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To address proppant flowback issues during post-fracturing treatments and production, self-healing
elastomer modified proppants (SMPs) are proposed. Owing to their inherent self-aggregation
behavior, the SMPs can aggregate together spontaneously to prevent proppant flowback and increase
the pack porosity. It is noteworthy that the SMPs have a firm and dry self-healing elastomer (SE) coating,
making their storage, transport and use as conventional proppants possible. The SE synthesized through
polymerization is rich in amidogens and carbonyl groups as characterized by Fourier transform infrared
spectroscopy and the proton nuclear magnetic resonance. Thermal and thermomechanical properties of
the SE coating are revealed by the thermogravimetric analysis, the differential scanning calorimetry and
the rheological tests. The self-aggregation behavior of the SMPs is demonstrated by the adhesion force
tests. The reversible hydrogen bonding interactions in SE coating contribute to the self-aggregation
behavior of the SMPs, which is revealed by the thixotropy test and the FTIR analysis at different tem-
peratures. With the self-aggregation behavior, the crushed proppants can aggregate in situ to form a
stable structure again and therefore reduce the threat of narrowing down the fracture and proppant
flowback, which has an important practical significance during oil and gas production.

© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

The primary target of hydraulic fracturing treatment is to create
a highly conductive flow path to a wellbore that promotes the
production potential of the well (Gillard et al., 2010; Tan et al., 2019;
Wang, 2019; Yan et al.,, 2011; Zheng et al., 2017). However, the
integrity of the propped fracture and fracture conductivity tends to
be adversely impacted by proppant flowback (Guo et al., 2020; Hou
etal., 2017; Mclennan et al., 2015; Wang et al., 2019). What is worse,
the backproduction of proppants has a detrimental wear effect on
the downhole and surface equipment, which imposes a serious
threat to oil and gas production safety and multiplies the operation
costs (Shaari et al., 2008; Vo et al., 2014; Wang et al., 2020).

Various physical or chemical techniques and additives have
been applied to provide a limited solution to proppant flowback
control (Table 1.). Forced closure is applied to close the fracture
rapidly and trapping proppants in a uniform distribution, while the
closure stress does not always hold proppants in place and may
actually contribute to flowback (Nguyen et al., 2006). Mechanical
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screens installed across perforated intervals to prevent proppant
flowback are known to add additional skin factors to the produc-
tion, which leads to lower production rates with the same draw-
down level and increase the cost of operation (Salah et al., 2016).
Resin-coated proppants (RCPs) have been used during fracturing
treatment to consolidate proppants since the 1980s (Norman et al.,
1992). However, RCP application has been limited in the past few
years due to its chemical interactions with fracturing fluids and
proppant pack permeability reduction (Nguyen et al., 2013). In
addition, RCPs are applicable for flowback control primarily at
elevated temperatures above 60 °C; at lower temperatures, an
additional activator and a long curing time may be required
(Horadam et al., 2018; Letichevskiy et al., 2015). Fibers mixed with
proppants is another effective way to stabilize proppant packs and
have been implemented since the late 1990s (Burukhin et al., 2012).
Fibers physically intertwin with the proppants to form a physical
network structure to minimize proppant movement within the
pack during production, and the effect of the fibers does not depend
on temperature activation or time (Howard et al., 1995; Sallis et al.,
2014). After construction, the fluid can flow back in a great quantity
without shutting, and efficiency of fluid flowing back is signifi-
cantly enhanced (Sitdikov et al., 2009). However, an additional
workstage is needed to mix the fibers with the fracturing fluid
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Table 1
Advantages and disadvantages of the proppant flowback control strategies.
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Strategy Advantages Disadvantages

Forced closure Limited effect
(Nguyen et al., 2006)
Mechanical screens

(Salah et al., 2016)

No additives required

No additives required

Lower production rates, additional costs

temperature and curing time, chemical interaction with fracturing fluids,
eduction (Letichevskiy et al., 2015; Nguyen et al., 2013)

