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a b s t r a c t

Proppant plays a significant role in the hydraulic fracturing process, which can affect the production of oil
and gas wells. Due to the high density and low adhesion force, the settling speed of traditional proppants
is fast, which will lead to the blockage of a crack channel. In this study, a proppant with double layer
structure is fabricated by coating epoxy-resin and shaly detritus on ceramic proppants for the first time,
respectively. The epoxy-resin enables the shaly detritus to be coated on the proppant successfully, which
can provide a new method for shaly detritus treatment. The adhesive ability of shaly detritus and epoxy-
resin coated proppants (SEPs) is improved by 10.4% under the load force of 500 nN, which prolongs the
time for the fracture to close. At the same time, the suspending ability of SEPs is two times higher than
the uncoated proppants. Once the guar gum solution concentration is 0.3 wt%, the settling time of SEPs is
36.7% longer than that of the uncoated proppants, which can effectively reduce the settlement of
proppants in the crack. In addition, the hydrophobicity of the SEPs is enhanced, which reduces the water-
oil ratio of crude oil and increases the liquid conductivity tested by deionized water. In summary, this
new proppant is expected to promote the development of unconventional oil and gas resources.
© 2022 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

Shale oil is of unconventional oil and gas resource (Kim, 2020;
He et al., 2021). The successful development of shale oil can provide
energy continuously, which will reduce the dependence on
external energy of China (Xu et al., 2019; Wang et al., 2019; Li et al.,
2020). Hydraulic fracturing is considered to be an effective method
to improve unconventional oil and gas recovery (Cheng et al., 2020;
Zhang, 2014; Hu et al., 2018). It continuously injects viscous fluids
into the ground until fluid pressure is sufficient to fracture forma-
tion. (Thomas et al., 2019). Proppant is a critical material in hy-
draulic fracturing, which could withstand high closure stresses to
support the fractures from closing (Tang et al., 2018; Wang et al.,
2018a; Bandara et al., 2020). The proppants are pumped into the
fracture with the fracturing fluid to keep fractures open (Li et al.
2018a, 2018b; Osiptsov. 2017). With the development of hydraulic
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y Elsevier B.V. on behalf of KeAi Co
fracturing technology, various materials have been used as prop-
pants such as rounded silica sand, glass balls, and aluminum balls,
etc. Due to density, cost, and particle size reasons, glass ball- and
aluminum ball-based proppants are rarely used (Reinicke et al.,
2010; Mocciaro et al., 2018; Liu et al., 2015). Nowadays, ceramic
proppants and resin-coated proppants are currently the most
widely used proppants in hydraulic fracturing (Xie et al., 2019; Wu
et al., 2017; Zhang et al., 2017a; Yao et al., 2019).

Ceramic proppants are artificial proppant, which are mainly
made by bauxite and kaolin (Feng et al., 2021; Neto et al., 2015).
Ceramic proppants have a higher anti-fragmentation rate and
better thermal/chemical stability (Li et al., 2018c; Cui et al., 2017;
Man and Wong, 2017). However, ceramic proppants have the dis-
advantages of high density, complex manufacturing process, and
high cost, which limits their widespread usage (Wang et al., 2018b;
Hao et al., 2018; Ren et al., 2019). Compared with the ceramic
proppants, the density of resin-coated proppants is lower, which is
easier to be spread to the upper and distal fracture (Wei et al., 2020;
Zhang et al., 2017b). At the same time, the resin-coated proppants
have larger strength due to the higher sphericity, which can provide
high stack density to improve the pack strength. During the
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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hydraulic fracturing process, a small amount of resin-coated
proppants will be mixed with normal proppants, which will in-
crease the efficiency of oil and gas exploitation and reduce the
usage of normal proppants to reduce the cost of proppant (Xu et al.,
2021; Lan et al., 2020; Zhang et al., 2015).

