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ABSTRACT: A novel resin-based nanocomposite-coated sand proppant is introduced to address the issue of proppant flowback in
post-fracturing fluid flowback treatments and hydrocarbon production. Self-aggregation in the water environment is the most
attractive aspect of these developed proppants. In this work, sand was sieve-coated with 0.1% multiwalled carbon nanotubes
(MWCNTs) followed by optimized thin and uniform resin (polyurethane) spray coating in the concentration range of 2 to 10%.
Quantitative and qualitative evaluations have been carried out to assess the self-aggregation capabilities of the proposed sand
proppants where no flowback was witnessed at 4% polyurethane coating containing 0.1% MWCNTs. This applied resin
incorporating MWCNT coating was characterized by field emission scanning electron microscopy, and energy-dispersive X-ray
spectroscopy depicted the dispersed presence of MWCNTs into polyurethane resin corroborated by the presence of 38% elemental
carbon on the sand substrate. Proppant crushing resistance tests were conducted, including proppant pack stress−strain response,
compaction, and fines production. It was found that the proposed sand proppant decreased the proppant pack compaction by ∼25%
compared to commonly used silica sand with the ability to withstand high closure stress as high as 55 MPa with less than 10 wt %
fines production. The surface wettability was determined by the sessile drop method. The application of resin incorporating
MWCNT coating layers changed the sand proppant wetting behavior to oil-wet with a contact angle of ∼124°. Thermogravimetric
analyses revealed a significant increment in thermal stability, which reached up to 280 °C due to the addition of MWCNTs as
reinforcing nanofillers.

1. INTRODUCTION

Hydraulic fracturing, also commonly referred to as “fracking”,
is a famously employed well stimulation technique that
involves fracturing shale-rock formations by injecting a
pressurized fluid.1,2 In this process, a synthesized fracking
fluid is pumped into the wellbore at high pressures to
propagate cracks (fractures) in the deep rock formations
creating interconnected fracture channel pathways as passages
for the entrapped hydrocarbon to flow out into the production
tubing.3−9 The fracking fluid comprises various components
such as water, proppant particles, polymers, chemicals, etc.7,10

When the hydraulic pressure is removed from the well, the

injected proppant grains’ main purpose is to hold the fractures
open for hydrocarbon production.11−15

Proppants are a solid material, typically sand, treated sand,
or a manufactured ceramic-based material, designed to be
injected to prevent and maintain an induced hydraulic fracture
open during and after a fracturing treatment so that the
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fracture does not collapse and close.16 For further visualization,
refer to ref 17. Raw silica sand is one of the most commonly
used proppant materials, accounting for more than 96.4% of
the proppant market in 2016.18 The proppant’s primary
purpose is to keep the hydraulically induced fractures open and
conductive by acting as a mechanically robust support particle
that provides a conductive pathway for hydrocarbons to flow
from the reservoir to the wellbore.19 Thus, the stimulation
effect of hydraulic fracturing is dictated explicitly by the
proppant’s performance and placement pattern.17

The most prevalent issue following hydraulic fracturing
treatment is proppant flowback.1 Proppant flowback can be
caused by several factors, including high drag forces of a
flowing fluid at a high velocity, low fracture closure stress,
mechanical properties of the treated formation, high viscosity
of the produced fluid, and inappropriate proppant size or
density.20 Proppant flowback has various negative implications,
including narrowing the fracture’s diameter, lowering the
fracture’s conductivity, and decreasing the treatment’s
effectiveness.21 Furthermore, proppants discharged into the
well will erode downhole equipment and surface pipelines and
equipment, reducing their service lifetime.22

