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characterization of a self-
suspending ultra-low density proppant

Zhifeng Luo,a Jianbin Li, *a Liqiang Zhao,a Nanlin Zhang, *a Xiang Chen,*a

Weijie Miao,b Weihua Chenc and Chong Liangd

A self-suspending ultra-low density proppant (UDP) was developed based on the polymerization of the

unsaturated carbon double bond. Its performance was characterized by FT-IR and SEM, and the

sphericity and roundness, diameter distribution, density, mechanical properties, the conductivity of the

propped fracture, and mass loss of different fluids were measured. The test results indicated that the

UDP no longer contained the unsaturated carbon double bond and the polymerization took place in the

raw material. The fracture surface of UDP is compact and it is not easy to produce debris after

compression failure. The sphericity and roundness of UDP were above 0.9, and the high sphericity and

roundness provided high conductivity. The stirring speed has a great influence on the diameter of UDP,

and the UDP with different sizes could be used to prop the hydraulic fracture to different widths. The

average apparent density of UDP is as low as 1.044 g cm�3, and it can be suspended in the fracturing

fluid for a long time. The strain in the UDP is higher than that in the ceramsite and quartz sand, but its

crushing ratio is far below theirs; therefore, the conductivity of the fracture propped by UDP was higher

than that of quartz sand and ceramsite. The solubility of UDP in kerosene, reservoir water, and

hydrochloric acid is below 1%, indicating that the UDP is also suitable for acid fracturing with proppant.

All the experimental results proved that the self-suspending ultra-low density proppant has great

potential use in hydraulic fracturing and acid fracturing.
1. Introduction

Hydraulic fracturing is oen used in unconventional reservoirs
to improve hydrocarbon recovery.1–3 In the process of fracturing,
the proppant serves as the most important material to avoid
fracture closure.4,5 Although proppants are widely used, there
are two serious weaknesses: (1) with the continuous develop-
ment of the deep reservoir, the proppant may break, deform,
and embed under the high closure stress, resulting in the
decrease of the hydraulic fracture width, which can not provide
sufficient conductivity. (2) To carry high-strength proppant in
fracturing treatment, it is necessary to use high-viscosity frac-
turing uid, but high polymer concentration will lead to
formation damage.

These disadvantages of fracturing proppants mentioned
above are oen responsible for fracture failure, which is in the
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process of construction and production, pollution, injury,
blockage and other reasons caused the fracture conductivity to
decrease continuously until the fracture failed.6 Novel prop-
pants have been proposed and developed to mitigate these
problems. Hao et al. prepared a low-density ceramic proppant
with calcined int clay (45.6 wt% Al2O3) and solid waste coal
gangue by solid-state sintering method; the low-density ceramic
proppant sintered at 1400 �C had the best performance with
bulk density of 1.27 g cm�3, apparent density of 2.79 g cm�3,
breakage ratio of 3.27% under 35 MPa closed pressure and
8.36% under 52 MPa closed pressure.7 Kincaid et al. proposed
a self-suspending proppant in which conventional proppant
particles are encapsulated with a thin layer of high-molecular-
weight hydrogel polymer to form a self suspending proppant
(SSP); once the SSP comes into contact with water, the hydrogel
layer expands spontaneously and it forms a space-lling
cushion around each granule, thereby increasing the volume
of the particle and decreasing the particle density resulting in
the reducing of settling rate of the proppant suspension.8 Song
et al. proposed a hydro-thermal reaction to form hydroxyapatite
crystals on calcite-rich shale surfaces to act as proppants;9 the
most obvious defect of this method is its low conductivity.
Chang et al. developed an in situ proppant generated from
a fracturing uid containing chemical precursors that will set
into spherical particle beads; since the fracturing uid is solid-
RSC Adv., 2021, 11, 33083–33092 | 33083
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free, abrasion of the equipment due to the proppant is avoi-
ded.10 J. D. Wine et al. performed numerous fracture design and
production simulations, conductivity tests performed at 100 �F
indicate organo-metallic crosslinked fracturing uids yield
signicantly more conductivity impairment than borate cross-
linked uids.11 Conductivity studies performed under in situ
conditions by Penny have shown polymer loading, type of
crosslinker, and breaker system dramatically affect the
conductivity of a proppant pack.12 Other proppants with
different functions or performances have been developed for
different oil and gas reservoirs, such as the low crushing rate
proppant,13 oil-wet proppant,14 expandable proppant,15 and
non-spherical proppant.16

