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ABSTRACT: Ultra-lightweight heat resisting poly(methyl methacrylate) (PMMA)/graphite microspheres were successfully prepared via in

situ suspension polymerization. The Fourier transform infrared and X-ray powder diffraction results confirmed the successful prepara-

tion of the composite microspheres. Field emission scanning electron microscope analysis illustrated that the graphite particles were dis-

persed in microspheres and the PMMA/graphite composite microspheres had good sphericity and roundness. Furthermore, density

analysis indicated that the apparent density of composites microspheres was about 1.055–1.135g/cm3 which was suitable for the trans-

mission with water carrying. The results from thermodynamic test revealed that the thermal stability of the composite was significantly

improved with increasing graphite content, which could be used as ultra-lightweight proppant in deep underground. In addition, the

crushing rate decreased to 0.5% with graphite ratio of 3.0% at the pressure of 69 MPa. Therefore, PMMA/Graphite composite micro-

spheres exhibit a promising application in petroleum or gas exploitation as water carrying fracturing proppants. VC 2015 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2015, 132, 41924.
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INTRODUCTION

Hydraulic fracturing is an effective and commonly used way to

enhance petroleum or gas operation in oilfields.1,2 Proppants,

required in hydraulic fracturing operations, is used for support-

ing the hydraulic fractures and keeping them open against the

application of closure stresses to ensure conduction of oil and

gas to the borehole.3 The ideal properties of the proppant must

have high strength as diamond, light as water, and cheap as

earth. What’s more, properties of high sphericity, acid resist-

ance, and low turbidity are also important for proppants. But,

it is difficult to get one product with all these ideal properties.4

Proppants used in oil industry include sand, glass beads, walnut

hulls, and metal shot as well as resin-coated sands, intermediate

strength ceramics, and sintered bauxite, which has the ability to

effectively withstand the respective reservoir closure stress envi-

ronment.5 The relative strength of these various materials

increases with their corresponding apparent specific gravity

(ASG), typically ranging from 2.65 g/cm3 for sands to 3.4 g/cm3

for sintered bauxite.6 Difficult proppants transport and reducing

fracture conductivity might be caused with increasing ASG.7,8

More recently, ultra-lightweight (ULW) materials have been

used as proppants since they reduced the required fluid velocity

for proppant transport within the fracture,9–11 which provided

a greater number of fracture area to increase the fracture con-

ductivity. Representative of such proppants are significantly

lighter deformable particles.

Poly(methyl methacrylate) (PMMA) microsphere is a kind of

functional material which has high sphericity, high compressive

strength, and ULW (close to 1 g/cm3).12 However, PMMA

shows a poor thermal stability and high cost, which limits its

wide applications. On the contrary, graphite exhibits excellent

thermal stability, it can efficiently improve the mechanical prop-

erties and thermal stability of polymer matrix.13–15 Hence, the

introduction of graphite into PMMA matrix is an efficient

approach to possess the merits of both organic and inorganic

phases. In the early studies, PMMA/graphite composite particles

and their performances have been reported in several litera-

tures.16,17 However, to our knowledge, there are still no reports

about the application of PMMA microspheres in ULW

proppant.

In the present work, ULW PMMA/graphite composite micro-

spheres with high sphericity, high compressive strength, acid

resistance, thermal stability, and low turbidity were prepared via
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in-situ suspension polymerization, which would exhibit a prom-

ising application to petroleum or gas exploitation as water car-

rying fracturing proppants.

EXPERIMENTAL

Materials

Graphite powder was purchased from Sinopharm Chemical

Reagent Co., Ltd, China; Methyl methacrylate (MMA, 99 wt %,

Sinopharm Chemical Reagent Co., Ltd, China) was treated with

5% sodium hydroxide solution to remove the inhibitor and

then distilled under a reduced pressure; Divinylbenzene (DVB,

[mDVB]/[pDVB] 5 92/8; Tianjin Fuchen Chemical Regents

Factory, China) and benzoyl peroxide (BPO, Tianjin Damao

Chemical Regents Factory, China) were used as cross-linking

agent and initiating agent, respectively. Magnesium chloride

(MgCl2), sodium hydroxide (NaOH), and methanol were pur-

chased from Sinopharm Chemical Reagent Co., Ltd (China).

Sodium dodecyl sulfates (SDS) was purchased from Tianjin

Fuchen Chemical Regents Factory (China) and methanol was

purchased from Sinopharm Chemical Reagent Co., Ltd (China).