In hydraulic fracking, controlling proppant flowback has
always been an issue. In the 1980s, Pope et al. introduced the
curable resin-coated proppant (RCP) to the oil industry for the
first time.23 Peard et al.24 and Terracina et al.25 had used
various types of resins to coat the proppants, including epoxy
resin, phenolic resin, furfural resin, and furfuralcohol resin.
They pointed out that choosing a suitable resin for different
conditions will prepare a successful RCP to prevent proppant
flowback. In comparison, an RCP’s cured proppant pack
provides chemical bonding between grains to prevent proppant
flowback. An RCP is typically only partially cured during
storage and transportation, resulting in the RCP’s inability to
provide adequate consolidation strength to the proppant pack
and a weaker proppant flowback control capability.26

Furthermore, the partially cured coated proppant generally
requires the addition of chemical activators and a particular
temperature to cure,27 increasing the cost of the coating
process. Another efficient approach for controlling proppant
flowback is to inject fibers into the fracturing fluid with the
proppants.28 Unlike resin-coated proppants, fibers provide a
framework and only use the physical bonding effect to hold

them together. As a result, the permeability of the proppant
pack is unaffected. On the other hand, fibers are easily broken
into smaller fragments, causing injection blockage.29,30 If the
proppants are out of their original places, then both resin-
coated proppants and fiber-bound proppants are ineffective.
Another common issue is fines generation caused by an

overly stressed proppant, which either reduces the flow current
or completely blocks the fracture.16,31 Thus, polymers and/or
resins were introduced to the sand proppants to allow them to
withstand such high downhole closure stresses, thereby
improving flow conductivity.32,33 The primary benefit of
using coated sand as a proppant is that the coating effectively
traps the broken grains inside the matrix. For further
visualization, refer to ref 34. Moreover, proppants should be
further improved with mechanically reinforced polymer
composites to improve the efficiency of traditional RCPs in
the downhole to withstand high closure stresses.18

Epoxy resin is the most widely used polymer for proppant
coating due to its high mechanical strength and capability to
prevent proppant flowback. However, at high temperatures, the
epoxy matrix is weakened and aggregated, affecting the
fractures’ flow current.35 Incorporating nanofillers like
graphene and carbon nanotubes into the coating layer will
potentially solve this problem.36 With their appreciable
nanomechanical properties, reinforced polymer composites
may be a possible candidate to improve the stress resistance of
the coated sand proppants even further and provide high
thermal stability.
This work introduces and evaluates a thin resin-based

nanocomposite (polyurethane reinforced with multiwalled
carbon nanotubes (MWCNTs))-coated sand to prevent the
proppant flowback incident as well as to enhance the sand
proppant mechanical and thermal properties. The proposed
proppants could aggregate in liquid conditions and reaggregate
when the proppants are dispersed into streaming sands. The
proposed proppant self-aggregation property was studied.
Further investigations, including sand proppant coating
characterization and contact angle measurement, were
conducted. All tests except for TGA were performed at
ambient conditions.

Figure 1. Quantitative evaluation of sand self-aggregation (flowback control) at different polyurethane resin concentrations.
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2. RESULTS AND DISCUSSION

2.1. Proppant Self-Aggregation Measurement. The
statistical result of sand self-aggregation characteristics (flow-
back control) is shown in Figure 1. The untreated sand
proppant with no coating applied shows complete sand
flowback that clearly manifests the absence of any adhesive
bonding among the sand grains. Likewise, even 2% polyur-
ethane coating concentration fails to create adequate adhesive
bonding that can provide resistance to flowback. However,
doubling the polyurethane concentration to 4% significantly
reduces the sand flowback to around 87%. An adequate
amount of coating is now available on the surface that creates
sufficient mutual adhesion among the coated sand grains to
resist the flowback force effectively. A further step-up in the
coating concentration to 6% reduces sand flowback to about
95% followed by no flowback at 8 and 10%.
To enhance closure stress resistance, thermal stability, and

adhesive (bonding) potential of polyurethane resin coating, a
resin-based nanocomposite was prepared by incorporating
MWCNTs into the polymer matrix of polyurethane coating. As

