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a b s t r a c t

Proppant is a key material for enhancing unconventional oil and gas production which requires a long
distance of migration and efficient liquid conductivity paths within the hydraulic fracture. However, it is
difficult to find a proppant with both high self-suspension ability and liquid conductivity. Here, a simple
method is developed to coat epoxy resin onto the ceramic proppant and fabricate a novel coated
proppant with high hydrophobicity, self-suspension, and liquid conductivity performance. Compared
with uncoated ceramic proppants, the epoxy resin coated (ERC) proppant has a high self-suspension
ability nearly 16 times that of the uncoated proppants. Besides, the hydrophobic property and the
liquid conductivity of the ERC proppant increased by 83.8% and 16.71%, respectively, compared with the
uncoated proppants. In summary, this novel ERC proppant provides new insights into the design of
functional proppants, which are expected to be applied to 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/

4.0/).
1. Introduction

To efficiently increase hydrocarbon recovery from unconven-
tional reservoirs, hydraulic fracturing (HF) is known as an effective
method to increase the output of a single well (Cao et al., 2019;
Chen et al., 2015; Jia et al., 2012; Witte et al., 2010). Proppant is an
essential material in fracturing construction, which is used to
provide structural support for the fractures to remain conductive
(Al-Muntasheri et al., 2017; Dong et al., 2020; Shiozawa and
McClure, 2016; Wen et al., 2007). Once a fracture is created, the
slurry composed of the fracturing fluid and proppants is injected to
provide efficient flow of hydrocarbons from fractures to the well-
bore (Kulkarni and Ochoa, 2012; Tomac and Gutierrez, 2015; Hu
et al., 2013). Currently, the commercial fracturing proppants in
the market mainly include quartz sand proppants, ceramic, and
coated proppants (Gomez et al., 2017; Liang et al., 2016;
Zoveidavianpoor and Gharibi, 2015). The price of quartz sand
proppants is relatively low; however, the high crushing rate, low
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compressive strength, and sphericity of these proppants make
them unsuitable for certain operations (Gu et al., 2015; Kondash
and Vengosh, 2015; Ma et al., 2016). The strength of ceramic
proppants is higher than quartz sand proppants, while the disad-
vantages of ceramic proppants included high density, cost, and
construction risk (Moghadasi et al., 2019; Palisch et al., 2015). The
coated proppant uses the principle of surface modification to
improve the performance of the proppant by simply coating con-
ventional sand. The hydrophobic proppants (Liu et al., 2015), self-
polymerizing proppants (Fu et al., 2016b; Zhang et al., 2017), self-
suspending proppants (Cao et al., 2020), magnetic proppants
(Bogacki and Zawadzki, 2019; Liu et al., 2019; Pangilinan et al.,
2016), carrier proppants (Liang et al., 2016) that have been devel-
oped now, utilize the principle of surface modification. The coating
materials and modification technologies are optimized, allowing
the proppants to have enhanced efficiencies (Chen et al., 2012; Fan
et al., 2018).

Among the different types of proppants, the research on hy-
drophobic proppants has gradually deepened. Since the hydro-
phobicity of the proppant has a significant impact on the recovery
efficiency of hydraulic fracturing, it is necessary to improve the
hydrophobicity of the proppant. According to wettability, prop-
pants can be divided into hydrophilic, neutral, and hydrophobic
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http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhouyang@cup.edu.cn
mailto:xuquan@cup.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2021.09.004&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2021.09.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2021.09.004
https://doi.org/10.1016/j.petsci.2021.09.004


F. Fan, F.-X. Li, S.-C. Tian et al. Petroleum Science 18 (2021) 1753e1759
proppants (Liu, 2011). The surface of conventional quartz sand and
ceramic is hydrophilic, while fracturing fluids used in oilfields are
usually water-based fracturing fluids, leading to premature flood-
ing of oil wells (Liang et al., 2016; Yang et al., 2019). Currently, the
preparation methods of hydrophobic proppants mainly include
surfactant modification (Yan and Wang, 1993), silane coupling
agent modification (Fu et al., 2016a; Jung and Choi, 2009; Liu et al.,
2015), and resin coatingmodification (Yang et al., 2019). Surfactants
and silane coupling agents can self-assemble on the surface of the
proppant to form a monomolecular hydrophobic layer, which can
effectively alter the hydrophilic/hydrophobic properties of the
proppant. Compared with the original proppant, its crush resis-
tance has not been effectively improved (Liu et al., 2015). Resin-
coated proppant increases the hydrophilic/hydrophobic proper-
ties by coating a layer of resin on the surface of the proppant (Chen
et al., 2015).