Quartz sand (20–40 mesh) and ceramic (20–40 mesh) were got

from Shanghai Jin Yuan quartz sand Ltd. (China) and Yixing

Orient Petroleum Proppant Co., Ltd., respectively.

Preparation of Modified Graphite

To prepare the modified graphite, 2 g SDS and 200 mL

deionized (DI) water were poured into a four-necked round-

bottomed flask equipped with a thermometer, a funnel, a reflux

condenser, and a mechanical stirrer in an oil bath at 85�C. After

the SDS solution dissolved, 20 g graphite was added into the

solution, and then the graphite mixture was stirred for another

4 h with a mechanical stirrer. Then the resultant graphite was

centrifuged and dried at 70�C for 12 h to obtain the modified

graphite.

Preparation of PMMA/Graphite Composite Microspheres via

In Situ Suspension Polymerization

PMMA/graphite composite microspheres were synthesized

through in situ suspension polymerization. A typical preparation

procedure was described as follows. Firstly, 1.6 g NaOH and

4.0 g MgCl2 � 6H2O were replaced into 120 mL DI water at 60�C
with a vigorous stirring. After that, 0.3 g BPO and 3.0 g DVB

were dissolved in 20.0 g MMA, then a stipulated amount of

graphite was added. Finally, the mixture was heated to 80�C and

kept for 1 h, then at 80�C for 2 h, followed by boiling at 90�C
for 2 h. After that the aqueous phase was removed; black micro-

spheres were obtained and then washed with water and metha-

nol, orderly. For comparison, microspheres without graphite

were fabricated under the same condition. The obtained micro-

spheres were divided into different mesh specifications, which

were 10–20 mesh, 20–40 mesh, 40–60 mesh, and 60–80 mesh,

respectively. The microspheres of 20–40 mesh (the most com-

mon size of proppants) were used as research object here.

Characterizations

The Fourier transform infrared (FTIR) spectra of particles were

obtained by means of a Nicolet Avatar 360 FTIR spectrometer in

the range 400–4000 cm21 using the KBr pellet technique. Disper-

sion stability of graphite was reflected through transmittance test

by Visible Spectrophotometer (722N, Shanghai Precision &

Scientific Instrument Co., Ltd.) at 540 cm21. The surface mor-

phology and microstructure of these samples were performed

with field emission scanning electron microscope (FE-SEM, Hita-

chi SU8010). X-ray powder diffraction (XRD) was recorded on a

Rigaku Multiflex powder diffract meter with Cu radiation between

5� and 70� with a scan rate of 0.5�/min and incident wavelength

of 0.154056 nm (Cu Ka). The density was calculated by the ratio

of mass to volume. Thermal behavior of composite particles was

Figure 1. Schematic illustration of the synthesis process of ultra lightweight proppant. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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studied with thermogravimetric analysis (TGA, STA409PC,

Netzsch, Germany) by a Diamond calorific analyzer of Perkin

Elmer. The compressive strength was performed on WAW100D

microcomputer-controlled electro-hydraulic servo universal test-

ing machine (Jinan Hengsi Instruments Co., Ltd). The tests of

acid solubility and turbidity were determined by the Chinese

Petroleum and Gas Industrial Standard (SY/T 5108-2006).

RESULTS AND DISCUSSION

Proposed Mechanism for the Preparation of ULW Proppants

According to the experimental procedure, a possible mechanism

for the preparation of ULW proppants was illustrated in Figure

1. Here, the main challenge was to introduce the graphite with

poor chemical activity into PMMA. Firstly, graphite was modi-

fied by the anionic surfactant (SDS) to keep the hydrophobic

end toward the surface of the graphite. The SDS molecule has a

tail of 12 carbon atoms attached to a sulfate group, giving the

molecule amphiphilic properties: the hydrophobic group,

ACH3, of the SDS molecule, adsorbs on the surface of graphite,

while the hydrophilic head, ASO4, associates with water for dis-

solution.18 This enhanced the compatibility between the graph-

ite and MMA. During polymerization, anchoring sites on the

graphite for MMA was provided due to Brownian motion. It is

possible that the anchor of the PMMA particles is owing to the

weak Van der Waals force originating from the random contact

of carbon atoms and PMMA chain. The attachment of PMMA

composite microspheres to the graphite becomes possible and

does not cause the selective anchoring of all PMMA composite

microspheres.19,20 The unanchored PMMA latex was removed

by successive washing in methanol to get the PMMA/graphite

composite microspheres. Finally, ULW proppants were obtained

after being dried and sieved.