RCP Suitable for high temperature up to 200 °C Dependent on
(Horadam et al., 2018) permeability r
Fibers Independent on temperature and time (Howard Additional workstage (Bai et al., 2019; Samuel et al., 2007)

et al., 1995; Sallis et al., 2014)
Self-aggregation (Liao et al., 2019; Lu et al.,
2016)

Self-aggregating
proppants

Additional as-needed spraying device (Fu et al., 2016; Lu et al., 2018; Stegent et al., 2010)

evenly during fiber injection (Bai et al., 2019; Samuel et al., 2007).
Self-aggregating proppants can realize self-aggregation by sticky
coating, zeta potential alteration or strong capillary attraction to
prevent proppant flowback and increase the pack porosity by
hindering compaction (Liao et al., 2019; Lu et al., 2016; Weaver and
Nguyen, 2010). However, the existing self-aggregating proppants
tend to consolidate during the storage and transportation, and
therefore they have to be prepared in situ with additional as-
needed spraying device and result in more operating costs (Fu
et al,, 2016; Lu et al, 2018; Stegent et al., 2010). Despite these
limitations, self-aggregating proppants have an innate advantage
over traditional flowback control strategies. The traditional flow-
back control strategies rely on the one-off effect and they are
helpless if the proppants are out of their original positions. By
contrast, self-aggregating proppants can aggregate together spon-
taneously, and re-aggregate together if the proppant congeries are
scattered to strewing sands (Treybig et al., 2016).

In the present study, the self-healing elastomer (SE) modified
proppants (SMPs) are prepared for proppant flowback control. A
series of SMPs’ properties including basic properties, self-
aggregation behavior, fracture conductivity, flowback control
property, and the functional mechanism are analyzed. Superior to
the existing self-aggregating proppants, the SMPs possess a firm
and dry coating at room temperature, making their storage,
transport and use as conventional proppants possible. The SMPs
can aggregate together spontaneously through reversible hydrogen
bonding interactions to prevent proppant flowback and increase
the pack porosity, showing great potential in hydraulic fracturing.

2. Experimental
2.1. Materials

Dicarboxylic acid (98% purity, Huakai Chem, China) was used as
received. Ethylenediamine (99% purity), n-butylamine (99% purity),
isopropanol (99.7% purity), hydrochloric acid (HCl, 36.0%—38.0%
purity), hydrofluoric acid (HF, 40% purity), tetrahydrofuran (THF,
99.8% purity) and deuterochloroform (CDCl3) were purchased from
Sinopharm Chemical Reagent Co., Ltd., China. Potassium chloride
(KCl, 99.8% purity) and sodium carbonate (Na,CO3, 99.5% purity)
were supplied by Aladdin Reagent Co., Ltd., USA. Ceramic proppants
with a size range of 0.25—0.425 mm were taken from the Shengli
Oilfield, China. Diesel was acquired from a gas station. Quartz mi-
crospheres with a grain diameter of 0.35 mm were obtained from
Shili Abrasive Industry, China.

2.2. Methods

2.2.1. Synthesis and characterization of the self-healing elastomer
(SE)

The synthetic process of SE is shown in Fig. 1. Equimolar mix-
tures of dicarboxylic acid and ethylenediamine are added and
stirred in a round-bottom flask placed in an electric jacket. The
reaction is conducted at 230 °C for 5—6 h. n-Butylamine is added to
the flask as the chain terminator at the late stage of poly-
condensation. All the procedures are conducted with nitrogen
protection.
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Fig. 1. Synthetic process of the SE.
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The functional groups of the SE are characterized by Fourier
transform infrared (FTIR) spectroscopy (ThermoFisher iS50 FTIR
Spectrometer equipped with a Harrick high-temperature reaction
tank) within the wavenumber range of 4000—500 cm~! and the
proton nuclear magnetic resonance (‘H NMR) spectra (Bruker
Advance 500 MHz spectrometer) using CDCl3 as a solvent. The
number-average molecular weight (M;) and the polydispersity in-
dex (PDI) of the SE are measured by gel permeation chromatog-
raphy (GPC, Shimadzu GPC20A) with THF as the solvent (for SE,
M, = 6050, PDI is 1.21). Thermal characteristics of the SE are
determined by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). TGA is conducted on a NETZSCH TG
209F3 instrument under a nitrogen atmosphere with a heating rate
of 10 °C/min from ambient temperature to 550 °C. The DSC mea-
surements are carried out on a TA Instrument Q20 with a heating
rate of 10 °C/min from 0 to 250 °C. Oscillatory shear tests are per-
formed with an Anton Paar MCR92 rotational rheometer. Parallel
plates with a diameter of 25 mm and a gap size of 1.0 mm are used
for all tests. A fresh sample is prepared for each test for consistency.
The thermomechanical property tests are applied from 50 to 220 °C
under 1% shear amplitude at an angular frequency of 1 rad/s. The
thixotropy test procedure consists of three intervals. The shear
amplitude of each interval is set as 1%, 50% and 1%, respectively. The
angular frequency is 1 rad/s during the thixotropy test procedure.