shown in Figure 2, the addition of 0.1% MWCNTs into 2%
polyurethane coating significantly improved flowback to
around 60%, whereas when compared to that without
MWCNTs, all the mass conveniently flowed back due to the
absence of any bonding within the proppant pack as depicted
in Figure 1. However, keeping the MWCNT amount constant
at 0.1% but increasing the polyurethane coating concentration
to 4% revealed no flowback, as shown in Figure 2. This was
due to the fact that dual adhesive forces with enhanced
polyurethane polymeric strength were in play in the polyur-
ethane-MWCNT hybrid coating. The polymeric covalent
bonding potential of the polyurethane polymer matrix was
significantly augmented by MWCNT fillers that acted as
molecular anchors as well as supplementary cross-linking
agents for polyurethane polymer chains.37,36

2.2. Proppant Self-Aggregation Characteristics. The
self-aggregation property of the resin-based nanocomposite-
coated sand was tested qualitatively by its status in a sample
bottle filled with brine solution mimicking the fracturing fluid
when the bottle was turned upside down. As shown in Figure
3A,B, the untreated sands still scattered particles and instantly

Figure 2. Quantitative evaluation of resin-based nanocomposite-coated sand self-aggregation (flowback control) at different polyurethane resin
concentrations.

Figure 3. Pictures of aggregation states of (A,B) untreated sand, (C,D) resin-coated sand, and (E,F) resin-based nanocomposite-coated sand.
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dropped them to the bottom; the same observations were
noticed with resin-coated sand (coated with 4 wt %
polyurethane resin), as presented in Figure 3C,D. However,
when it comes to the resin-based nanocomposite-coated sand
(coated with 0.1 wt % MWCNTs followed by 4 wt %
polyurethane resin), sand grain conglomeration was created
and stuck on the top of the bottle as a consolidated proppant
pack, as revealed in Figure 3E,F.
Based on this qualitative evaluation, it is fair to suggest that

the proposed resin-based nanocomposite-coated sand ex-
hibited a self-aggregation property in brine. The mechanism
behind this aggregation property is that when the proposed
proppants (the resin-based nanocomposite-coated sand) were
applied to brine, the dry coating transformed into flexible long-
chain groups due to the water softening effect. The flexible
long-chain groups interacted and created a complete structure
among the grains, resulting in sand congeries, as illustrated in
Figure 4.
2.3. Characterization of Sand Coating. It was previously

deduced that the adhesive potential of polyurethane resin

coating was significantly enhanced by the inclusion of
MWCNTs into the polymer coating. To corroborate this
finding, microscopy images of the resin-based nanocomposite-
coated sand particles are shown in Figure 5 at different
magnifications using a field emission scanning electron
microscope (FESEM; model, Zeiss Supra 55 VP; manufac-
turer, ZEISS). An energy-dispersive X-ray analyzer determined
the carbon element presence representing MWCNTs on the
coated sand grains (EDX), refer to Table 1. The result
confirms the existence of carbon on the sand proppant by 38%.

Figure 4. Diagram depicting the resin-based nanocomposite-coated sand self-aggregation process.

Figure 5. (A) Self-aggregated resin-based nanocomposite-coated sand pack. (B) FESEM micrographs showing the porous well-joint structure of
the pack. (C) FESEM micrograph displaying the formation of resin microjoints. (D) FESEM micrographs presenting highly dispersed MWCNTs
on the sand surface.

Table 1. EDX Elemental Analysis

element weight %

C 38.33
O 35.99
Al 0.63
Si 24.53
Cl 0.52
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A coalesced sand pack having a mild blackish color texture
visibly confirms the presence of MWCNTs, as shown in Figure
5A. Without any coating, these sand particles were in a loose
granular form. It appears that the fast cured polyurethane
incorporating MWCNT resin coating forms a porous well-joint
structure, as shown in Figure 5B. The presence of these well-
connected joints reduces interparticle pore size but on the
contrary renders good resistance against proppant flowback
under the influence of any driving forces.
One important observation to make is that it seems

