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INNOVATIVE TECHNOLOGIES OF OIL AND GAS

EFFECTIVENESS OF COPOLYMER OF POLYMETHYLMETHACRYLATE AND STYRENE
ASAPLUGGINGAGENT IN WATER-BASED DRILLING FLUIDS

Junwei Fang"?2, Yujing Luo’, Shuanggui Li"-2, Mingyi Deng?, Gang Xie*

In the development of shale gas, it is important to ensure the stability of the borehole wall. The
stability of the borehole wall depends on the plugging ability of the drilling fluid, while the stabilizing
ability of the drilling fluid is provided by adding the plugging agent to the fluid. Conventional
plugging agents are characterized by a relatively high volume and do not allow one to effectively
plug micropores and microcracks in shale rock. In this work, the PMMA-St copolymer was synthesized
by emulsion polymerization of methyl methacrylate and styrene. The characteristics of
the PMMA-St copolymer were studied by FT-IR, TGA, and phase analysis optical scanning methods.
The results show that the size of PMMA-St nanoparticles ranges from 34 to 58 nm, and the average
diameter is about 40.6 nm. The decomposition temperature of PMMA-St nanoparticles
is 374.8°C, which indicates the good thermal stability of the copolymer. The PMMA-St nanoparticles
have little effect on the rheological properties of water-based drilling fluids. The mud cake simulation
method was used to evaluate the plugging performance of PMMA-St nanoparticles. The permeability
of mud cake is 2.24 <10~ m?, which is close to the permeability of shale formation. When 0.5 wt % of
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the PMMA-St copolymer is added to the solution, the blocking rate is 70.27%. With increase
in PMMA-St concentration, the blocking rate of the mud cake increases. The best stabilizing effect is
achieved when the PMMA-St copolymer concentration is 1.0%. The results of the core experiments
are consistent with the mud cake simulation, which indicates the excellent sealing ability of
the PMMA-St copolymer. Therefore, PMMA-St nanoparticles can be effectively used as a plugging
agent to ensure borehole stability in the shale formation.

Keywords: nanoplugging agent; PMMA-St copolymer, mud cake; plugging performance.

1 INTRODUCTION

Shale gas is a relatively clean, low-pollution, and low-cost unconventional natural gas resource, which
has been recently widely developed worldwide [1]. The potential of shale gas resources is high, and the
exploration and development of shale gas have become a research hotspot. From the perspective of conventional
shale gas exploration and development methods, shale gas formation is low in strength, brittle, and prone to
instability and collapse. The mud shale is very susceptible to hydration and dispersion, which seriously restricts
shale gas production. To prevent hydration, oil-based drilling fluids are commonly used in shale gas
production [2 - 4]. Oil-based drilling fluids provide good wellbore stability and shale suppression performance.
However, due to hydraulic fracturing, oil-based drilling fluids can cause wall instability and severe environmental
pollution. Therefore, the use of oil-based drilling fluids is restricted by environmental protection
regulations [5]. The formation instability is the main reason for the borehole wall collapse. Mud shale formation
is characterized by numerous microporous fractures. The pore size of microfractures in mud shale is extremely
small [6 - 8]. Therefore, the particle size of the plugging agent material in the drilling fluid must meet strict
requirements [9]. In a conventional plugging agent, the particles are not prone to squeezing and deforming,
which prevents them from entering the microcracks in shale [10]. On the other hand, the advantages of the
plugging nanomaterials include small particle size, elasticity to deformation, size adjustability, and large surface
area [11]. Adding nanoparticles to the drilling fluid can effectively seal microfractures and prevent water from
entering the shale. Therefore, the preparation of a nano-size plugging material compatible with water-based
drilling fluids has important practical significance [12].