2.2.2. Self-healing elastomer modified proppant (SMP) preparation
SMPs are prepared according to the following steps. First, the
surface modifier is prepared by mixing SE and isopropanol together
at a mass ratio of 2:3. The isopropanol is used as solvent. Second,
40 g of the surface modifier is mixed with 1 kg of untreated
proppants in a blender at a speed of 200 r/min for 5 min. Subse-
quently, the mixture is dried and ground at ambient temperature
(25 °C) to obtain SMPs (Fig. 2a). The surface morphology of the
proppants and the elemental composition are characterized by
scanning electron microscopy (SEM, Hitachi SU3500) and energy
dispersive spectroscopy (EDS). As presented in Fig. 2b and c, the
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surface of SMP is much smoother than that of the untreated
proppants due to the coating. The atomic percents of the inherent
elements (such as O, Al, Si) decrease significantly, whereas the
carbon content improves markedly. In addition, it can be clearly
observed that a new N peak is located at 0.37 eV in the EDS spectra
of the SMPs, which demonstrates that the SE has effectively
adsorbed onto the surface of the proppants.

2.2.3. SMP performance

The performances of the untreated proppants and the SMPs,
including the bulk density, roundness, sphericity, acid solubility
and compressive strength, are tested according to industry stan-
dard “Proppant performance test method for hydraulic fracturing
and gravel packing operations” (SY/T5108-2014). The roundness
and sphericity of the SMPs are observed using an optical micro-
scope (XK-G600S, SINICO) and calculated by comparison with
standard roundness and sphericity plates. The compressive
strength tests are conducted using a universal testing machine
(WDW-20KN, Weipin testing machine).

The fracture conductivity is measured by a conductivity test
apparatus designed according to the industry standard “Procedures
for measuring the conductivity of proppants” (SY/T 6302-2019).
The fracture conductivity test apparatus is composed of a load
frame, a flowmeter, a pressure gauge, a conductivity cell and several
valves (Fig. 3). The proppants are placed in the conductivity cell at a
concentration of 10 kg/m?. The placement area of the conductivity
cell is 64.5 cm?. The injection fluid is 2 wt% KCl brine with a flow
rate of 5 mL/min. The closure pressure is started at 6.9 MPa and
increased to 13.8 MPa and then increased in 13.8 MPa steps up to
69 MPa. Every step lasts over a period of 60 min. The temperature
remains 120 °C during the whole process. The median pressure and
pressure drop across the conductivity cell are measured at different
closure stress and the fracture conductivity is calculated.

The maximum sand free rate (MSFR) is employed to evaluate the
proppant flowback control behavior. The proppants are placed in
the conductivity cell, and the closure pressure is imposed. The

Fig. 2. Surface characterization of the untreated proppants and SMPs.
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Fig. 3. Fracture conductivity test apparatus.

proppant pack is saturated with the injection fluid and aged for
24 h and then displaced with 2 wt% KCl brine. The initial flow rate is
set as 5 mL/min and increased to 10 mL/min and then increased in
10 mL/min steps up to 200 mL/min. The flow rate is recorded as the
MSFR when the proppants are found in the effluent. All the tests are
conducted at 120 °C.