discernable that the sand particles are physically well-joint
together. However, as shown in Figure 5C, the polymer resin
forms a linkage between the sand particles without them being
in actual physical contact. This polyurethane resin system
creates microconnecting bridges among the sand particles, thus
making them immobile. This microbridging of proppants offers
an advantage to allow permeation of reservoir fluids and not
make the proppant pack fully dense. As shown in Figure 5D,
the presence of dispersed MWCNTs with minor traces of
flocculation acts as a reinforcement additive fiber, keeping the
sand particles well-connected and thus allowing for high
proppant flowback control.
The high degree of cross-linking tends to be present in

polyurethane coatings, manifesting a three-dimensional (3D)
cross-linked network.38 The inclusion of MWCNTs into this
polyurethane coating forms an additional interconnected CNT
fiber network structure that well interweaves with the
polyurethane polymer chain structure. These interwoven
cross-linked polyurethane polymer chains with CNT fibers
greatly enhance the mutual proppant particle bonding ability
via microbridging, as shown in Figure 5C, which almost
eliminates proppant flowback.
2.4. Behavior of Proppant Packs under a Subjected

Load. Three different proppants (sand, resin-coated sand, and
resin-based nanocomposite-coated sand) were specifically
investigated based on stress−strain response to consider
proppant pack behavior when exposed to loading conditions.
Figure 6A−C presents the stress versus strain deviation of each
type of proppant. Each type of proppant was positioned on the
crushing cell and subsequently subjected to a maximum peak
stress of 55 MPa.
As shown in Figure 6, all three proppants have provided

almost similar mechanical responses showing a slow increase in
stress during the loading cycle. It is critical to understand how
these proppant packs respond under various stress conditions.
According to Omidvar et al.,39 three major mechanisms lead to
uniaxial sand compression: (1) elastic compression of
individual grains, (2) grain slippage and rearrangement, and
(3) grain crushing. Based on their governing mechanism, the
authors described four distinct stages in granular response to

uniaxial compression. When comparing Omidvar et al.’s
granular response to the three proppant forms, it becomes
clear that each proppant pack exhibits substantial strain
hardening (locking-up) behavior at the start of the load
cycle. Significant rearrangement of proppants into voids is
predicted during this hardening (locking-up) process, resulting
in a denser pack arrangement, increasing the grain−grain
contacts, and decreasing the grain’s ability to slip and move.
Additionally, proppant crushing occurs at higher stress levels

in conjunction with the proppant hardening process,
facilitating proppant pack compression even more. In the
subsequent sections, the degree of proppant crushing
demonstrated by various proppant types is detailed. To
quantify the proppants’ stress−strain response, the constrained
modulus was computed at stresses between 5 and 50 MPa as in
eq 1, and the results are shown in Figure 7.

Constrained modulus
Change in stress between 5 and 50 MPa

Change in strain at 5 and 50 MPa
σ
ε

=

= Δ
Δ (1)

The resin-based nanocomposite-coated proppant recorded
the highest constrained modulus with 950 MPa compared to
uncoated sand and resin-coated sand with 825 and 869 MPa,
respectively, as shown in Figure 7. The constrained modulus is
inversely proportional to pack compressibility. Thus, the
proposed resin-based nanocomposite-coated proppant less-

Figure 6. Stress−strain response of (A) sand, (B) resin-coated sand, and (C) resin-based nanocomposite-coated sand.

Figure 7. Constrained modulus calculation results for sand, resin-
coated sand, and resin-based nanocomposite-coated sand.
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ened the compressibility of the proppant pack by 13.1% as
compared to untreated silica sand.
Another set of calculations was conducted to measure the

variation of proppant pack compaction as they are subjected to
55 MPa. The proppant pack compaction was determined using
eq 2.