Dispersion Stability of Graphite Before and After Modified

Dispersion stability of graphite in water has been systematically

studied by Vis spectrophotometer. The transmittance changes

over time to reflect the stability of the graphite dispersed in

water. The better the graphite disperse in water the smaller

transmittance it shows.21 Figure 2 showed the dispersion

stability of original graphite before and after modified in aque-

ous solution. As shown in Figure 2, the transmittance of origi-

nal graphite dispersed in water significantly increased with the

standing time, due to the settlement of graphite. After modified

by SDS, the transmittances of modified graphite dispersed in

water slightly increased with the standing time. It could be

explained that the more SDS attached on the surface of graph-

ite, the more stable graphite dispersed in water, and the lower

transmittance. Digital picture of the original graphite dispersion

diluted by a factor of about 0.1 mg mL21 (vial A) and the same

dispersion after modified by SDS by the same factor (vial B)

showed the original graphite dispersion diluted stratified: Part

of the graphite particles floated up and part of the graphite

Figure 2. Transmittance of original graphite (A) and SDS modified graph-

ite (B) disperse in water. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
Figure 3. FTIR spectra of (a) raw graphite, (b) pure PMMA, (c) PMMA/

graphite (1.0 wt %), (d) PMMA/graphite (3.0 wt %), (e) PMMA/graphite

(5.0 wt %). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. XRD patterns of raw graphite, pure PMMA, PMMA/1.0 wt %

graphite, PMMA/3.0 wt % graphite and PMMA/5.0 wt % graphite. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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particles settlement to the bottom. But the graphite evenly dis-

persed in the water after modified by SDS. The transmittance

results further demonstrates that experimental condition was

better for preparing PMMA/graphite microspheres.

FTIR Spectra Analysis

To verify whether the graphite had been doped into PMMA or

not, the FTIR spectra of raw graphite, pure PMMA and

PMMA/graphite (1.0 wt %; 3.0 wt %; 5.0 wt %) composite

Figure 5. SEM images of pure PMMA microspheres (a–c) and composite microspheres: (d–f) PMMA/graphite composite microspheres (1.0 wt %);

(g–i) PMMA/graphite composite microspheres (3.0 wt %); (j–l) PMMA/graphite composite microspheres (5.0 wt %); ceramic (m–o).
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microspheres were shown in Figure 3. From the spectra of pure

PMMA [Figure 3(b)] and PMMA/graphite [Figure 3(c–e)], the

characteristic peak of AC@O in carbonyl groups of PMMA at

1731 cm21 was clear in PMMA/graphite composites. The two

CAH stretching peaks at 2952 cm21 and 2995 cm21 appear both

in the spectra of Figure 3(b) and Figure 3(c–e). The peaks at

1454 cm21 and 1390 cm21 in Figure 3(b) and Figure 3(c–e) are

attributed to the vibration mode of ACH2 or ACH3 group in

PMMA.22 The peaks at 1000–1200 cm21 are attributed to the

stretching vibration of the CAO group of PMMA. In addition,

in the range of 2600–3300 cm21, a broad and strong AOH

absorption band appears, at the same time, the peaks at

1706–1720 and 1210–1320 cm21 are attributed to the stretching

vibration of C@O and CAO, respectively. All these

characteristics indicate the presence of the ACOOH group.

Compared with the spectrum of pure PMMA, the spectrum of

PMMA/graphite composite microsphere [Figure 3(c)] at

1450–1650 cm21 arose sight offsets and the intensity of the peak

at 698 cm21 was obviously weakened, which was contributed to

the interaction between PMMA and graphite.23 Furthermore,

compared with the raw graphite [Figure 3(a)], the characteristic

peaks in the spectra of pure PMMA and PMMA/graphite do not

appear in the curve of raw graphite, implying the successful prep-

aration of PMMA/graphite composite particles.

XRD Results

Figure 4 illustrated the XRD patterns of pure PMMA, graphite

and PMMA/graphite composite in the 2h range between 5� and

70�. In the diffract gram of pure PMMA, there is no sharp

diffraction peaks, confirming the non-crystalline nature. PMMA

is known to be an amorphous polymer.24,25 The graphite pattern

reveals an intense and sharp peak located at 2h 5 26.38�,

corresponding to the characteristic diffraction peak of graphite

powder.25 After the introduction of graphite into PMMA matrix,

the peak at 2h 5 26.38� appears, and it becomes intense and sharp

with the increase of graphite added amount. Due to the interac-

tion between PMMA and graphite, the intensity changes in the

composite particle and some small peaks are situated in the dif-

fract gram. The higher intensity for higher graphite content can

be attributed to the higher number of graphite layers.26 Therefore,

it is demonstrated that the graphite are fully exfoliated and

randomly dispersed in the polymer matrix. As a result, the

crystallinity of the PMMA is largely influenced by graphite–

PMMA–graphite particle. This further indicates that the struc-

tures of the graphite have not changed in the composite.