2.2.4. Adhesion force test

An adhesion force testing apparatus (Fig. 4) is set up to quan-
titatively characterize the self-aggregation ability and the influence
of temperature on consolidation strength of the SMPs. It should be
noted that the adhesion force between the SMPs is very small (only
dozens of millinewtons at most). Considering that the results of the
adhesion force test are quite influenced by the regularity of the
particles, hence, regular-shaped self-healing elastomer modified
quartz microspheres are optimized to simulate the SMPs to reduce
the experimental error. The particle size of the untreated quartz
microspheres is similar to the untreated proppants. Meanwhile, the
preparation process of the self-healing elastomer modified quartz
microspheres is exactly the same as the SMPs. Adhesion force tests
are conducted using the following procedure. (1) The self-healing

Mechanical knob

¥

Pressure transducer

Quartz
4 microspheres

Motorized translation stage

Probe

Water bath -~

Fig. 4. Schematic of adhesion force testing apparatus.
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elastomer modified quartz microspheres are fixed at the bottom
of the pressure transducer and the tip of the probe separately. (2)
The pressure transducer and the probe are immersed in water and
adjust to move toward each other. The reading of the pressure
transducer is set to zero when slight contact is established between
the quartz microspheres. (3) After resting for 6 h, the quartz mi-
crospheres are separated with a fairly low velocity (0.1 mm/s). (4)
Record the interaction force history between quartz microspheres.
The peak force is considered as the adhesion force between the self-
healing elastomer modified quartz microspheres.

3. Results and discussion
3.1. Characterization of the SE

3.1.1. Structural characterization

Fig. 5 shows the infrared spectrum of the SE. CH3 and CH,
stretching vibrations and bending vibrations are observed at 2919,
2850, 1455, and 1376 cm ™, respectively. The v(N—H) is observed at
3288 cm~ L A strong absorption peak at 1636 cm™! is attributed to
v(C=0). B(N—H) produces a strong absorption peak at 1555 cm~",
The absorption peak at 722 cm™! is attributed to (CHp), (n > 4).
Fig. 6 displays the 'H NMR spectrum of the SE. The methylene 'H
signal of ethylene is detected at § = 2.20 (CH,—CONH—), and the 'H
signals of the amide group and the free amino group are detected at
6 = 6.79—6.93 (CONH) and 6 = 3.69 (—NH,), respectively. The
infrared spectrum and 'H NMR spectrum confirm that the SE was
rich in carbonyl and amide groups, which contributes to the for-
mation of hydrogen-bonds.

3.1.2. Thermal characterization

The thermal behavior of the SE coating is revealed in Fig. 7. As
demonstrated by the typical TGA thermograms, the SE is thermally
stable up to approximately 350 °C. A dramatic loss in weight occurs
between 370 and 480 °C because of the decomposition of SE. The
tested sample has completely degraded at approximately 500 °C.
According to the DSC curve, the glass transition temperature (Tg) of
the SE is 47.7 °C, indicating that the SE is glassy at room tempera-
ture, which makes the SMPs possess a firm and dry coating. The
glass-rubber transition at T results from the onset of long-range
coordinated molecular motion of the SE as the temperature in-
creases (Sperling, 2006). The molecular motion of the SE keeps
increasing with the temperature. The melting temperature Ty, is
taken at 207.2 °C, at which the SE behaves as a viscous liquid due to
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Fig. 5. Infrared spectrum of the SE.
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Fig. 7. TGA (a) and DSC (b) curves of the SE.

the accelerated molecular motion and reduced chain entanglement
(Sperling, 2006). The liquid SE coating at Ty, becomes completely
invalidated due to the structural strength failure.

The thermomechanical behavior of the SE above Ty is disclosed
by Fig. 8. The SE exhibits rubberlike viscoelasticity and possesses a
certain structural strength at 50 °C. The storage modulus (G’) and
the loss modulus (G') are as high as 5.5x10% Pa and 6.2x10* Pa,
respectively. As the temperature continues to increase, G’ and G’
decrease drastically due to the disentanglements of molecule
chains, which is supported by the endothermic process observed by
DSC (Chen et al., 2013). The G’ and G" dip below 100 Pa at 200 °C,
which are less than 1% of the initial values at 50 °C, indicating that
the structural strength of the SE almost destroyed.