Proppant pack compaction (%)
Deformation of the proppant pack

Original height of the proppant pack
100= ×

(2)

Figure 8 presents the proppant pack compaction results. All
forms of proppants showed a substantial increase in proppant

pack compaction, as shown in Figure 8. This implies that,
regardless of the proppant type, all proppants appear to
undergo substantial proppant pack compaction and porosity
reduction due to the strong in situ confining stresses that occur
underground. However, based on the result displayed in Figure
8, proppant pack compaction was decreased by 63.6, 51.7, and
47.2% for sand, resin-coated sand, and resin-based nano-
composite-coated sand, respectively. The extreme compaction
that occurred inside the sand and resin-coated proppants
would significantly reduce the porosity of the proppant pack.
This behavior may be due to a large amount of particle
crushing and the production of fines, which allows proppants
to be rearranged within voids.
2.5. Proppant Fines Production Measurement. Based

on the API standard, proppants can be considered as high-
strength if it generates fines less than 10% after a crushing

test.40 Fines are described as loose and unconsolidated
particles that are typically smaller than 37 μm.41,42 In this
work, stress levels of 27.6 and 55.2 MPa were applied on
untreated sand, resin (polyurethane)-coated sand, and resin-
based nanocomposite-coated sand. As shown in Figure 9, high
amounts of fines, i.e., 15.63 and 22.58%, were generated by
untreated sand at different stress levels, which are extremely
above the threshold limit of 10%. By coating the sand with
polyurethane resin, fines generated under the applied stresses
were within the prescribed limit. Noticeable reduction in fines
generation was attributed to the protective encapsulation of
polyurethane resin coating that contained the fines generated
within the proppant body.34,43 The applied polymeric layer
provides grain-to-grain bonding that evenly distributes the
applied load stress within the proppant mass. Doubling the
stress level to 55.2 MPa has increased fines generation by 2%,
which indicates an effective load distribution and fines
containment within the polyurethane coating. For resin-
based nanocomposite-coated sand, fines generated at 27.6
MPa were 6.25%, slightly lesser than those of polyurethane-
coated sand. At this initial loading, a considerable percentage
of fines generation can be associated with proppant
reorientation (pack adjustment) and not fully developed
grain-to-grain bonding. Interestingly, when the stress load
was doubled to 55.2 MPa, there was only a 0.20% increment in
the generated fines. This indicates a high-strength structural
covering by a hybrid coating of a polyurethane cross-linked
structure incorporated with an MWCNT network. It was also
deduced that this remarkable reduction in fines generation at
55.2 MPa (6.27%) was mainly due to the high modulus of
elasticity and large specific surface area of MWCNTs, which
physically interact with the resin matrix creating a dense three-
dimensional cross-linked polyurethane-MWCNT hybrid coat-
ing that facilitates a higher distribution of the applied stress
load and efficient containment of the generated fines.44

2.6. Contact Angle Measurement. To determine the
wettability alteration potential of resin-coated sand grains from
hydrophilic to hydrophobic, the contact angle was measured
by utilizing the sessile drop method (Figure 10). Three
samples were prepared in molds, as shown in Figure 11. Each
drop of 2% KCl solution that mimics the formation water was
placed on the prepared sand samples. As shown in Figure 10A,
untreated sand was completely hydrophilic (water-wet). In
Figure 10B, the contact angle (θ) of polyurethane-coated sand
came out to be 111° that clearly indicated a shift to

Figure 8. Proppant pack compaction measurement for sand, resin-
coated sand, and resin-based nanocomposite-coated sand.