The particle size of most commonly used plugging agents such as fine calcium carbonate, asphalt, and
walnut shell powder is larger than the size of nanopores in the shale formation. The size of pores in the shale
formation ranges from 1 to 100 nm. Conventional plugging agents do not provide effective sealing when drilling
in the shale formation. To provide sealing, it is important to develop a sealing agent containing nano-size
particles [14,15]. Some recently developed plugging agents, including nanosilica, nanographene, cellulose
nanoparticles, carbon nanotubes, hyperbranched polymers, and other materials, have been widely used in
drilling fluids [16]. Due to the nano-scale effect, the nanomaterial is prone to agglomeration, making it difficult
to maintain the nano-scale size of particles in the solution. Most inorganic nanoparticles cannot maintain
suspension stability in the drilling fluid system for a long time. The polymer nanoparticles can remain stable in
the emulsion for a long time [18,19].

In this work, we have developed a new polymer material to be used as a plugging agent.
The PMMA-St copolymer was prepared by emulsion polymerization using methyl methacrylate and styrene as
raw materials. The properties of the PMMA-St copolymer were studied by Fourier transform infrared
spectroscopy (FT-IR), particle size analysis, thermogravimetric analysis, and scanning electron
microscopy (SEM). The plugging performance of the anion core-shell copolymer was studied by core simulation

tests.
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2 MATERIALS AND METHODS
2.1 MATERIALS

Methyl methacrylate, styrene, potassium sulfate, potassium peroxymonosulfate, and sodium lauryl
sulfate were purchased from J&K Scientific Ltd. Bentonite was from Xinjiang Xiazijie. Industrial grade sulfonated
lignite, sulfonated phenol-formaldehyde resin, carboxymethyl cellulose sodium, lignite sodium humate, and

barite were obtained from a commercial corporation.

2.2 METHODS

Fourier transform infrared spectrometer (FTIR, Nicolet 6700, Thermo Scientific) was used to characterize
the copolymer. The particle size analysis of the core-shell copolymer was performed in the Brookhaven
ZetaPALS laboratory. The microstructure of the core-shell copolymer was studied by scanning electron
microscopy (Quanta 450, FEI, USA). Thermogravimetric analysis (TGA/DSCI1, Mettler, Switzerland) was used to
measure the thermal stability at a temperature rise rate of 15!/min in the range from 30 to 300°C. The rheological
properties of water-based drilling fluids were measured using a ZNND6 rotational viscometer developed

by Qingdao Jiaonan Tongchun Machinery Petroleum Instrument Ltd., China.

2.3 FLUID PREPARATION AND THERMAL AGING TESTS

The drilling fluid formula is 100 g water + 5% Na + Mt + 0.5% Na,CO, + 0.8% sodium
carboxymethylcellulose + 3% lignite sodium humate + 10% barite. The content of Na + Mt, sodium
carboxymethylcellulose, sodium humin, and barite is determined by the water content. The obtained drilling

fluid was used to evaluate the rheological properties of the inhibitors.

2.4 RHEOLOGICAL PARAMETERS EVALUATION
The rheological parameters such as apparent viscosity (AV), plastic viscosity (PV), and yield

point (YP) were calculated from the rheometer readings in the range from 600 to 300 rpm using the following
formulas [20]:

Apparent viscosity (AV) = @ 600/2 (mPa-s), (D)
Plastic viscosity (PV) =0 600 — @ 300 (mPa-s), 2)
Yield point (YP) = (9 300 — PV)/2 (Pa). 3)

2.5 PLUGGING EVALUATION METHOD
2.5.1 Preparation of mud cake

First, 10 g of bentonite and 0.5 g of sodium carbonate were slowly added to 100 mL of boiling water and
the whole stirred vigorously for 4 h. Then 5 g of sulfonated lignite was added to the solution and the mixture
stirred for 1 h. Then 5 g of the sulfonated phenol resin was added and the mixture stirred vigorously
for 1 h. Finally, 100 g of barite was added and the whole vigorously stirred for 1 h. The mixture was left to cure
for 24 h.