Existing proppants have addressed some problems, but the
density and suspension ability do not meet the requirement of
network fracturing. It is difficult to fully prop the hydraulic
fracture network. With the development of the petroleum
industry, oil and gas exploration aims at extraction from
shallow layers to deep layers, and from low closure pressure to
high and ultra-high closure pressure. The requirement of
increasing the proppant strength causes a concomitant increase
in proppant density, and nally causes the consequences that
the proppants settle rapidly near the well.17 Therefore, it is
necessary to carry out the research and development of high-
strength and low-density proppants to improve the fracturing
effect. In this study, we describe a self-suspending ultra-low
density proppant, which may be used as a novel fracturing
treatment agent.
2. Experimental section
2.1 Materials

The materials needed for UDP production are as follows:18

Paraxylene (PX); acrylonitrile (AN); hydrogen peroxide (HP,
uH2O2

¼ 35%); ferrous sulfate (FS); 1,3,5-tri-2-propenyl-1,3,5-
triazine-2,4,6(1H,3H,5H)-trione (TAIC); vinyl acetate (VA).

A typical preparation method is as follows:
(1) 50 g PX, 12 g VA and 2 g AN are added into the beaker and

stirred until they are completely dissolved at room temperature
(25 �C);

(2) 2 g HP solution is added to the beaker and stirred until it
is fully mixed;

(3) In another beaker, take 10 g TAIC, heat it in a water bath
at 40 �C, and slowly add the solution prepared in the previous
step while stirring;

(4) 2 g FS is added to the solution prepared in step (3), name
the mixture liquid MX, and stirred until the self-suspending
spherical ultra-low density proppant (UDP) particles are
formed.
2.2 Fourier transform infrared (FT-IR) measurements

The Fourier Transform Infrared (FT-IR) spectra of UDP and the
liquid mixture before the generation of UDP are tested with
a WQF-520A Fourier transform infrared spectrometer. The test
method is as follows: drop the mixed liquid onto a piece of KBr
sheet and spread it evenly on the sheet surface. The FT-IR test
33084 | RSC Adv., 2021, 11, 33083–33092
can be carried out using this sample. Use pure spectral KBr and
UDP to prepare a mixture with the mass ratio (KBr : UDP ¼
50 : 1), mix it evenly, grind, and roll into thin slices. Their
infrared spectrum is measured by a WQF-520A Fourier trans-
form infrared spectrometer at room temperature.
2.3 SEM measurements

The morphology of MX was investigated by an FEI Quanta 450
ESEM (environmental scanning electron microscope). MX was
frozen using liquid nitrogen. The frozen surfaces of the samples
were observed with ESEM operating at an accelerating voltage of
20 kV.

Besides, the morphology of UDP was investigated using the
FEI Quanta 450 environmental scanning electron microscope.
2.4 Density tests of UDP

The density of UDP determines its suspension performance and
its ability to be carried by the fracturing uid. The lower the
density, the easier it is to be carried by the fracturing uid, and
the easier it is to enter the far end of the fracture to improve the
conductivity there. The density includes both apparent density
and bulk density. The test method for apparent density is as
follows:

(1) Use a balance with a sensitivity of 0.0001 g to weigh the
mass m1 of the dry empty density bottle;

(2) Fill the density bottle with water and weigh its mass m2;
(3) Empty the density bottle and dry it;
(4) Fill the density bottle with ethanol and weigh its massm3;
(5) Measure out an appropriate amount of UDP. The mass is

equal to m4;
(6) Pour out approximately half of the ethanol in the density

bottle, and move the UDP in step (5) to the density bottle;
(7) Fill the density bottle with ethanol and rotate it along the

vertical axis until all bubbles in the density bottle are dis-
charged. If necessary, rell the bottle with ethanol, and weigh
the mass m5.

The calculated equation of apparent density is:

rs ¼
m4

m2 �m1

rw
� ðm2 �m1Þðm5 �m4 �m1Þ

rwðm3 �m1Þ
(1)

where, rs is the apparent density of UDP, g cm�3; rw is the
density of water, g cm�3.