Figure 9. Particle size distribution vs the amount and cumulative distribution of sand, resin-coated sand, and resin-based nanocomposite-coated
sand at different stress levels.
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hydrophobic tendency due to the application of polyurethane
coating on the sand particles. Polyurethanes have a hydro-
phobic wetting behavior in nature.45 This hydrophobic
tendency was further augmented by the increment in the
contact angle (θ) to 124° for the resin-based nanocomposite-
coated sand proppant, as shown in Figure 10C. The presence
of MWCNTs increases the coating layer’s surface roughness,
which explains the slight modification in contact angle. The
surface wettability of uncoated sand from hydrophilic was
clearly altered to hydrophobic by the application of polyur-
ethane incorporating MWCNT coating on the sand. This
removes virtually the capillary forces, which prevent the water
and fracturing fluids from being trapped after and during
fracturing,46 hence leading to potential proppant scale
prevention and better hydrocarbon flow.
2.7. TGA Test for Proppant Thermal Stability. The

thermal properties of different coating layers have been
measured via TGA. The initial decomposition temperature is
the temperature at which your material begins to disintegrate,
and it is a measure of the material’s thermal stability. Figure 12
presents the TGA curves of resin-coated sand (coated with 4
wt % polyurethane resin) and resin-based nanocomposite-
coated sand (coated with 0.1 wt % MWCNTs followed by 4 wt

% polyurethane resin). The degradation temperature point
(Tdeg) for both types of coated sands was recorded. The Tdeg of
the resin-coated sand was 113 °C, as shown by the TGA
curves, which is typical for polyurethane as its thermal stability
ranges from 90 to 120 °C.16 Incorporating MWCNTs on the
coating layer significantly increased the Tdeg to 280 °C. This is
due to the fact that MWCNT decomposition occurs at a higher
temperature that can reach more than 400 °C.47 The
substantial improvement of thermal conductance is remarkable
for the resin-based nanocomposite-coated sand. The presence
of MWCNTs acts like a bridge that holds the resin matrix
providing additional thermal stability.36

3. CONCLUSIONS
After hydraulic fracturing treatment, proppant flowback is an
unavoidable problem. A novel resin-based nanocomposite-
coated sand was introduced to create mutual adhesion by
creating grain-to-grain bonding to prevent proppant flowback.
The resin-based nanocomposite-coated sand proppants’
distinctive self-aggregating property in the liquid environment
is explained by the water softening effect. An assessment
method based on the air driving force effect was developed as a
new idea for proppant flowback control. Also, it is used to
measure the aggregating strength of the proppant pack, which
introduces the optimal surface coating formula of 0.1 wt %
multiwalled carbon nanotube (MWCNT) incorporation 4 wt
% polyurethane resin (resin-based nanocomposite). Further
laboratory testing was conducted to test the proposed coating
layer’s ability to enhance mechanical strength, alter the wetting
behavior, and increase thermal stability. According to the
findings of the investigations mentioned above, the following
conclusions can be drawn:

• Resin-based nanocomposite coating layers provide
sufficient bonding strength that prevents sand/proppant
flowback.

• The proposed sand proppant reduced proppant pack
compaction by 25% compared to widely used silica sand
and could resist high closure stress as high as 55 MPa
with less than 10% fines.

• Wettability measurement suggested that resin-based
nanocomposite coating layers were able to change the

Figure 10. Contact angle measurement of (A) untreated sand, (B) resin-coated sand, and (C) resin-based nanocomposite-coated sand.

Figure 11. Water droplet on (A) sand pack, (B) resin-coated sand pack, and (C) resin-based nanocomposite-coated pack.

Figure 12. TGA curves for resin-coated sand and resin-based
nanocomposite-coated sand.
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proppant wetting behavior to oil-wet with a contact
angle of ∼124°.

• The thermal stability of the proposed sand proppant
reached up to 280 °C.

Future researchers are recommended to assess the proposed
proppants’ capability to control flowback at reservoir
conditions. It is also advised to conduct the crushing test at
different temperatures while proppants are in contact with the
fluid to mimic the reservoir conditions.

4. EXPERIMENTAL STUDY
4.1. Materials. Sand (20/50 mesh) used as a proppant was

obtained from Kim Yuan Amang Sdn. Bhd., Malaysia.

