosity in the presence of salt.
Fig. 7 The strain amplitude results show storage modulus G0 (solid)
and loss modulus G00 (empty) of DBC at pH 4, 8 and 10 with various
strain (%) at 1 Hz.
Breaking mechanism

The breakage of viscosier aer the use is an important element
of hydraulic fracturing. The heuristics recommend that the
viscosity of the broken gel should be lower than 5 cP to selec-
tively remove the uid without disturbing proppant. This
viscosity value can be achieved with DBC at pH 10 for the typical
reservoir conditions involving a shear rate over 100 s�1 (in
porous media) and temperature of 90 �C according to the shear
testing. On the other hand, the viscosity of DBC was measured
at 90 �C by NDJ-9S digital rotational viscosity Meter that has
a measurement range from 1 cP to 60 000 000 cP. The viscosity
22524 | RSC Adv., 2021, 11, 22517–22529
of DBC at pH 8 and pH 10 was both 4 cP at 90 �C. Hence, breaking
can be induced by increasing pH, natural reservoir temperatures
and high shear rates occurring in porous media may yield low
viscosity values. Regarding the mechanism, the breaking takes
place due to the disassembly of DBC, which are hold together via
the interplay among van der Waals, electrostatic, and hydrogen
bond interactions. The protonation and deprotonation state of
molecular groups of short amines and zwitterionic, long-chain
amphiphile change depending on pH. At higher pH values,
amine group loses its proton (loses its positive charged) and
cannot strongly interact with zwitterionic, long-chain, amphiphile.
Viscoelastic characteristic of DBC

Viscosity alone is not accurate enough to evaluate the proppant
transportation behavior for the fracturing uid. The proppant
stability is also affected by the elastic property of the uid which
corresponding to the network structure of the material at
microscales.80 Thus, the linear viscoelastic region was deter-
mined from strain amplitude test and the oscillatory frequency
sweep was conducted with constant 1% strain within the linear
viscoelastic regime of the sample at 25 �C to understand the
DBC gel at different pH better.

The strain sweep results were presented in the Fig. 7 and S8
(ESI†). A linear viscoelastic region (LVR) were observed for the
pH 2 to 6 and pH 10 to 12 and has a larger G0 compared to G00 in
this region. Among them, we could gure out the similar
behavior between pH 2 to 6. Besides, the DBC pH 10 and pH12
were similar. The DBC gels show the gel-like or solid structure
before the structure breakdown at 2%, according to the LVR
results at the experiment conditions. Further, the frequency
sweep results at a range of 0.01 Hz to 10 Hz were shown in Fig. 8
and S9 (ESI†). The pH 2, 4, and 6 and pH 10 and 12 showed
a similar property that a larger G00 compared to G0 at frequency
lower than 0.03 Hz that related to plastic material. Meanwhile,
G0 started being larger than G00 aer 0.03 Hz represent an elastic
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 8 The storage modulus G0 (solid) and loss modulus G00 (empty) of
DBC at pH 4, 8 and 10 with various frequency.
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material. This trend is similar to many viscoelastic gel system
reported by several studies.34,35,81 On the other hand, the DBC at
pH 8 performed as plastic (uid material).
Proppant carrying capacity

Proppant carrying capacity is one of the most critical metrics
used to evaluate the potential and efficiency of fracturing
uids.82,83 Accordingly, we conducted sand settling studies to
determine how the DBCs perform in terms of their ability to
transport proppant at varying pH, temperature, and salinity
Fig. 9 (a) Sand settling in DBC solutions of pH 4, pH 6, pH 8, pH 10with tim
4, pH 6, pH 8, pH 10 with time at higher temperature (90 �C).

© 2021 The Author(s). Published by the Royal Society of Chemistry
conditions. Fig. 9 displays the images of sand suspension in
DBC formulations in a time-resolved fashion. At room temper-
ature, the complete settling of sand took place within 5 second
for the solution pH of 8 while no settling was observed within 8
hours at pH 4, 6, and 10 (Fig. 9a). In comparison to DBC
formulation (2 wt%), signicant settling was noted aer 10
minutes for PAM solution (2 wt%). The critical settling time,
which we dene as the time required for 95% of proppant to
settle, was 1 day, 4 days, and 7 days at pH 10, pH 6, and pH 4,
respectively. This means that the hydraulic fracturing uid
relying on DBC can be injected to the reservoir at initially acidic
(pH < 6) or basic (pH > 10) conditions to have high proppant
carrying ability.

In addition, the proppant carrying capacity studies at
elevated temperatures (90 �C) revealed that the highest carrying
capacity can be achieved at pH 4 (Fig. 9b). In terms of perfor-
mance, the proppant carrying capacity at pH 6 was slightly lower
than that at pH 4. The temperature signicantly reduced the
proppant carrying capacity at pH 10 where the critical settling
time decreased from one day to a few seconds upon heating the
system from 25 �C to 90 �C. The settling behavior was similar at
90 �C for pH 8 and 10. For the case of PAM solution, the prop-
pant rapidly settled in PAM at 90 �C similar to at room
temperature.