The method for measurement of bulk density is:
(1) Take a balance of sensitivity 0.0001 g to weigh the mass

m7 of the empty brass cylinder of Q/SY-2 bulk density meter
(Fig. 1);

(2) Close the outlet of the funnel with a rubber ball valve,
center the brass cylinder directly below the outlet of the funnel,
and pour the UDP sample into the funnel from the beaker;

(3) Open the rubber ball valve at the bottom of the funnel,
pour the UDP samples into the brass cylinder from the funnel,
and use a ruler to smoothen it at the edge of the cylinder, so that
the sample is ush with the surface of the brass cylinder mouth;

(4) The weight of the brass cylinder and the sample in the
cylinder is m8.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Q/SY-2 bulk density meter.

Fig. 3 Chart for visual estimation of sphericity and roundness in ISO
13503-2-2006 (X-roundness, Y-sphericity).
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The bulk density is calculated using the equation:

rh ¼
m8 �m7

V
(2)

where rh is the bulk density of UDP, g cm�3; V is the nominal
volume of the brass cylinder, cm3.
2.5 Sphericity and roundness of UDP measurements

The morphology of UDP was characterized by the ICM (image
collecting microscope) shown in Fig. 2. Then, process the image
taken by the ICM and extract the edges of all proppant particles
in the image, the roundness and sphericity are measured based
on the edges. The sphericity was measured qualitatively
according to the ISO 13503-2-2006 standard (Fig. 3) based on the
image taken by the ICM.
2.6 Diameter measurements of UDP

The particle size of UDP determines the width of a hydraulic
fracture into which it can enter and how suitable it is for frac-
turing. Once the raw material ratio of UDP is determined, its
diameter is only related to the stirring speed. Therefore, the
particle size distribution under different stirring speeds is
tested.
Fig. 2 Image collecting microscope.

© 2021 The Author(s). Published by the Royal Society of Chemistry
2.7 Mechanical property test

Under the high closure pressure in the hydraulic fracture, UDP
may break and embed into the formation rock, resulting in
a decrease in the conductivity of the propped fractures. Hence,
it is necessary to test the compressive strength of UDP. The
strain of the UDP under different pressures and the long-term
strain under 55 MPa were tested with the experimental device
shown in Fig. 4. The strains in ceramsite, quartz sand, and UDP
under different pressures were compared.

The test method for compressive strength is as follows:
(1) Prepare an equal amount of ceramsite, quartz sand and

UDP respectively, and use the compressive strength test device
shown in Fig. 4 to gradually pressurize to 55 Mpa;

(2) Measure the strain values of ceramsite, quartz sand and
UDP under different stresses;

(3) Prepare equal amounts of 40/70 mesh quartz sand, 20/40
mesh quartz sand, 20/40 mesh ceramsite and UDP, and grad-
ually pressurize them to 60 Mpa;

(4) Screening, weighing and calculating the crushing rate
under different stresses;

(5) Prepare a certain amount of UDP, and pressurize it stably
at 55 Mpa;
Fig. 4 Experimental device to test the compressive strength.

RSC Adv., 2021, 11, 33083–33092 | 33085
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Fig. 5 Proppant cell in the conductivity test device.

Fig. 6 Conductivity test device.
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(6) Measure UDP strain values at different times.
2.8 Fracture conductivity

The conductivity of the propped-fracture is the key parameter in
evaluating the effect of fracturing. Under high closure pressure,
the conductivity and proppant concentration vary greatly,
making testing imperative. According to SY/T6302-2009,19 the
conductivity test steps are shown as follows:

(1) The set mass of UDP, quartz sand, and ceramsite was
subjected to the proppant cell (Fig. 5) of the conductivity test
device (Fig. 6), respectively.
Fig. 7 FT-IR spectra of UDP.

33086 | RSC Adv., 2021, 11, 33083–33092
(2) The closure pressure was set to a different value,
respectively.

