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Nanoscale plugging agent is essential to wellbore stability of troublesome shale formation in the drilling of oil and gas wells. In this paper, polymeric nanospheres (PNS) with a double cross-linked structure were synthesized using monomers of styrene (ST), acrylamide (AM), 2-Acrylamide- 2-methylpropanesulfonic acid (AMPS), and dimethyl diallyl ammonium chloride (DMDAAC). PNS were characterized by FTIR, SEM and TGA. The plugging performance of PNS was analyzed using nitrogen adsorption experiments and SEM. And compatibility with water based drilling fluid (WBM) was studied. Experimental results showed that PNS had a mean particle size of 133 nm, and could retain about half of the original size after high temperature treatment under 150–200°C. TGA showed that the initial decomposition temperature of PNS is around 315°C. After plugging by PNS, both the specific surface area and pore volume of the shale cuttings decreased substantially compared with those of shale samples treated with water. Thus, PNS was thermal stable in WBM under high temperature and could effectively plug shale pores. Besides, PNS was beneficial to reduce both API and HTHP fluid loss of WBM.
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INTRODUCTION

Shale formations account for about 75% of drilled formations worldwide (Osisanya and Chenevert, 1994). The shale formation has a large amount of micropores (Alharthy et al., 2013, 2016). On the one hand, the invasion of drilling fluids into micropores during the drilling process causes hydration and expansion of clay minerals (Luo et al., 2017; Huang et al., 2018a). On the other hand, the pressure transmission (Chen et al., 2010; Sarout and Detournay, 2011) of drilling fluids into the shale formation reduces the differential pressure, which weakens the support role played by drilling fluids. The above two factors result in wellbore instability (Lv et al., 2020) during the drilling process, including wellbore collapse, stuck pipe, necking, etc., which seriously affects the safety and efficiency of drilling and causes huge economic losses. According to statistics, economic losses caused by wellbore instability are estimated $800 million each year worldwide (AL-Bazali, 2011).

Effective plugging of micropores is one of the key measures to solve the wellbore instability. For shale formations, microscale and nanoscale pores coexist (Jin J. et al., 2017) and the nanoscale pores occupy the majority proportion (Cao et al., 2015; Jin et al., 2019; Zhao et al., 2019). Pore size distribution analyzed by precise measurement of SEM, nitrogen adsorption, nuclear magnetic resonance (NMR) indicates that the size of nanopores is in a range of a few nanometers to a few hundred nanometers (Curtis et al., 2011; Cao et al., 2015; Jin X. et al., 2017; Zhao et al., 2019). For micron-level pores, the variety of plugging agents is abundant, which includes ultra-fine calcium carbonate, fibers, asphalts, polymers, gel particles. However, these micron-level plugging agents could not plug nanoscale pores because their size is too large. Considering matching of size and according to many studies (Taha and Lee, 2015; Xu et al., 2017; Huang et al., 2018b), the nanoscale plugging agent is essential to wellbore stability of troublesome formation.

Aiming to solve the wellbore instability, inorganic nanomaterials such as nanosilica, nano CaCO3 were firstly used to formulate nano drilling fluid. Cai et al. (2012) found that adding unmodified nanosilica into WBMs could significantly reduce the invasion of water into the shale. Some research studied the effect of other inorganic nanoparticles on the wellbore stabilizing performance of drilling fluid such as nano grapheme (Taha and Lee, 2015), nano TiO2 (Cheraghian et al., 2014), and nano MgO (Alssafar and Al-Mahdawi, 2019). Nano polymers (Xu et al., 2017, 2018; Zhang et al., 2018) having good flexibility could plug irregular shale pores by transformation and have strong interaction with shale matrix. Polymer/inorganic nano composites (Wu et al., 2016; Huang et al., 2018b; Qiu et al., 2018) combining the advantages of polymeric and inorganic plugging agents are another research hotspot. But the polymer matrix has limited high-temperature resistance performance, leading to bad plugging performances in deep formation. Severe decomposition of polymer matrix will occur at high temperatures. High-temperature hydrolysis (Ma et al., 2015) is the most important form of polymer degradation in WBM.

This paper introduced the synthesis of a kind of polymeric nanospheres—PNS. The double cross-linked structure largely improved the high-temperature performance in water based drilling fluid. Experimental results indicated that PNS developed in this paper had good high-temperature performance and plugging performance.



EXPERIMENTAL SECTION


Materials

Acrylamide (AM, 99 wt%), 2-Acrylamide-2-methylpropanesulfonic acid (AMPS, 99 wt%), styrene (ST, 99 wt%), dimethyl diallyl ammonium chloride (DMDAAC, 60 wt% water solution), N, N'- methylene bisacrylamide (MBA, 99 wt%), potassium peroxodisulfate (K2S2O8, 99.5wt%), sodium hydroxide (NaOH, 99.5 wt%), and (3-aminopropyl)-triethoxysilane (KH550, 99 wt%) were provided by Aladdin Reagent Co., Ltd. Bentonite and outcrop shale samples were provided by Greatwall Drilling Company, China. The mineral compositions of the shale sample analyzed by X-ray diffraction were shown in Table 1.


Table 1. Mineral Compositions of shale sample by X-ray diffraction analysis.
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Structure Design Principles of PNS

(1) PNS should have hydrophilic surfaces so that it could be easily dispersed into WBM.

(2) Cationic monomer DMDAAC was used to enhance the attraction force between PNS and shale matrix through electrostatic interaction.

(3) It has been well-studied that the use of the monomers of the ST and AMPS could increase the thermal stability of polymeric drilling fluid additives (Wu et al., 2001; Huo et al., 2018; Mohamadian et al., 2019) because the rigid side-chain of ST and hydrolysis resistant group (—SO3H) of AMPS are beneficial to temperature resistant property of polymeric additives.