To be more quantitative, the mean settling velocities were
calculated by analyzing the captured videos (Fig. 10). At room
temperature (25 �C), the sand settling velocity in DBC solution
was 6.58 � 10�8 m s�1, 1.07 � 10�7 m s�1, 5.25 � 10�3 m s�1,
and 3.93� 10�7 m s�1 for solution pH 4, pH 6, pH 8, and pH 10,
respectively. On the other hand, the mean settling velocity at
e at room temperature (25 �C). (b) Sand settling in DBC solutions of pH
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Fig. 10 (a) Settling velocity of sand in DBC suspension as a function of pH at 25 �C and 90 �C. (b) Comparison of sand settling velocity of DBC
suspension and PAM solution (pH 4) at 25 �C and 90 �C. Error bars indicate the standard deviation for three repetition.

Fig. 11 The mean settling velocity of sand proppant as a function of
salt concentration for the cases of pH 4 and pH 6 at 90 �C. Error bars
indicate the standard deviation for three repetitions.
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elevated temperature (90 �C) were about two to four orders of
magnitude larger: 3.77 � 10�6 m s�1, 2.0 � 10�5 m s�1, 8.75 �
10�3 m s�1, and 7.28 � 10�3 m s�1 for pH 4, pH 6, pH 8, and pH
10, respectively. Prior research reported that sand settling
velocities below 8.0� 10�4 m s�1 to 8.0� 10�5 m s�1 is ideal for
hydraulic fracturing applications.34 Hence, it can be claimed
that dynamic binary complexes demonstrate excellent sand
carry capacity even at elevated temperatures for the conditions
of pH 4 and 6.

Obviously, upon deposition of proppant into the ssures, it
is needed to have very high settling velocity to separate water
from the deposited proppants.84 This can be achieved by
adjusting pH of fracturing uid from acidic conditions to basic
condition by alkaline solution injection. Furthermore, the
settling velocity of sand proppant was one to two orders of
magnitude larger in PAM solution (slickwater) compared to
DBC solutions at its optimum pH conditions (Fig. 10b). There
are several reasons can be considered that may explain the
lower settling velocity at pH 4 compared to the pH 6. The sand
carrying capacity depends on the viscosity as well as the inter-
action between entangled network of the DBC and sand. Based
on the viscosity data, it can be seen that viscosity is lower at pH 6
compared to pH 4. Next, one can look into the interactions
rather than the viscosity to explain the enhanced proppant
carrying capacity at pH 4. Namely, how the colloidal interac-
tions between DBC and sand changes with pH should be
considered in this context. The magnitude of electrostatic
double-layer attraction/repulsion can change depending on and
the dissociation nature of surface groups. It is also possible that
the attractive van derWaals interactions between these colloidal
entities can vary with pH. The dielectric constant of water
decreases with the addition of salt/electrolytes. Hence, the
dielectric constant of water is lower at pH 4 as more acid is
added compared to pH 6. Based on the Lifshitz theory, the
Hamaker constant of the system A (DBC/Water/Sand) in the
aqueous suspension at pH 4 is lower than that at pH 6. As such,
one possibility for the enhanced carrying capacity at pH 4 is
increased van der Waals interactions. In addition, the
22526 | RSC Adv., 2021, 11, 22517–22529
dimensions (diameter) of DBC assemblies can also change with
pH. The van der Waals forces, which are body forces, can also
vary in this fashion.

In addition, Fig. S10 (ESI†) shows the relationship between
the zero-shear viscosity of DBC versus the sand settling velocity.
From these results, the slow settling of the sand in DBC with
higher viscosity. However, there is not simply linear or recip-
rocal relationship between the viscosity and velocity. This could
be explained that the sand stability in the micelle-based visco-
elastic uid not only affected by the viscosity, but also by the
viscoelastic, microstructure networks, interaction between the
sand and solution.9,85,86

As stated earlier, salinity is another parameter that needs to
be considered in the context of hydraulic fracturing perfor-
mance. Fig. 11 shows the inuence of salt on the settling
velocity of sand in at 90 �C as a function of pH (see ESI, Fig. S4,†
for further details). It was found that the addition of salt did not
noticeably alter the mean velocity of settling at pH 6 while the
mean settling velocity in the presence of salt was about 2-fold
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 12 Optical micrograph of a sand grain in DBC solution (a) at pH 4 and (b) at pH 8. (c) Zeta potential of sand in water, DBC suspension, and
sand (divided by 20 to better show differing scales) in DBC suspension as a function of pH. The long, surface-aligned tubules (yellowish color)
that are the supramolecularly assembled dynamic binary complexes localizing near the sand grain. Compared to pH4, the DBC solution at pH 8
contains no long tubules but large aggregates separated from the sand grain. The error bars indicate the standard deviation of triplicate
measurements (see ESI† for larger images).
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higher than that in the absence of salt at pH 4. Regardless, for
the case of pH 4, DBC suspension could still retain desirably low
settling velocities at 0.4 � 10�5 m s�1, 0.9 � 10�5 m s�1 and 1.0
� 10�5 m s�1; and 1.1 � 10�5 m s�1 at a salt concentration of 0,
1, 3, 5 wt%.
Interactions between sand proppant and dynamic binary
complexes