(3) The outlet ow under each test pressure, the le and right
width of the propped fracture, and the reading of the differen-
tial pressure transmitter were recorded, the fracture conduc-
tivity value was calculated using eqn (3).

kWf ¼ 6:4499 mm

rðI � IminÞ (3)

where kWf is the conductivity value, mm2 cm; m is the outow
liquid quality every 2 min, g/2 min; m is the viscosity of the
liquid used to test the conductivity, mPa s; r is the density of the
liquid used to test the conductivity, g cm�3; I is the reading of
the differential pressure transmitter, mA; Imin is the initial
reading of the differential pressure transmitter, mA, equal to 4
mA.
2.9 Mass loss rate tests in different uids

Aer UDP enters the hydraulic fracture, it will be in high
temperature and high-pressure uid environment for a long
time. The physical and chemical stability in the formation uid
environment directly determines the long-term fracturing
effect. Therefore, it is necessary to test the mass loss of UDP in
crude oil and reservoir water. To facilitate the analysis, the mass
loss rate of UDP is tested with kerosene and reservoir water
respectively.

(1) UDP with a mass of m0 is put in the reaction kettle and
diesel or reservoir water with a mass of m0 is added;

(2) The reaction kettle is sealed and placed in an electric
oven, and the temperature is set to 120 �C;

(3) Aer 48 h, take out the reaction kettle, dry the UDP at
80 �C for 6 h, and weigh its mass m.

The mass-loss rate is calculated by:

h ¼ m0 �m

m0

� 100% (4)

where h is the mass-loss rate, %.
The proppant and acid may be used together in hydraulic

fracturing. The proppant is used to support hydraulic fractures,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 MX microstructures.
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and acid is used to break the fracturing uid or remove
carbonate plugs.20 Therefore, it is necessary to test the mass loss
rate of UDP in the acid solution. The mass-loss rate of UDP in
20% hydrochloric acid was tested by the method mentioned
above.
3. Results and discussions
3.1 FT-IR measurements

3.1.1 Results. The FT-IR spectra of MX and UDP are shown
in Fig. 7.

3.1.2 Discussions. In Fig. 7a, the obvious characteristic
absorption peaks at 1724 cm�1 and 1236 cm�1 are C]O and
C–O respectively, indicating that there are a large number of
ester groups in the molecular chain; the characteristic absorp-
tion peaks of C]C are found at 1630 cm�1 and 1643 cm�1,
indicating that there are two kinds of C]C in the MX, namely,
the C]C from the TAIC and the VA. There is a wide peak at
approximately 3590 cm�1, which is the stretching vibration
peak of –OH, and there is an obvious absorption peak at
Fig. 9 UDP fracture surface microstructures.

© 2021 The Author(s). Published by the Royal Society of Chemistry
1296 cm�1, which is the stretching vibration peak of C–O in
primary alcohol.

In Fig. 7b, there is a wide peak at approximately 3590 cm�1,
which is the stretching vibration peak of –OH. The obvious
characteristic absorption peaks at 1727 cm�1 and 1232 cm�1

were C]O and C–O, indicating the presence of the ester group
in the molecular chain. No obvious absorption peak was found
in the range of 1620–1680 cm�1, indicating that unsaturated
carbon double bond was no longer contained in the UDP and
the polymerization took place between TAIC and the VA.
3.2 SEM measurements

3.2.1 Results. Fig. 8 and 9 show the microstructures of MX
and UDP, respectively.

3.2.2 Discussions. Fig. 8 shows that MX is a homogeneous
uid, and there is no three-dimensional network macromole-
cule similar to conventional polymer fracturing uid, which
indicates that there is good compatibility between the AN, TAIC,
and VA. Fig. 9 shows that the morphology of the UDP fracture
surface is different from that of conventional ceramsite
RSC Adv., 2021, 11, 33083–33092 | 33087
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Table 1 Density test results

Item No. 1 No. 1 No. 1 Average

Apparent density (g cm�3) 1.044 1.042 1.045 1.044
Bulk density (g cm�3) 0.671 0.638 0.655 0.655

Fig. 10 The UDP suspended in the KCl solution with different density.

Fig. 12 The morphology images of UDP, quartz sand and ceramsite.