In this work, we have successfully designed and fabricated an
epoxy resin-coated proppant with a simple method. The epoxy
resin coats the surface of the proppant to form a core-shell struc-
ture (Fig. 1a). The surface of the epoxy resin coated (ERC) proppant
is smooth, at the same time, the sphericity of the ERC proppant is
close to 1. Fig.1b shows the schematic diagram of themigration and
distribution of proppant in the hydraulic fracture, uncoated normal
ceramic proppantsmore likely to sediment at the entrances of shale
fractures. Compared with uncoated proppants, ERC proppants have
improved a variety of properties, including hydrophobic properties,
liquid conductivity and self-suspension ability, etc. This new type of
proppant helps to promote the migration of proppant in fractures
and improve the support effect on fractures.
2. Materials and methods

2.1. Experimental materials

The experimentalmaterialsmainly include ceramic proppant (40/
80 mesh), epoxy resin E51 and supporting curing agent, guar gum
(West Asia reagent), ethanol absolute (�99.7%, Tianjin Zhiyuan).
Fig. 1. (a) Core-shell structure of proppant. (b) The migration of proppant in fracturing
fractures.
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2.2. Preparation of resin-coated proppant

Epoxy resin E51 and supporting curing agent were mixed in a
mass ratio of 2:1 under stirring at room temperature. After stirring
for 5 min, the ceramic proppant was poured into the solution of
epoxy resin E51 and curing agent and the mixture was stirred
thoroughly. After that, the proppant in the resin was taken out and
tiled in an oven, and then dried at 70 �C for 6 h. Finally, the cooled
block-shaped coated proppant was ground at 2000 rpm for 1min in
a grinder.

2.3. Sedimentation experiment

A guar gum solution with a mass fraction of 0.2 wt% was pre-
pared. One gram of ERC proppants was slowly poured into a beaker
containing 500mL of guar gum solution (0.2 wt%). The solutionwas
kept stirring at different rates for 5 min. Subsequently, 1 g of un-
coated proppants was poured into the solution under the same
conditions. After stirring for 5 min the proppants suspended on the
solution surface were collected and dried. And the self-suspension
ability can be calculated as follows:where S is the self-suspension
ability, mps is the mass of proppants on the surface of the solu-
tion, mpt is the total mass of proppants in the solution.

2.4. Characterization

A scanning electron microscope (SEM, Zeiss Sigma500) and an
energy-dispersive X-ray spectrometer (EDS, Bruker XFlash 6/30)
were used to capture SEM and EDX images of the sample. Atomic
force microscopy (AFM) imaging was performed on a Bruker
Dimension Icon with Scan Asyst. The contact angles between the
proppant andwater, guar gum solution (0.2 wt%), and Daqing crude
oil were measured with an optical contact angle measuring in-
strument (SDC-200). Liquid conductivity tester FCS-842 was used
to measure liquid conductivity of the proppant.

3. Results and discussion

The surface roughness of the proppant has a serious impact on
fouling for crystals would adsorb and gather on the surface of the
proppant with higher roughness to block the fracture. SEM images
of the surface morphology of the uncoated ceramic proppant (un-
coated proppant) and the ERC proppant are shown in Fig. 2. It can
be seen from Fig. 2, the surface of the uncoated ceramic proppant is
rough and has many holes. The sphericity of the ERC proppant is
improved and the surface is significantly smoother than the
ceramic proppant. As shown in the EDX results of uncoated ceramic
proppant (Fig. 3a), aluminum (Fig. 3c) and silicon (Fig. 3d) elements
can be found on the surface, while almost no carbon element
(Fig. 3b). For the ERC proppant, aluminum (Fig. 3f) and silicon
(Fig. 3g) contents are reduced, and carbon (Fig. 3h) element can be
observed on the surface. The change in the element content of the
proppant surface tested by the EDX mapping proves that resin has
been coated on the surface of the proppant.

3.1. Hydrophobic properties

The hydrophobic performance of the proppant was determined
through measuring the contact angle between proppant and water,
and the dropped droplet was 1 mL. As shown in Fig. 4a and Fig. S1
(see electronic supplementary material), compared with the un-
coated ceramic proppant, the hydrophobic performance of the ERC
proppant is improved. The contact angle between water and the
ERC proppant is 91.7�, while the contact angle between water and
the uncoated ceramic proppant is only 49.9�. The contact angles



Fig. 2. SEM images of uncoated and ERC proppants. (a) (b) SEM images of the uncoated proppant. (c) (d) SEM images of the ERC proppant.