To gain further insights into the reasons behind enhanced
proppant carrying capacity of DBCs, we relied on zeta potential
measurements and optical microscopy characterization
(Fig. 12). It was found that DBC at pH 4 features long, yellowish
tubules having a diameter of a few micrometers, much larger
than that of wormlike micelles (Fig. 12a). Furthermore, it was
clear that the local concentration of DBC chains was much
higher near sand, indicating the favorable interactions between
sand and DBC (see Fig. S6, ESI† for larger images). On the other
hand, at pH 8, such longmicroscopic tubules were absent in the
system, which can account for the lower viscosity value at these
conditions (Fig. 12b). In addition, no adsorption or localization
of DBCs near sand was also observed at this condition.

As can be seen from Fig. 12c, zeta-potential measurements
revealed that proppant sand carries negative surface charge
groups, presumable due to the dissociation and deprotonation
of silanol and silicilic acid groups of quartz sand. The zeta
potential increased with increasing basicity, which can be
attributed the electron accepting nature or acidity of silanol and
silicilic acid groups. DBC suspension had an isoelectric point
between pH 8 and 10 (for further details, see ESI, Fig. S7†): the
DBC assemblies had more cationic surface groups below pH 8
andmore anionic surface groups above pH 10. These trends can
be explained by the formation of more positive charges on the
DBC tubules owing to the protonation of amino groups from
DTA, the lower degree of dissociation for carboxylic groups
under more acidic conditions, and the higher extent of
protonation of tertiary amine group of OPAB. Hence, below pH
8, the electrostatic interactions between sand and DBC is
attractive. Via zeta-potential measurements, the conjugation of
DBC and sand uponmixing was also conrmed. It is known that
proppant carrying capacity can benet from active (interaction)
© 2021 The Author(s). Published by the Royal Society of Chemistry
and passive (viscosity and viscoelastic) contributions.73,80 We
observed that even though the viscosity decreased noticeably,
the mean settling velocity did not decrease in the same
proportion (Fig. 4–6 and Fig. 9–10). We used an Oakton CON 6+
Handheld Conductivity Meter to measure the conductivity.
Before the test, the probe was rst calibrated with the 1412
mS cm�1 conductivity solution from Ricca Chemical Company
which has close conductivity with the measured DBC, DBC and
sand. Since the effective electrical conductivity of the colloid
suspension depended on complicated factors such as electrical
double layer, volume fraction, ionic concentrations and other
physicochemical characteristic. The conductivity of DBC, DBC
and sand changed in a complex fashion with pH.87

Hence, we can deduce that the favorable electrostatic inter-
actions between DBC and sand (active contributions) plays an
important role in leading to a superior carrying capacity of sand
for DBC formulations. Furthermore, the existence of a net-
worked structures with a characteristics mesh spacing smaller
than the proppant size can also give rise to a better ability to
retain and hold proppant within a viscosier gel.88
Conclusions

In this work, we demonstrate that the dynamic complexation of
diethylenetriamine (DTA) and zwitterionic octadecylamido-
propyl betaine (OAPB) can yield a novel type of supramolecular
gel with a highly adjustable viscosity characteristic (i.e., pH-
responsive supramolecular gel). Such supramolecular assem-
blies are featured with long, microscale tubules, which have
much larger diameter compared to wormlike micelles. These
characteristics of DBCs are accompanied with high tolerance
against temperature and salinity, making them attractive
candidates for hydraulic fracturing applications. Furthermore,
the on-demand adjustability of viscosity and precise-control
over assembly and disassembly with pH is also important for
precisely manipulating proppant injection and deposition into
and onto ssures and separation from water. Due to dynamic
nature of these supramolecular gels, the permeation damage
related problems occurring in traditional linear gels and
crosslinked gels may be overcome. Compared to slickwater
RSC Adv., 2021, 11, 22517–22529 | 22527
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(polyacrylamide-based fracturing uids), the proppant carrying
capacity of DBCs is improved about 8- to 73-fold. Based on
microstructural analysis and zeta potential studies, the superior
proppant carrying capacity of DBCs are ascribed to the syner-
gistic combination of active and passive colloidal retention
mechanisms of DBCs. Overall, dynamic supramolecular gels
constitute an intriguing class of viscosiers for hydraulic frac-
turing application.
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