Fig. 13 Size distribution of UDP at different stirring speeds.
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proppant. UDP is relatively compact in texture, the fracture
surface is very at and smooth, and the stress crack is very
straight. Therefore, UDP does not easily produce debris aer
compression failure, which can provide higher conductivity
under high closure stress.21
3.3 Density of UDP

3.3.1 Results. The apparent density and bulk density were
tested three times respectively, and the average value was
calculated, as shown in Table 1.

The average apparent density of UDP is approximately
1.044 g cm�3, and the bulk density is approximately
0.655 g cm�3. The bulk density of UDP is close to that of water.
Fig. 10 shows the UDP suspended in KCl solutions with
different densities. UDP was nearly suspended in the KCl
Fig. 11 Prop effect of conventional proppant and low-density
proppant.28

33088 | RSC Adv., 2021, 11, 33083–33092
solution with a density of 1.04 g cm�3. When the density of the
KCl solution increased to 1.08 g cm�3, UDP was completely
suspended in the solution. The density of the fracturing uid is
usually more than 1.1 g cm�3, so that UDP can remain in
suspension and effectively improve the fracturing effect. The
density of UDP is lower than the existing low-density
proppant.7,22–27

3.3.2 Discussions. The low density ensures that UDP can be
suspended in the fracturing uid, and improve its migration
distance, thereby improving the fracturing effect.29 Fig. 11
shows the prop effect of conventional proppant and low-density
proppant.30 The conventional proppant is of high density,
settles easily, and is difficult to carry to the far front of the
Fig. 14 Hydraulic fracture propped with UDP of different size.

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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05611e


Fig. 15 Strain of different proppant at different closure pressures.

Fig. 16 Crushing ratio of different proppant at different closure
pressures.
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fracture, while the low-density proppant can be easily carried to
the tip of the fracture, which ensures that the tip of the fracture
is also propped and the fracturing effect is signicantly
improved.
Fig. 18 Width of propped fracture at different time.
3.4 Sphericity and roundness of UDP

3.4.1 Results. The morphology of the UDP is shown in
Fig. 12. The surface of the UDP was smooth (Fig. 12a). By
comparison, the morphologies of quartz sand and ceramsite
showed a rough surface (Fig. 12b and c).

3.4.2 Discussions. Referring to Fig. 3, the sphericity and
roundness of UDP were above 0.9, which is better than quartz
sand (0.7) and ceramsite (0.8). Good sphericity and roundness
provide high conductivity.23,31
Fig. 17 Fragmentation of UDP at different closure pressures.

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

3.5.1 Results. Fig. 13 shows the size distribution of UDP at
different stirring speeds. The diameter of UDP is mainly
distributed between 0.1 and 3.35 mm. Under different stirring
speeds, the distributions of UDP diameter are different, and the
stirring speed has a great inuence on the diameter. The greater
the mixing speed, the smaller the UDP diameter. On the
contrary, the smaller the mixing speed, the larger the UDP
diameter.

3.5.2 Discussions. Multi-size UDP can be used to support
cracks with different crack widths and improve the propping
effect. A smaller size proppant results in a larger propped
fracture surface area and using large proppant particles results
in a high average fracture conductivity.32 As shown in Fig. 14,
large, medium, and small UDP particles could be injected at
three stages to prop the wide main body (A) of the fracture,
medium width primary branch fracture (B), and narrow
secondary branch fracture (C) in network fracturing.
3.6 Mechanical properties

3.6.1 Results. Fig. 15 shows the strain of various proppants.
Fig. 16 shows the crushing ratio of different proppant at
different closure pressures. Fig. 17 shows the micrograph of
UDP fragmentation at different closure pressures. Fig. 18 shows
the width of the propped fractures at different times under
55 MPa closure stress.

3.6.2 Discussions. A fracture containing large proppants
more readily closes during the production process, and the
closing pressure has a considerable effect on the proppant rock
mechanical parameters.33 The strain of UDP was higher than
that of ceramsite and quartz sand. Higher strain led to
RSC Adv., 2021, 11, 33083–33092 | 33089
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Fig. 19 Conductivity test results under different concentrations.

Fig. 20 Conductivity test results of different types of proppant.