Fig. 3. EDX mapping of the uncoated and ERC proppants. (a, e) SEM images of the uncoated and ERC proppants. (b, f) Carbon on the surface of the uncoated and ERC proppants. (c,
g) Aluminum on the surface of the uncoated and ERC proppants. (d, h) Silicon on the surface of the uncoated and ERC proppants.
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between the guar gum solution (0.2 wt%) and proppants were also
measured (Fig. 4b). The contact angle is 83.5� for the uncoated
proppant and for the ERC proppant its value reaches approximately
106.5�. To test the lipophilicity of the proppants, the contact angle
between the Daqing crude oil and proppants were measured. As
shown in Fig. 4c, the contact angles of oil on the surface of the
uncoated and ERC proppants are 19.0� and 15.9�, respectively. In
conclusion, the contact angles of water and the guar gum solution
on the ERC proppant surface increase by 83.8% and 27.46%,
respectively, compared with the uncoated proppant; while the
1755
lipophilic contact angle increases by 16.22%. It is can be seen that
the ERC proppant improves the hydrophobicity of the proppant
while maintaining high lipophilicity. The epoxy group of epoxy
resin is a hydrophobic group, which enhances the hydrophobicity
of the ERC proppant (Syakur et al., 2017). When the oil-water two-
phase mixture passes, the proppant can restrain the flow of the
water phase to the greatest extent without affecting the flow of the
oil and gas phases, thereby reducing the water content of the fluids
produced from the oil well (Fu et al., 2016a; Liu et al., 2015). At the
same time, hydrophilic proppants are easier to scale than



Fig. 4. (a) Contact angle between water and uncoated proppant (i) and ERC proppant (ii). (b) Contact angle between 0.2 wt% guar gum solution and uncoated proppant (i) and ERC
proppant (ii). (c) Contact angle between Daqing crude oil and uncoated proppant (i) and ERC proppant (ii).
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hydrophobic proppants, and the smaller the wetting angle, the
greater the tendency of proppants for scaling (Samaha et al., 2012;
Dong et al., 2019). The hydrophobic coating of the ERC proppant can
provide excellent shear strength and make the fracturing fluid flow
better, thereby improving the overall liquid conductivity.
Fig. 6. Typical AFM force curve in adhesion measurement for a load force of 2 mN and a
contact time of 0.5 s.
3.2. Adhesion ability

The adhesion ability of ERC proppants and uncoated ceramic
proppants were determined with an atomic force microscope
(AFM). Fig. 5a gives the variations of adhesion forces under
different preload conditions when the contact time was fixed at
0.5 s. The adhesion force of the ERC and uncoated proppants both
increase as the load force grows from 0.5 mN to 3.0 mN (interval is
0.5 mN), but the growth rate of the ERC proppants is greater.
Moreover, as the load force increases, the adhesion force of ERC
proppants is much higher than the uncoated proppants in different
load force conditions, which is 238.34%, 411.86%, 593.60%, 479.42%,
505.67%, 587.11%, respectively. The adhesion force versus contact
time is shown in Fig. 5b, where the contact time increases from
0.5 s to 3 s, while the load force was kept at 1.5 mN. The adhesion
forces of the ERC and uncoated proppants are almost constant
when the contact time increases. Under different contact time
conditions, the adhesion forces of ERC proppants change by
498.50%, 502.62%, 635.23%, 621.86%, 664.24%, 638.35%, respec-
tively, compared with the uncoated proppant. The typical AFM
force (known as force curve) is illustrated in Fig. 6, the adhesion
force is determined by the difference of extended and retracted
force curves. ERC proppants have a higher adhesion force than
Fig. 5. (a) Adhesion performance of the uncoated and ERC proppants at different load forc
times.

1756
uncoated proppants, so they adhere to the fracture surface more
easily, and they will be more densely distributed in the fracture. As
the width of the proppant agglomerates increases, the porosity and
permeability of the proppant also increase, this may be beneficial to
improve the liquid conductivity of the proppant.
es. (b) Adhesion performance of the uncoated and ERC proppants of different contact
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3.3. Liquid conductivity

Fig. 7 reveals the liquid conductivity of the proppants under
different closure pressures from 5 MPa to 50 MPa when the prop-
pant concentration and flowrate were fixed at 6 kg/m2 and 3 mL/
min, respectively. The liquid conductivity of both the ERC proppant
and the uncoated proppant decreases as the closure stress in-
creases. At the closure stress of 5, 10, 20, 30, 40, and 50 MPa, the
liquid conductivity of the ERC proppant is 6.29%, 5.02%, 15.84%,
7.93%, 16.71%, and 15.64% higher than the uncoated proppant,
Fig. 7. Liquid conductivity of the uncoated and ERC proppants under different closure
pressures.