Polyurethane was obtained from Weifang Waterproof Materi-
als Co., Ltd. Multiwalled carbon nanotubes (MWCNTs) with
a length between 0.5 and 2 μm, an outer diameter between 30
and 50 nm, and a surface area of 60m2/g were obtained from
Sigma Aldrich, Houston, TX, USA. All the materials were used
as received. Further analysis of sand and commercial
polyurethane shown in Table 2 was performed by X-ray
fluorescence (XRF).
4.2. Sample Preparation (Proppant Coating). The sand

coating process is composed of two main stages. In the first
stage, dry coating was performed in which the sand proppant
was sieve-coated by MWCNTs, as shown in Figure 13A. In this
context, MWCNTs were positioned on a sieve with a 400 US
mesh size followed by sand on the underneath pan. Then, they
were vibrated for 5 min using a sieve shaker. The sieve-coating
objectives were to reduce agglomeration and promote highly
dispersed placement of MWCNTs on the sand proppant

substrate. The MWCNT nanoparticles would be mounted on
the proppant as they move through the sieve. Due to the
multiwalled structure of CNTs, the cylindrical walls form
forces between the carbon atoms and the sand substrate.48

Electrostatic forces and surface energy forces, including van der
Waals forces, are responsible for cohesion (intermolecular
potential energy).
In the second stage, polyurethane resin was sprayed to sand

by utilizing a high-velocity spray gun with a spray angle of 30°
and a spray distance of 38 cm,49 as shown in Figure 13B. The

Table 2. XRF Results for Sand and Polyurethane

material sand polyurethane

SiO2 (%) 95.0
CaO (%) 0.324 24.3
P2O5 (%) 1.56 4.84
Al2O3 (%) 2.74
K2O (%) 0.121
Fe2O3 (%) 0.142 0.450
TiO2 (%) 0.136
ZrO2 (%) 59.1
CoO (%) 10.3

Figure 13. Sand coating process: (A) first stage, MWCNT dry coating and (B) second stage, polyurethane resin spray coating.

Figure 14. Gas loop system setup.

Table 3. Synthetic Water Composition

composition NaCl KCl CaCl2 MgCl2 TDSa

concentration (g/L) 28.0 0.935 1.19 5.368 35.493
aTDS, total dissolved solids.

Figure 15. Schematic view of proppant files on the crushing cell.
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first layer of polyurethane coating was applied and left to cure
for one hour before spraying the second resin layer, which was
lifted to cure for 24 h. The first layer’s primary function is to
act as a primer between the proppant surface and the second
resin layer. Each coating layer was calibrated to be 1 wt % of
the sand with a possible error of 5%. This fully cured (dried)
polymeric thermoplastic coating can be constantly softened
with no alteration in the chemical structure.50 They can
reassemble themselves regularly, and they can easily maintain
their structure. The following are some of the most important
benefits of thermoplastic polymers: (1) increased flexibility,
superior impact resistance, and high fracture resilience, (2)
high recycling and reuse potential, (3) excellent corrosion
resistance, and (4) high moisture tolerance.34 Tanguay et al.51

provide further details on the chemical structures, physical
properties, and mechanical properties of thermoplastic resin.
Polyurethane was selected due to its quick curing at lower
temperatures and the minimal impacts that it poses on the
environment (i.e., not associated with green gas emission that
requires advanced processing devices).52 These factors
potentially reduce the costs of developing coated proppants
and allow the coating process to be executed on-site.
4.3. Assessment of Proppant Self-Aggregation (Flow-

back Control). 4.3.1. Quantitative Assessment. Since there
is no consistent evaluation method for assessing proppant self-
aggregation properties, a gas loop system was designed and
used to test the proppant self-aggregation property (flowback
control), as shown in Figure 14. First, 5 g of different
proppants (untreated sand, resin-coated sand, and resin-based
nanocomposite-coated sand) was prepared and packed on a
sleeve with an inner diameter of 10 mm and a length of 55
mm. Second, all the samples packed into sleeves were soaked
into 35,000 ppm brine for 15 min. The brine composition is
shown in Table 3.
Third, samples were collected and placed in the gas loop

system. Finally, an air pressure of 496 kPa was induced in a
sleeve through an inlet that contained packed sand surrounded
by a sand covering screen. The sleeve outlet was connected to
a container to collect the detached (flowed back) sand. The
quantity of the detached sand particles collected indicates the
proppant’s self-aggregation ability and their potential to
control the proppant flowback incident. The flowback
percentage was determined using eq 3