Fig. 21 The UDP in different fluids.
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a decrease in the propped fractures (Fig. 15). But since the
crushing ratio of UDP was far below that of ceramsite and
quartz sand (Fig. 16), blocking can be effectively avoided by
Table 2 Mass loss rate of UDP in different fluids

Item Mass of UDP before the test, g

Kerosene 5
Reservoir water 5
Hydrochloric acid 5

33090 | RSC Adv., 2021, 11, 33083–33092
proppant fragmentation. Under the pressure of 30 MPa, no
fragmented UDP was observed. When the closure pressure
increased to 55 MPa, some fragmentation was observed
(Fig. 17).

The effect of stress on the fracture width is signicant.34 The
width of the propped fracture decreased rapidly during the rst
0.04 h. Subsequently, the decrease tended to be slow and
continued to be the same for 2 hours (Fig. 18). The test results
indicated that UDP exhibited long-term stability, maintained
good propping performance, and a long-term high conductivity
under 55 MPa closure stress. Through the analysis of fracture
width, the best viscosity parameters of fracturing uid are ob-
tained, and the fracturing uid is optimized.35
3.7 Fracture conductivity

3.7.1 Results. Fig. 19 shows the results of the conductivity
test under different concentrations of UDP at 0.33 kg m�2, 0.68
kg m�2, 1 kg m�2, and 5 kg m�2 respective to the single-layer-
partially propped, single-layer propped, double-layer, and
multi-layer propped conditions. Fig. 20 shows that the
conductivity was directly proportional to the UDP particle size.

3.7.2 Discussions. The conductivity of the propped fracture
increased with an increase in the UDP concentration between
0.68 kg m�2 to 5 kg m�2 (Fig. 19). Under the condition of single-
layer partial prop, the space that was not occupied by UDP
provided more channels for uid ow, and the conductivity was
higher than other experimental conditions. However, due to the
breakage and deformation of UDP, the single-layer partial prop
had no advantage over other experimental conditions under
high closure pressure.

Due to the low crushing ratio and high sphericity, the
conductivity of the fracture propped by UDP was higher than
that of quartz sand and ceramsite (Fig. 20).
3.8 Mass loss rate in different uids

3.8.1 Results. Table 2 shows the mass of UDP before the
test and aer the test. Fig. 21 shows the UDP in different uids.

3.8.2 Discussions. Themass-loss rate in kerosene, reservoir
water, and hydrochloric acid are 1.0%, 0.8%, and 0.2%,
respectively. The mass-loss rate is low and meets the fracturing
requirements. It is conrmed that the UDP can be kept stable in
the uid environment of the reservoir and provide long-term
conductivity. Besides, the solubility of UDP in hydrochloric
acid is low, which is suitable for acid fracturing with the
proppant.
Mass of UDP aer
the test, g

Mass loss
rate

4.95 1.0%
4.96 0.8%
4.99 0.2%

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

Aer stimulating a well, the conductivity and porosity of the
well will decline because of proppant embedment as well as
deformation.36 Particle shapes also affect the overall mechanical
behavior and embedment of proppant pack in fractures.37

Proppants appear to undergo substantial proppant pack
compaction and porosity reduction due to the strong in situ
conning stresses that occur underground.38 The embedment
of proppants leads to the decrease of conductivity. However, the
fracture conductivity test has shown that the conductivity of
UDP propped fracture is higher than that of quartz sand and
ceramsite under high closing stress. This shows that the UDP
embedding amount is small.
4. Conclusions

A self-suspending ultra-low density proppant (UDP) was devel-
oped based on the polymerization between the unsaturated
carbon double bonds. Its performance was characterized by FT-
IR, SEM, as well as the measurement of sphericity and round-
ness, diameter distribution, density, mechanical property, the
conductivity of propped fracture, and mass loss in different
uids. The test results indicated that the average apparent
density of UDP is as low as 1.044 g cm�3 and the low density
makes it easy for the proppant to be carried to the tip of the
hydraulic fracture, which ensures that the tip of the fracture is
also propped and this signicantly improves the fracturing
effect. Besides, the sphericity and roundness, mechanical
properties, and conductivity of UDP are better than that of
ceramsite and quartz sand, and the acid resistance performance
indicates that the UDP is also suitable for acid fracturing with
the proppant. All experimental results indicate that the self-
suspending ultra-low density proppant has great potential for
use in hydraulic fracturing and acid fracturing.
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