3.2. Performances of SMPs and untreated proppants

3.2.1. Basic properties

The basic properties of the SMP are further tested. As exhibited
in Table 2, the bulk density of the SMPs is lower than that of the
untreated proppants, which endows the SMPs with better sus-
pension and transportation in the fracturing fluid and fractures.
Both the roundness and sphericity of the SMPs meet the standard
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Fig. 8. Thermomechanical behavior of SE from 50 to 200 °C.

requirements. The acid solubility of the SMPs exceeds the
permitted level slightly due to the chemical reaction of the SE
coating with the mixed acid solution. Table 2 also shows the
maximum compressive strength when the crushing rate is less than
10%. Although the compressive strength of the SMPs is slightly
lower than that of the untreated proppants due to the brittle
coating, the fracture conductivity of the SMPs is barely impacted at
a high closure pressure. The proposed reason for this phenomenon
is explain in detail in later section. To sum up, the properties of
SMPs are basically comply with the criteria of the standard and are
eligible for engineering application.

3.2.2. Self-aggregation behavior of the SMPs

The self-aggregation behavior refers to that the SMPs can
aggregate together spontaneously, and reaggregate together if the
proppant congeries are scattered to strewing sands. Adhesion force
tests are conducted to quantitatively characterize the influence of
temperature on self-aggregation behavior of the SMPs. As
mentioned above, the self-healing elastomer modified quartz mi-
crospheres are optimized to simulate the SMPs to reduce the
experimental error. According to the interaction force history dur-
ing the separating process (Fig. 9), the adhesion force between the
quartz microspheres shows a trend from rising to decline with the
increasing temperature. Given that the Ty of the SE coating is
47.7 °C, the adhesion force at 25 °C is extremely weak (5 mN) since
the intermolecular motions of the SE coating has been largely
restricted in the glassy state (Chen et al., 2013). The glassy coating
enables the SMPs to be stored, transported and used as conven-
tional proppants possible. As the temperature increases to 50 °C,
the viscoelasticity of the SE coating contributes to the sharp in-
crease in the adhesion force (73 mN). However, according to the
thermomechanical property test above T, the G’ and G of the SE
coating decrease drastically with the temperature, which will
reduce the structural strength and the adhesiveness of the SE
coating between the quartz microspheres. Hence, an evident
decline in the adhesion force occurs as the temperature increases to
90 °C. The adhesion force at 90 °C (35 mN) is only half of that at
50 °C. Although the adhesion force tests at higher temperature
cannot be proceeded subject to the instrument, the self-
aggregation of SMPs and the further reduction of adhesion force
with the increasing temperature are predictable.

To further prove the re-aggregation behavior of the SMPs, the
continuous contact-separation test between the self-healing elas-
tomer modified quartz microspheres is operated at 50 °C. The



quartz microspheres are operated to keep in contact for 6 h and
then separated with each other. Repeat this contact-separation



flushed out from the production end, the proppant flowback rate is
inversely proportional to the MSFR. MSFR under different closure
pressures is displayed in Fig. 13. For both types of proppants, the
higher the closure pressure is, the better the proppant flowback
control ability. It is noteworthy that, the MSFR of SMPs is almost
treble the untreated proppants when the proppant pack is satu-
rated with 2 wt% KCl brine. The growth in MSFR is resulted from the
self-aggregation behavior of SMPs. Different from the SMPs, the
injection fluids have a negligible influence on the untreated prop-
pants. The SMPs incorporate preferable alkali tolerance since the
MSER barely changes after being treated with 5 wt% Na,COs3 solu-
tion. A similar situation occurs when the proppant pack is saturated

with diesel. High-salinity (10 wt%) KCl brine exhibits a slight
adverse impact on aggregation strength. This might be because of
the weakened molecular chain entanglement between SE coatings
in high-salinity brine. As depicted in Fig. 13, the flowback control of
the SMPs fails when exposed to the 5 wt%. HCl solution. Desorption
occurs when the SE coating reacts with acid so that the aggregated
SMPs collapse and act as untreated proppants. In summary, the
flowback control property of SMPs is remarkably superior to the
untreated proppants, showing great potential in proppant flowback
control.