%proppant flowback
Weight of collected detached proppant particles (g)

Total weight of the proppant pack (g)

100

=

× (3)

This developed method’s primary mechanism is that when
the air dragging force is applied to proppant pack particles, the
particles are progressively stripped from the proppant pack
unless there is a strong linkage between those particles holding
them together.

4.3.2. Qualitative Assessment. The qualitative assessment
of proppant self-aggregation characteristics of resin-based
nanocomposite-coated sand was conducted to observe the
status of proppant particles scattered in water. First, the sample
bottle was fed with 5 g of the untreated sand or resin-coated
sand or resin-based nanocomposite-coated sand followed by 45
g of brine. The sample in the bottle was left for 10 min; then,
the bottle was flipped upside down to observe the proppant
ability of self-aggregation.

4.4. Proppant Crushing Resistance Testing. A
proppant crushing resistance test was conducted at room
temperature using a universal testing machine (UTM; model,
Amsler HA100; manufacturer, ZwickRoell) that complied with
the ISO 13503-2 proppant standard.40 The date was recorded
using a BiSS 2370SS series 32-bit controller. This test’s
primary goal was to determine the compaction and amount of
fines produced by the proppant pack, both of which are
essential factors affecting the conductivity. The crushing cell
with a 30 mm diameter and a 70 mm length was packed with 5
g of the proppant, as shown in Figure 15. After loading the cell
with the proppant grains, a vertical load was applied by the
UTM machine at a constant displacement rate of 0.05 mm/
min until it reached the targeted stress level. After attaining the
targeted loading, the applied load was further maintained for
120 s. Thus, because the tested samples were loaded vertically,
the constrained modulus was calculated to investigate the
proppant pack compressibility. The constrained modulus refers
to the ratio of stress to strain in the absence of lateral strain
(no net lateral particle displacement) during compression in
one dimension.53 The crushed samples were sieved using seven
different sizes of sieves to separate the generated fines and the
sand grains.

4.5. Proppant Thermal Stability Measurement.
Thermogravimetric analysis (TGA) was performed to
investigate the thermal stability of polymeric polyurethane
resin-coated sand (coated with 4 wt % polyurethane resin) and
resin-based nanocomposite-coated sand (coated with 0.1 wt %
MWCNTs followed by 4 wt % polyurethane resin) under
elevated temperature conditions using loss on ignition (LOI).
The samples were heated at a rate of 10 °C/min from 25 to
900 °C, and the LOI was monitored throughout.

4.6. Proppant Surface Wettability. Surface wettability is
determined by the contact angle measurement when the
liquid−vapor interface meets the solid−liquid interface.
Materials are generally characterized as water-wet (hydro-
philic) when θ < 90°, oil-wet (hydrophobic) when θ > 90°, or
neutral (intermediate) wet when θ = 90°.54 Proppant scaling
refers to the process in which minerals at the proppant surface
react with other minerals and salts that precipitate to form
scale deposition that reduce the permeability of the proppant
pack.25 To determine the ability of a resin-based nano-
composite coating to convert the coated sand surface from

Figure 16. Contact angle measuring system.
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hydrophilic to hydrophobic, the sessile drop method was used
to determine the contact angle of a water droplet on the
uncoated and coated sand substrates. A standard contact angle
goniometer (model, rame-́hart 260; manufacturer, rame-́hart
instrument co.; accuracy of contact angle, ±0.10°) was utilized
for the measurement. The schematic of the system is provided
in Figure 16.
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