Morphology and Properties of PMMA/Graphite Composite

Microspheres

The morphology of the pure PMMA microspheres, ceramic,

and PMMA/graphite (1.0 wt %; 3.0 wt %; 5.0 wt %) composite

microspheres were shown in SEM images (Figure 5). The

surface of pure PMMA microspheres [Figure 5(a–c)] was very

smooth and it was turned rougher with increasing the amount

of graphite. Especially, for the higher magnification [Figure

5(f,i,l)]. Obvious difference was found due to slight crease of

flexible and ultrathin graphite, looking like creased scales. This

provided direct visual evidence that the graphite was success-

fully doped into the PMMA microsphere during polymeriza-

tion.27,28 For comparison, the SEM images of ceramics under

different magnification were presented in Figure 5(m,n,o),

which showed a rough surface and a bad sphericity to the com-

posite microspheres.

It could be seen from the sections of pure PMMA [Figure 6(a)]

and PMMA/graphite (3.0 wt %) composite particles [Figure

Figure 6. SEM images of section for pure PMMA (a) and PMMA/graphite (3 wt %) composite particles (b).

Table I. The Basic Performance of ULW Proppant and Conventional Proppant

ULW proppant

The amount of graphite (%) 0.0 1.0 2.0 3.0 4.0 5.0 Quartz sand Ceramic

Sphericity >0.9 >0.9 >0.9 >0.9 �0.9 �0.9 0.65 0.85

Roundness >0.9 >0.9 >0.9 >0.9 �0.9 �0.9 0.65 0.85

Acid solubility (%) 0.08 0.09 0.08 0.09 0.06 0.05 4.59 5.89

Turbidity (FTU) 15 35 50 58 64 75 100 80
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6(b)] that the internal structure of pure PMMA was compact,

while abundant homogeneously scales were observed inside the

composite particles. This illustrated that the graphite particles

were dispersed in the microspheres evenly, which made a great

contribution to the heat resisting and thermal stability charac-

teristic of composite particles.29

The measurement of sphericity, roundness, acid solubility, and

turbidity were qualitatively measured according to the standards

of ISO 13503-2. The results of the sphericity, roundness, acid

solubility, and turbidity of PMMA/graphite composite micro-

spheres with different content of graphite were shown in Table I.

From the table, the sphericity and roundness of PMMA/graphite

composite microspheres were above 0.9, which were obviously

better than quartz sand (0.65) and ceramic (0.85). Good spheric-

ity and roundness provide the high proppant-pack porosity,

leading to the increase of permeability at higher stresses with lit-

tle effect from temperature. Meanwhile the perfect sphericity can

improve the flow conductivity of proppant.6,30 The acid solubil-

ity of PMMA/graphite composite microspheres was close to zero

which was obviously better than quartz sand (4.59%) and

ceramic (5.89%). The lower acid solubility illustrated the better

stability of the proppant in an acidic environment, which means

that the proppants could provide long-term conductivity.31 The

turbidity of PMMA/graphite composite microspheres was much

lower than quartz sand (100 FTU) and ceramic 80 FTU). Turbid-

ity was caused by tiny crisp crumbs, which would fill the gap

between the proppants and decrease the conductivity.32 So the

high sphericity and roundness, low acid solubility and turbidity

of PMMA/graphite composite microspheres exhibited a promis-

ing application as ULW proppant.

The Densities of PMMA/Graphite Composite Microspheres

In order to adapt to the working environment of oil field as

water carrying fracturing proppants, composite particles needed

to be ULW. From the test, the measurements of apparent den-

sity (qA) included the internal porosity of particles as part of

the particle volume. They were measured in water and deter-

mined in accordance with the Petroleum and Gas Industrial

Industry Standard (SY/T 5108-2006) of China and calculated

based on this formula:

qA ¼ Ms

Vs

3100% (1)

where Ms and Vs are the weight and the volume of the PMMA/

graphite composite particles, respectively.