In this work, for the first time, we have fabricated shaly detritus
coated proppants successfully. Shaly detritus is a kind of drilling
waste, traditional drilling waste treatment methods, such as calci-
nation and landfill, will pollute land and air. This preparation
method of SEPs makes the shaly detritus was flowed back to the
ground with proppants without polluting the environment. SEPs
have a two-layer structure, the resin layer acts a shell coated on the
ceramic proppant core, and the shaly detritus layer is adhered on
the surface of the resin layer. The adhesion force of the coated
proppant increased by 10.4% when the load force is 500 nN, which
makes the SEPs easier to adhere to the surface of the fractures. The
suspending ability of SEPs is twice that of the uncoated proppants,
which will improve the liquid conductivity. At the same time, the
settling time of the SEPs is longer 36.7% than that of the uncoated
proppants under the guar gum solution concentration is 0.3%,
which will make the SEPs migrate farther in the shale fractures.
Fig. 1. Schematic diagram of pr
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Besides, the contact angle of the SEPs increased by 13.0% and 13.4%
in water and the guar gum solution, respectively, which will
improve the permeability of the oil phase and ultimately improve
the liquid conductivity.
2. Materials and methods

2.1. Materials

The experimental materials mainly include ceramic proppants
(40/60 mesh), guar gum, epoxy-resin e51, curing agent T31, and
absolute ethanol.
2.2. Preparation of SEPs

Fig. 1 shows the preparation process of SEPs (see Video: prep-
aration process of SEPs.mp4). The ceramic proppants were added to
the epoxy-resin liquid prepared in a fixed mass proportion (epoxy-
resin e51: curing agent ¼ 3:1) and stirred at 300 rpm for 3 min.
Then the shaly detritus was added to the mixed liquid in a fixed
mass proportion (shaly detritus: epoxy-resin e51 ¼3:7). The mixed
eparation process of SEPs.
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liquid was heated in an oven at 60 �C for 10 min. After heating, the
mixed liquid was taken out and dried at room temperature for 1 h.
Finally, the cooled block-shaped proppant was ground and
screened.

2.3. Adhesive experiment

The adhesion force of proppant was measured by an atomic
force microscope (AFM). The SEPs was placed on the sample stage.
The AFM probe was manipulated to contact the surface of the
proppant, which can test the adhesion force of the proppant at
different conditions.

2.4. Suspending experiment

A total of 5 g SEPs was added to the guar gum solution. The
solution was stirred at a stirring rate of 400 r/min for 10 min. The
SEPs floated on the surface of the solution were collected and dried
after stirring. The suspending ability (proppant weight on the
surface/proppant weight at the bottom) of SEPs was calculated. And
the suspending ability of ceramic proppant was calculated under
the same condition.

2.5. Characterization

SEM and EDX images of the samples were captured using a
scanning electron microscope (SEM, Zeiss sigma 500) and an
Fig. 2. (a) Diagrammatic sketch of the coating. SEM images of ceramic pro
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energy dispersive X-ray spectrometer (EDS, Bruker Xflash 6/30).
Optical contact angle measuring instrument (SDC-200) was used to
measure the contact angle between proppant and water and guar
gum solution (0.2 wt%). The test accuracy of the optical contact
angle measuring instrument (SDC-200) is 0.1�. The test tempera-
ture and pressure of the contact angle are 25 �C and 101.325 kPa,
respectively. The liquid conductivity of the proppant was measured
by the liquid conductivity tester FCS-842.
3. Results and discussion

The structure of shaly detritus and epoxy-resin coated prop-
pants has been shown in Fig. 2a. Epoxy-resin was coated on the
surface of commercial ceramic proppants, then shaly detritus was
coated on the epoxy-resin surface. The scanning electron micro-
scope (SEM) images and diagram of the surface morphology of the
ceramic proppant, epoxy-resin, and shaly detritus are shown in
Figs. S1eS2 (see electronic supplementary material). As shown in
Fig. 2b, the scanning electron microscope (SEM) image of the sur-
face morphology indicates that the surface of ceramic proppants is
uneven. Fig. 2c and d displays the SEM images of epoxy-resin
coated proppant and SEP. It can be seen from the results that the
shaly detritus successfully adhered to the proppant.

Fig. 3a-r shows the energy-dispersive X-ray spectroscopy (EDX)
results of ceramic proppant, epoxy-resin coated proppant, and SEP.
It is found that the surface of ceramic proppant is silicon element
(Fig. 3b) and aluminum element (Fig. 3c). Once the epoxy resin is
ppant (b), epoxy resin-coated proppant (c) and SEP (d), respectively.