Fig. 8. Self-suspension ability of the ERC and uncoated proppants.

Table 1
Performance comparison of different coated proppants.

Type Surface
roughness

Liquid conductivity

Phenolic resin-coated proppant (Xu
et al., 2020)

Medium
smooth

60% higher than the uncoated
13.6 MPa pressure

Directional adsorption coated proppant
(Lan et al., 2020)

Medium
smooth

30% higher than the uncoated
6.9 MPa pressure

Epoxy resin coated (ERC) proppant High smooth 16.71% higher than the uncoate
at 40 MPa pressure
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respectively. It can be seen that the liquid conductivity increases
more proportionally under high closure stresses. Due to the epoxy
resin coating on the ERC proppant surface, the coating effect of the
external resin film reduces the blockage caused by particle migra-
tion, and the ERC proppants can be applied to deep wells even if the
internal aggregate is broken at high closure pressures. The
improvement of the liquid conductivity of the ERC proppant can be
attributed to the reduction of surface roughness, the improvement
of hydrophobic performance, and enhancement of adhesion force.

3.4. Sedimentation behavior

To test the self-suspension ability of the ERC proppant, sedi-
mentation experiments were conducted. Guar gum was used to
simulate underground fracturing fluid (Barati and Liang, 2014). In
sedimentation experiments, the results of the mass fractions of the
ERC proppant and uncoated proppant suspended on the surface of
the solution are shown in Fig. 8. When the stirring rate is in the
range of 100e300 r/min (interval 100 r/min), the ERC proppant
almost all suspends on the surface of the guar gum solution. When
the stirring rate is 400e600 r/min, the mass percentage of the ERC
proppant suspended on the surface of the solution falls within the
range of 91.92%e85.92%. Under the same operating conditions, as
the stirring rate increases from 100 to 600 r/min, the mass per-
centage of the uncoated ceramic proppant suspended on the so-
lution surface decreases from 23.94% to 4.97%. The self-suspension
ability of the ERC proppant improves significantly compared to the
uncoated proppant. When the stirring rate is maintained at 600 r/
min, the self-suspension ability of the ERC proppant has reached
about 16 times that of the uncoated proppant. The performance of
the above test between ERC proppant and other coated proppants
was compared as shown in Table 1.

In order to test the thermal stability of self-suspension ability of
the ERC proppant, we determined the self-suspension ability of the
ERC and uncoated proppants at different temperatures. The same
quality (0.5 g) of ERC proppant and uncoated ceramic proppant
were poured into the guar gum solution (0.2 wt%) at different
temperatures, and the stirring ratewas controlled at 600 r/min. The
proppant suspended on the surface of the solution was weighed
and the its mass fraction was calculated, as shown in Fig. 9. As the
temperature increases from 60 �C to 90 �C, the mass fraction of the
ERC proppant suspended on the solution surface decreases from
74.26% to 60.24%, while the mass fraction of the uncoated proppant
is only 7.32%e3.56%. Although the self-suspension ability of the ERC
proppant decreases with an increase in temperature, more than
60% of the ERC proppant remain suspended on the surface of the
solution when the temperature reaches 90 �C, indicating that the
ERC proppant has excellent thermal stability of self-suspension
ability.

4. Conclusions

A novel epoxy resin-coated (ERC) proppant with excellent self-
Surface adhesion force Self-suspension ability

ceramic proppant at 23.7% higher than the uncoated
ceramic proppant

High self-suspension
ability

ceramic proppant at Higher than uncoated proppant High self-suspension
ability

d ceramic proppant Close to 6 times of uncoated
proppant

Super high self-
suspension ability



Fig. 9. Thermal stability of ERC and uncoated proppants.
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suspension performance is prepared. Under the constant stirring
rate, the self-suspension ability of this ERC proppant is nearly 16
times that of the uncoated proppants. Compared with the uncoated
proppant, the ERC proppant maintains high lipophilicity while in-
creases its hydrophobic properties by 83.8%. Besides, the adhesion
force of the ERC proppant is also enhanced, making it easier adhere
to the fracture surface, which can drastically improve the perfor-
mance of proppant supporting the fractures, and improve the
overall hydrocarbon recovery. Moreover, the liquid conductivity of
the ERC proppant is 16.71% higher than the uncoated proppant at
the closure pressures of 40 MPa. The proppant designed in this
study is expected to be applied to shale fractures and promote the
further development of proppant technology.
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