Figure 7 represented the density of pure PMMA microspheres

and PMMA/graphite composite microspheres. It could be seen

that the densities of composite microspheres increased from

1.055 to 1.135 g/cm3 when the graphite content was raised to

5%. According to the reports in the literature,30,31 the densities

of conventional proppants-quartz sand and ceramic were 2.65

and 3.25 g/cm3, respectively. It could be explained that since the

density of graphite powder is higher than that of pure PMMA,

when they were blended the density of composite particles is

between both components, and increased with increasing graph-

ite content.28 What’s more, the density of traditional ULW

proppant, such as resin coated and impregnated ground walnut

hull and porous ceramic particle coated (not impregnated) by

resins,32,33 were 1.25 and 1.75 g/cm3, respectively. Thickening

agents, such as guar gum were needed in the fracturing fluid by

using conventional high-density hydraulic fracturing prop-

pants,34 which are contaminative and hard to be degraded.

Compared with conventional high-density proppants, if the

above composite microspheres could be used as ULW proppant

in water fracturing, the damage caused by traditional hydraulic

fracturing can be avoided and the fracturing cost will be

reduced.

Thermal Behaviors of PMMA/Graphite Composite

Microspheres

The thermal properties of these composite microspheres

were evaluated by TGA. Figure 8 showed the TGA curves of

PMMA, PMMA/1.0 wt % graphite, PMMA/3.0 wt % graphite,

PMMA/5.0 wt % graphite at a heating rate of 10�C/min under

nitrogen flow. From the TGA curve, the thermal stabilities of

the PMMA/graphite composite particles were initially better

than that of pure PMMA. For pure PMMA, the onset tempera-

ture is 268�C, while for the composites it increases to 285�C for

PMMA/1.0 wt % graphite, 327�C for the PMMA/3.0 wt %

Figure 7. Densities of PMMA/graphite composite microspheres.

Figure 8. TGA curves of PMMA, PMMA/1.0 wt % graphite, PMMA/3.0

wt % graphite, PMMA/5.0 wt % graphite at a heating rate of 10�C/min

under nitrogen flow. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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graphite, and 345�C for the PMMA/5.0 wt % graphite. As the

graphite content of the hybrid increased, the temperature at

which the weight drastically decreased and the plateau region

appeared was increased. Moreover, around 400�C, at which

temperature residual PMMA was completely degraded, the

copolymers showed higher residual weights than their graphite

contents. This phenomenon might be attributed to the inter-

penetration of polymer chains with an inorganic scaffold of

graphite which could restrain the mobility of the polymer

chains.35 In view of these results, the high graphite content of

the composite particles could enhance the thermal stability of

composite particles dramatically. Therefore, the incorporation of

the graphite platelet resulted in pronounced improvement in

thermal stability.

Compression Tests

Taking into account of the working environment of fracturing

proppant, the most important properties of proppants are excel-

lent compressive strength. Confined compression tests were car-

ried out following the American Petroleum Institute (APIRP 60)

standard on proppant.36 According to the reference standard, the

fines of weight of composite particles under the pressure of 69

MPa were chosen, and the detailed results were depicted in

Figure 9. The crushing rate increased firstly and then decreased

with increasing graphite content. And the percentage of damage

decreased to 0.5% with the addition of 3.0% graphite, while the

graphite content raised to 5%, the percentage of damage

increased to about 1.1%. The observed compressive behavior

could be explained by the plasticizing action of small molecules

on the polymer. Graphite behaved as the flexibilizer, then leaded

to the good mechanical properties if they were presented in

small amounts and distributed homogeneously in the PMMA

microspheres.37 However, because of the poor compatibility of

graphite, this could lead to inhomogeneous distribution, poor

adhesion, increasing brittleness of composites and the decreasing

compressive strength as the proportion of graphite increased.6,38

According to the literature, under the same condition, the

fragmentation rate of quartz sand was 36% and ceramic was

10.2%.39 Therefore, the traditional proppants may be replaced

by composite microspheres which were more suitable as water

carrying fracturing proppant.

CONCLUSION

In this study, PMMA/graphite composite microspheres which

were aimed to be used as ULW proppants were successfully pre-

pared via in-situ suspension polymerization technique. The opti-

mum conditions for the synthesis of PMMA/graphite composite

microspheres and the effect of graphite content on the compres-

sive strength, density, thermal stability of PMMA/graphite

microspheres were investigated. The results revealed that the

technique of in-situ suspension polymerization was feasible for

the preparation of the PMMA/graphite composite microspheres.

The optimal dosage of graphite was 3.0 wt %. Under this condi-

tion, composite microspheres has a good sphericity (0.9), low-

density (1.099 g/cm3), high thermal stability, low acid solubility

close to zero, low turbidity (<80). Therefore, PMMA/graphite

composite microspheres exhibited a promising application as

water carrying fracturing proppant.
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