Fig. 3. SEM images of ceramic proppant (a), epoxy-resin coated proppant (g) and SEP (m). Distributions of silicon (b, h, n), aluminum (c, i, o), carbon (d, j, p), sulfur (e, k, q), and
calcium (f, l, r) on the surface of ceramic proppant, epoxy-resin coated proppant and SEP, respectively.
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coated to the surface of the proppant, carbon element can be found
on the surface (Fig. 3j), the silicon element (Fig. 3h) and aluminum
element (Fig. 3i) are almost disappeared, while the sulfur element
(Fig. 3k) and calcium element (Fig. 3l) remained almost unchanged.
Once the shaly detritus is coated, the silicon (Fig. 3n), aluminum
(Fig. 3o), sulfur (Fig. 3q), and calcium element (Fig. 3r) are on the
surface of the SEP increase, while the carbon element (Fig. 3p)
decrease. This result proves that shaly detritus is successfully
coated to the surface of the proppant.
3.1. Adhesive ability

Fig. 4a shows the diagrammatic sketch of the adhesion force
test. Adhesion force is the ability of a material to adhere to the
surface of another material. As shown in Fig. 4b, the typical AFM
force curve illustrates that the adhesion force is determined by the
Fig. 4. (a) Diagrammatic sketch of the adhesion force test. (b) Typical AFM force curve

Fig. 5. Adhesion performance of the uncoated proppants an
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difference between extended and retracted force curves. The
adhesion force of SEPs is larger than that of uncoated proppants,
which will make the proppants easier to adhere to fractures and
enhance the ability of liquid conductivity.

Fig. 5a shows the variations of adhesion forces between SEPs
and uncoated proppants in different load force conditions. The
adhesion force of SEPs and uncoated proppants keep the same
growth trend when the load force increased from 500 to 2000 nN,
which illustrates that the shaly detritus did not change the rela-
tionship between the adhesion force and the load force. As the
adhesion force of the SEPs is larger than that of the uncoated
proppants under the same conditions, which is 10.4%, 1.9%, 4.8%,
4.1% higher, respectively. Fig. 5b displays the relationship between
contact time and adhesion force. Once the contact time increased
from 0.5 to 3.0 s, the adhesion force of SEPs was kept at 124 nN. The
statistics show that there was no obvious change in adhesion force
in adhesion force measurement for a load force of 2 mN and contact time of 2.5 s.

d SEPs at different load forces (a) and contact time (b).



Fig. 6. Adhesion mechanism diagram of the uncoated proppants and SEPs.
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of SEPs and uncoated proppant with the increased contact time.
However, the adhesion force of SEPs is larger than that of uncoated
proppants under the same condition, which is 47.7%, 60.7%, 71.9%,
14.06%, 104.5%, 108.7%, 99.0% higher, respectively. This demon-
strates that the adhesion force of SEPs is enhanced, which prolongs
the timeliness of the fracture crack. Meanwhile, proppants are
easier to agglutinate together, which will improve the effect of
supporting fractures.

The ceramic proppant contains aluminum and silicon, which
can form covalent bonds with sulfur and silicon element of rock (Fu
et al., 2016; Wu and Wu, 2012). The main force between the crack
surface and proppant is the van der Waals force (Hansson et al.,
2013; Ma et al. 2019, 2020). Due to the weak van der Waals force,
the uncoated proppants cannot adhere to the crack surface stably.
The carbon element would have free electron pairs when the
proppants were coated, which can form chemical bonds with sulfur
on the surface crack including cohesive bonds and hydrogen bonds
(Horadam et al., 2018; Xu et al., 2014; Wu et al., 2013). In addition,
as the temperature of underground rock fractures rises, the
chemical bonding force between carbon and sulfur further in-
creaseswith the increase (Guo et al., 2017; Tan et al., 2017; Tong and
Mohanty, 2016). Because the chemical bond strength is higher than
van der Waals force, the adhesion force of the SEPs is improved
compared with the uncoated proppants, which will improve the
fractures supporting ability (Fig. 6e) (Bandara et al., 2018; Barbati
et al., 2016; Liu et al., 2016; Wang et al. 2018c, 2021).
3.2. Suspending ability