Before measuring the filtration volume, the resulting standard mud was stirred vigorously for 0.5 h and
then placed in the HTHP filter device. The filtration volume was measured at 105°C and 3.5 MPa for 30 min, and

the initial and final filtration volumes were recorded. The fluid was poured out, and the mud cake was washed
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with distilled water. The distilled water was slowly injected into the HTHP filter press along the inner wall, and
the filtration volume of the distilled water was measured at 105°C and 3.5 MPa. Data were recorded
for 30 min with a 5-min step. The mud cake was then used for the evaluation of the plugging performance of the

nanomaterial.

2.5.2 Evaluation of mud cake
The mud cake permeability was evaluated using the drilling fluid filtrate. To evaluate the plugging
performance of the PMMA-St material, the PMMA-St nanoparticles were added to the filtrate. The permeability

of the mud cake was calculated as

huQ,

K=—"= @

AAP

where K is the permeability of mud cake, 10° um?; 4 is the cross-sectional area of mud cake, cm?; AP is the

differential pressure, MPa; % is the mud cake thickness, cm; g is the viscosity of the solution
containing PMMA-St nanoparticles, mPa-s; and Q, is the average flow rate, cm’-s™.

The plugging rate of mud cake was calculated as [11]
K -K
W=—( : 2)><100% 5)
K

where W is the plugging rate; K, is the mud cake permeability to water without PMMA-St nanoparticles,
and K, is the mud cake permeability to the solution containing different concentrations of
the PMMA-St nanoparticles.

2.6 SYNTHESIS OF PMMA-ST COPOLYMER

The measured amount of sodium styryl sulfonate, accounting for 70% of the total monomers, a small
amount of potassium sulfate, and a small amount of sodium dodecyl sulfate are placed in a 1-liter three-neck
flask in nitrogen atmosphere, and 400 g of deionized water is added to dissolve the mixture; then methyl
methacrylate (30 g) and styrene dissolved in nitrogen (30g ) are added to the mixture, and the mixture is stirred

at 300 rpm and 67°C. To initiate polymerization, a 20 g solution containing 0.45 g potassium persulfate is added
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Fig.1. Copolymerization reaction of methyl methacrylate and styrene.
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to the mixture. The reaction takes 24 h. The reaction of copolymerization of methyl methacrylate and styrene is

shown in Fig.1.

3 RESULTS AND DISCUSSION
3.1 FT-IR

The FT-IR spectrum of the PMMA-St copolymer is shown in Fig. 2. As shown in Fig. 2, the peak
at 3462 cm'is the stretching vibration peak of —OH bond formed by residual water and sodium sulfonate group.
The peak at 1735 cm™ is attributed to the C=0 bond, and the peak at 1182 cm™ to the C-O bond. Both
peaks are characteristic of the ester group (-COOCH,). The peak at 2925 cm™ is due to the extension
of -CH, and -CH,bonds. The peaks at 1603, 1590, and 1500 cm™ are the skeletal vibration peaks of the benzene
ring. The peaks at 758 and 702 cm™! are the vibrational characteristic absorption peaks of the monosubstituted
benzene ring [13]. The results show that the synthesized copolymer contains the ester group, benzene ring,
methyl group, and methylene group, indicating that the PMMA-ST copolymer is successfully synthesized and

the structure ideally corresponds to the designed structure.
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Fig.2. FT-IR spectrum of PMMA-St copolymer.
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Fig.3. The grain size distribution and cumulative distribution of the PMMA-St copolymer nanoparticles.
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3.2 GRAIN SIZE DISTRIBUTION

The size of the PMMA-St copolymer particles was measured using a Brookhaven laser particle size
analyzer ZetaPALS. Figure 3 shows that the particle size distribution of the PMMA-St copolymer is relatively
narrow. Most of the grain size is distributed in the range of 34-58 nm, with a small distribution peak at 5-10 nm.
The average grain diameter is 40.6 nm. This shows that PMMA-St nanoparticles of size smaller than 100 nm can
effectively block nano-scale pores and fractures in shale. Therefore, PMMA-St nanoparticles can be effectively
used in water-based drilling fluids.