3.3. Mechanism of the self-aggregation behavior of the SMPs

Considering that the self-aggregation behavior of the SMPs is
inherited from the SE coating. The reversible restoration process of
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Fig. 14. Thixotropic behavior of the SE.

the SE sample to facilitate the regeneration interval (III,
amplitude = 1%). The G’ rises up to 5.4x10* Pa and keeps almost
constant, with a value very similar to that in interval I, indicating
that the structure strength of the SE almost restored. The regen-
eration interval indicates that the scattered SMPs can adapt to the
changing reservoir conditions and re-aggregate with the restore
process of the SE coating. A similar phenomenon occurs at 90 and
120 °C. The thixotropy test verifies the self-healing behavior of the
SE coating, indicating that the SMPs can aggregate together spon-
taneously and can re-aggregate together if the proppants congeries
are scattered to strewing sands.

In view of the SE coating is rich in amidogens and carbonyl
groups, the self-healing process of the SE coating and the
concomitant self-aggregation process of SMPs might be resulted
from the reversible hydrogen-bonding interactions of the SE
coating between the amidogens and carbonyl groups. The FTIR of
the SE coating under variable temperatures are conducted to test
this hypothesis. Fig. 15 shows the absorption strength changes and
wavenumber shifts of N—H and C=0 during the heating and
cooling process. The frequency of »(N—H) shifts from 3284 to
3307 cm~! when the temperature increases from 20 to 180 °C
(Fig. 15a). In addition, during the heating process, the frequency of
y(C=0) shifts toward higher wavenumbers, whereas the §(N—H)
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signals shifts toward lower wavenumbers. This phenomenon is
reversed during the cooling process. The frequency of »(N—H) shifts
from 3307 back to 3288 cm~! when the temperature decreases
from 180 to 20 °C (Fig. 15b). The frequency of »(C=0) shifts back
toward lower wavenumbers, and the B(N—H) signals shifts back
toward higher wavenumbers. The FTIR spectra during the heating
and cooling process confirm that the reversible hydrogen bonding
interactions do exist in the SE coating. Hydrogen bonds in SE
coating are apt to reform when they are broken by external force,
which endows the SMPs with the self-aggregation behavior (Kajita
et al,, 2017). When the aggregated SMPs are departed by external
force, the free N—H and C=O0 on the adjacent SMPs interface can
readily form bridges via hydrogen bonds across the interface and
will help the re-aggregation behavior occur (Li et al., 2021).

4. Conclusions

We proposed a self-healing elastomer modified proppants for
proppant flowback control in hydraulic fracturing. The self-healing
elastomer was synthesized through polymerization and charac-
terized by Fourier transform infrared spectroscopy as well as the
proton nuclear magnetic resonance. Thermal properties of the self-
healing elastomer were revealed by the thermogravimetric analysis
and the differential scanning calorimetry. The thermomechanical
property and thixotropy of the self-healing elastomer were evalu-
ated by rheological tests. The basic performance, fracture conduc-
tivity and flowback control properties of the self-healing elastomer
modified proppants were evaluated through laboratory experi-
ments. Adhesion force tests were conducted to characterize the
aggregation property of the self-healing elastomer modified prop-
pants. The results indicate that:

(1) The self-healing elastomer modified proppants have a firm
and dry coating at room temperature, making their storage,
transport and use as conventional proppants possible.

(2) The self-healing elastomer modified proppants incorporates
admirable self-aggregation behavior. As a result, the fracture
conductivity and the flowback control property of the self-
healing elastomer modified proppants is remarkably supe-
rior to the untreated proppants.

(3) The reversible hydrogen bonding interactions contribute to
the self-aggregation and re-aggregation process of the self-
healing elastomer modified proppants.
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Fig. 15. FTIR spectra of the SE coating during the heating and cooling process.
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