Fig. 7a shows the suspending effect of the uncoated proppants
and SEPs. In the suspending experiments, the proppants were
1740
added to the guar gum solution (0.2 wt%) and constantly stirred.
After standing for 15 min, 17.7 wt% of the SEPs were suspended on
the surface of the guar gum solution, and 72.3 wt % of the SEPs sank
to the bottom of the solution. The suspending ability (proppant
weight on the surface/proppant weight at the bottom) of SEPs is
0.245. However, the weight of the uncoated proppants suspended
on the surface and sank to the bottom of the guar gum solutionwas
just 10.1% and 89.9%, respectively (Fig. 7b). The suspending ability
of uncoated proppants is just 0.112. The suspending ability of SEPs
is twice that of uncoated proppants. There are many pits and pores
on the surface of ceramic proppants. Once the resin-epoxy is
coated, the pits and pores of ceramic proppant are filled with resin-
epoxy, which results in reduced proppant density. Therefore, the
suspending ability of SEPs is better than the uncoated proppant.
The photographs of SEPs settling experiments are shown in Fig. 7c.
In settling experiments, the proppants were added to the guar gum
solution of different concentrations. The settling time of the
proppants in the guar gum solution was recorded. As shown in
Fig. 7d, the results of settling experiments indicate that the settling
time of the uncoated proppants and SEPs increased when the
concentration of the guar gum solution increases. The reason is that
the resistance of the solution increases with the increase in the guar
gum content. Compared with the uncoated proppants, the settling
time of the SEPs increased by 17.2%, 13.7%, 4%, 36.7%, 33.3%,
respectively, which suggests that the SEPsmigrate long distances in
the fractures.
3.3. Wettability and conductivity

The contact angle experiment is conducted to evaluate the
wettability of the proppants. Fig. 8a shows that the contact angle of



Fig. 7. (a) Suspending effect of the uncoated proppants and SEPs. (b) Results of suspending experiments of the uncoated proppants and SEPs. (c) Settling distance of the SEPs in the
guar gum solution. (d) Settling time of the uncoated proppants and SEPs in the guar gum solution.
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the uncoated proppants is 91.81� between water and the uncoated
proppant. The contact angle is 103.66� betweenwater and the SEPs
(Fig. 8b). The contact angles of the uncoated proppants and SEPs are
94.03� and 106.60� in the guar gum solution, respectively (Fig. 8c
and d). The contact angle of the SEPs increased by 13.0% and 13.4%
in water and the guar gum solution, respectively, which will
improve the abilities of preventing water passing through, ulti-
mately will promote the separation of water and oil phases.

Fig. 9 shows the result of the liquid conductivity experiment of
uncoated and SEPs in deionized water. The proppant concentration
and the flow rate of deionized water are 5 kg/m2 and 5 mL/min,
respectively. With the increase in effective closure pressure, the
liquid conductivity of uncoated proppants and SEPs reduced. The
liquid conductivity of the SEPs is 17.2%, 12.5%, 7.1%, and 5.0% higher
than that of the uncoated proppant, respectively. This indicates that
SEPs could improve the liquid conductivity.

Fig. 10a and b shows the diagrammatic sketch of the migration
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and distribution of proppants in the fractures. Ceramic proppants
are difficult to migrate long distances and easy to deposit at the
entrance of the fracture crack, which will affect the liquid transport
efficiency of proppants. The suspending and settling experiments
could prove that the SEPs canmigrate a longer distance in the crack,
easier adhere to the fractures, which achieves better migrating and
supporting effects.

The results of adhesive ability test show that the SEPs shows
higher adhesion force compared with the uncoated proppant,
which can improve the effect of supporting fractures. The improved
suspending ability of proppant reduces the dosage and cost of
proppant. The contact angle of the SEPs increased by 13.0% and
13.4% in water and the guar gum solution, respectively, which can
improve the permeability of the oil phase. Moreover, the liquid
conductivity of SEPs is enhanced by 17.2% at 5 MPa effective closure
pressure, which can improve oil and gas transportation efficiency.



Fig. 8. Photographs of contact angles of uncoated proppants (a) and SEPs (b) in water. Photographs of contact angles of uncoated proppants (c) and SEPs (d) in the guar gum
solution.

Fig. 9. Liquid conductivity of uncoated proppant and SEPs under different pressure.
Fig. 10. Diagrammatic sketch of uncoated proppants (a) and SEPs (b).

Z.-H. Lu, X.-P. Lan, Y. Yuan et al. Petroleum Science 19 (2022) 1735e1744
4. Conclusions

A new double layer proppant is prepared by caoting resin-epoxy
and shaly detritus on the surface of ceramic proppant, shaly
detritus and epoxy-resin coated proppants (SEPs), which has
improved performance compared with the traditional ceramic
proppant. The suspending ability of SEPs is two times more than
that of the uncoated proppants. The liquid conductivity of SEPs is
1742
17.2% higher than the uncoated proppants at 5 MPa. Besides, the
adhesive ability and wettability of SEPs are better than that of the
uncoated proppants. The preparation process of SEPs provides a
new shaly detritus method for shaly detritus treatment without
environmental pollution.
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