3.3 THERMOSTABILITY OF PMMA-ST NANOPARTICLES
The thermogravimetric curve of the PMMA-St nanoparticles is shown in Fig. 4. As shown in Fig. 4, the

initial decomposition temperature of the copolymer is 374.8°C, which indicates that the PMMA-St nanoparticles
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Fig.4. Thermogravimetric analysis of PMMA-St nanoparticles.

Fig. 5. SEM images of the PMMA-St nanoparticles at different magnification. a) 1000x,
b) 2000x, ¢) 5000%, and d) 10000x.
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Fig. 6. AV data of drilling fluids with different PMMA-St nanoparticle concentrations
(before and after hot rolling tests at 105°C for 16 h).
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Fig. 7. PV data of drilling fluids with different PMMA-St nanoparticle concentrations
(before and after hot rolling tests at 105°C for 16 h).
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Fig. 8. YP data of drilling fluids with different PMMA-St nanoparticle concentrations (before
and after hotrolling tests at 105°C for 16 h).
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remain stable when the temperature is lower than 374.8°C. With further increase in temperature,
the PMMA-St nanoparticles begin to decompose due to the decomposition of the polymer. When the temperature
rises from 374.8°C to 453.4°C, the weight of the PMMA-St nanoparticles decreases by 90.56%. The results show
that the PMMA-St nanoparticles have good temperature resistance and can be used in high-temperature

deep-well drilling processes.

3.4 SEM

Figure 5 shows the SEM images of the PMMA-St nanoparticles at different magnifications. The results
show that the PMMA-St copolymer consists of multiple sheet-like structures. However, the particle size results
indicate that the PMMA-St nanoparticles are spherical in shape. The reason is that the SEM image shows the
original structure of the PMMA-St nanoparticles, while the particle size analysis measures the dynamic particle
size of the PMMA-St particles containing the hydrated shell of the PMMA-St copolymer. The SEM image of
the PMMA-St copolymer proves the dense structure of the particles.
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Fig. 9. The filtration volume of mud cake with different concentrations of PMMA-St nanoparticles at different times.
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Fig.10. The permeability of mud cake with different concentrations of PMMA-St nanoparticles.
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3.5 RHEOLOGICALAND FILTRATE PROPERTIES OF WATER-BASED DRILLING FLUID

To study the rheological behavior of the drilling fluids, different concentrations of
the PMMA-St nanoparticles (0, 0.5, 1, 1.5, and 2%) are added to the basic drilling fluid. The rheological
properties (AV, PV, and YP) of the fluids are shown in Figs. 6, 7, and 8, respectively. The results show that when
the nanoparticles are added to the solution, the rheological parameters (AV, PV, YP) of the fluids increase both
before and after hot rolling treatment at 105°C for 16 h. The reason for the increase at 105°C is that when
the PMMA-St nanoparticles are added to the drilling fluid system, they cause an increase in the structural
viscosity of the drilling fluid. However, when the concentration of nanoparticles exceeds 1%, the rheological
parameters before and after the hot rolling test increase insignificantly. This shows that the viscosity of
the PMMA-St copolymer is very low and has little effect on the rheological properties of water-based drilling
fluids. The results show that the optimal amount of the PMMA-St nanoparticles is 1.0 %.

Plugging rate (W

. 1 1
0.4 0.6 as L0 12 L4 1.6
Concentration (wt®

o

Fig.11. The plugging rate of PMMA-St nanoparticles of different concentrations.
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Fig.12. The displacement pressure curves of artificial core water-based drilling fluid without PMMA-St.
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Fig.13. The displacement pressure curves of artificial core water-based drilling fluid containing 1% PMMA-St.

3.6 PLUGGING PERFORMANCE OF PMMA-ST NANOPARTICLES
3.6.1 Evaluation of mud cake

To simulate the formation core, mud cake evaluation tests were carried out. The mud cake tests have the
advantages of low cost and good reproducibility. The filtration volume of the PMMA-St copolymer nanoparticles
with different concentrations at different times is shown in Fig. 9. The results show that compared with the
filtration loss volume of the mud cake containing filtrate, the filtration loss volume of the mud cake containing
the PMMA-St nanoparticles is significantly reduced. As the PMMA-St concentration increases, the filtration
volume decreases. The permeability of the mud cake calculated from Eq. (4) is 2.24 x10-um?, which is close to
the permeability of shale, as shown in Fig. 10. The results show that the mud cake tests can succefully simulate
the plugging performance of the PMMA-St copolymer nanoparticles. The permeability of the mud cake decreases
with increase in the PMMA-St nanoparticle concentration. As shown in Fig. 11, when
the PMMA-St concentration is 0.5 %, the blocking rate calculated from Eq. (5) is 70.27 %. When
the PMMA-St concentration is 1.0% and 1.5%, the mud cake plugging rate is 85.13% and 85.58%, respectively.
The plugging rate of the mud cake increases with increase in the PMMA-St nanoparticle content amount. When
the concentration exceeds 1.0%, the plugging rate changes insignificantly. The results show that the optimal

concentration of the PMMA-St nanoparticles providing a good blocking performance is 1.0%.

3.6.2 Evaluation of artificial core

The displacement pressure curves obtained by the core evaluation tests are shown in Figs.12 and 13.
Figure 12 shows the displacement pressure curves of the water-based drilling fluid without PMMA-St. The positive
displacement pressure peak is only 0.61 MPa before the core contamination with the water-based drilling fluid
without PMMA-St. After contamination, the positive displacement pressure peak is about 4.06 MPa for a test time
of 110 min. Figure 13 shows the displacement pressure curves of the water-based drilling fluid
containing 1.0% of PMMA-St. As can be seen from the figure, the peak of positive displacement pressure is as low
as 0.63 MPa. When the water-based drilling fluid contains 1.0% of PMMA-St, the positive displacement pressure peak
is 19.65 MPa. The permeability of the core to the water-based drilling fluid containing 1.0 % PMMA-St is 3.3 x10 pm?, as
calculated from Eq. (4). This is consistent with the results obtained from the mud cake evaluation. The results prove that the

core permeability can be measured by either of these two methods and that the PMMA-St copolymer demonstrates good
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plugging performance. The length of the articial core is 5.45 cm, the cross-sectional diameter is 2.44 cm, and the porosity
s 4.79%.

4 CONCLUSIONS

PMMA-St copolymer nanoparticles were prepared by emulsion polymerization of styrene
and MMA monomers. The PMMA-St material was characterized by FT-IR, TGA, and phase analysis by the light
adsorption method. The size of the PMMA-St nanoparticles ranges from 34 to 58 nm, and the average diameter
is about 40.6 nm. The PMMA-St nanoparticles are smaller than 100 nm and can effectively block pores and
cracks in the shale formation. The PMMA-St nanoparticles have good temperature resistance, and the polymer
decomposition temperature is higher than 374.8!.

The shale formation parameters are simulated by a low-permeability mud cake method. When the
water-based drilling fluid contains the PMMA-St nanoparticles, the permeability of the mud cake decreases
sharply with increase in the PMMA-St concentration. When the PMMA-St nanoparticles concentration
exceeds 1.0 %, the blocking effect is good. The results of the core evaluation are consistent with the mud cake
simulation experiment, which shows that the PMMA-St material provides an excellent sealing effect.
Therefore, PMMA-St nanoparticles can be used as an effective nano-blocking agent to provide borehole wall

stability in shale.
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