(4) In order to further improve the thermal stability of PNS in WBM, the cross-linking agent MBA and the silane coupling agent KH550 were used to form double cross-linked structure to decrease the mobility of polymer chains. The double cross-linked structure of PNS was shown in Scheme 1.


[image: Scheme 1]
SCHEME 1. The double cross-linked structure of polymeric nanospheres (PNS).




Synthesis of PNS

PNS were synthesized by the method of soap-free emulsion polymerization. The synthesis process of PNS is shown in Scheme 2. Five gram AMPS, 2 g AM, 3 g DMDAAC, 0.05 g KH550, and 0.1 g MBA were slowly added into a beaker with 150 mL DI water. The pH of the mixture was adjusted to 7.0 by adding 20 wt% NaOH solution. Fifty gram ST was then added into the mixture. And the mixture was emulsified using a high speed emulsifying machine and then transferred into a three-neck flask. After the emulsion in the flask was heated up to 75°C, 0.1 g K2S2O8 was added. The reaction was kept at 75°C for 4 h at a stirring speed of 400 rpm.


[image: Scheme 2]
SCHEME 2. The synthesis process of polymeric nanospheres (PNS).




Characterization of PNS

Two milliliter PNS latex was diluted by 50 times. Particle size distribution of PNS was measured using a Zetasizer Nano ZS90 laser particle size analyzer (Malvern, UK). A small drop of the diluted latex was dropped onto an anisotropic conductive film and was dried using an infrared light. Morphology of PNS on the film was observed with a scanning electron microscope (SEM, S-8200, Hitachi, Japan).

The solid sample of PNS was obtained by drying the PNS latex using a drying oven at 105°C and ground into powder in an agate mortar. The FTIR spectrum of the PNS powder sample was obtained using an IRTracer-100 FTIR spectrometer (Shimadzu, Japan) at room temperature. The frequency range was from 400 to 4,000 cm−1 with a resolution of 4 cm−1. Thermal gravimetric analysis of the PNS powder sample was carried out by a TGA550 Mettler-Toledo instrument (METTLER TOLEDO, USA) under nitrogen circumstances. The temperature range was 40–100°C with a heating rate of 20°C/min.



Plugging Performance

Nitrogen adsorption experiment can accurately quantify characteristics of shale pores. Shale cuttings with 6–10 mesh were used for this experiment. The plugging performance of PNS was evaluated by analyzing the changes in specific surface area, pore volume and pore size of shale cuttings before and after treatment.

The 10 g shale cuttings were soaked in 350 mL inhibitive solution in a suction flask for 4 h where the suction pressure was kept at 0.08 MPa. After that the cuttings were filtered out and dewatered at 102°C for 4 h. Nitrogen adsorption tests were conducted by a surface area and porosity analyzer (Autosorb-iQ, Quantachrome, USA). Before measurement, all the shale samples were degassed under vacuum at 300°C for 2 h. The Barrett–Joyner–Halenda (BJH) model and density functional theory (DFT) were used to analyze the specific surface area and pore volume.

A scanning electron microscope (SEM, S-8200, Hitachi, Japan) was employed to observe the changes in the microstructure of the cuttings before and after plugging.



Influence of PNS on the Performance of Drilling Fluid
 
Rheological Performance

4 wt% base fluid was prepared by slowly dispersing 40 g bentonite into 1,000 mL DI water using an electric mixer and aged at room temperature for 24 h. The properties of the base fluids with and without 1 wt% of PNS were determined according to the American Petroleum Institute (API) Recommended Practice 13B-1 (API RP 13B-1, 2009): Recommended Practices for Field Testing Water-based Drilling Fluids. The apparent viscosity (AV) and plastic viscosity (PV) were measured using a ZNN-D6 six-speed viscometer (Qingdao Tongchun, China) under room temperature and calculated by Equations (1, 2).
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where ∅600 and ∅300 are the dial readings at 300 and 600 rpm, respectively.



API and High Temperature High Pressure (HTHP) Fluid Loss

API fluid loss volumes of drilling fluids were determined by a ZNS-2 type pressure filter (Qingdao Tongchun, China) at 0.69 MPa under room temperature.

The drilling fluids were aged at 150 and 180°C for 16 h in a hot rolling oven. After that the HTHP fluid loss volumes were determined by a GGS71-B type HTHP pressure filter (Qingdao Tongchun, China) at 150 and 180°C under a differential pressure of 3.5 MPa.





RESULTS AND DISCUSSION


FTIR

Figure 1 shows the FTIR spectrum of PNS. The peaks at 3,398 cm−1 and 3,203 cm−1 are attributed to the symmetric and anti-symmetric stretching vibrations of -NH2, respectively. The peak at 3,336 cm−1 is assigned to stretching vibration of N-H. The peak at 3,026 cm−1 is the characteristic peak of H-C=of the benzene ring. The peaks observed at 2,924 and 2,846 cm−1 are assigned to the symmetric and anti-symmetric stretching vibrations of C-H. The sharp peak at 1,670 cm−1 is the characteristic peak of C=O. The peaks at 1,600 and 1,452 cm−1 are the skeletal vibration of the benzene ring. The peaks at 1,188 and 1,041 cm−1 are the characteristic peaks of -[image: image]. The peak at 906 cm−1 is the characteristic peak of N-Cl from DMDAAC. The peaks at 756 and 696 cm−1 are assigned to out-plane vibration of C-H.


[image: Figure 1]
FIGURE 1. FTIR spectrum of synthesized polymeric nanospheres (PNS).




Particle Size Distribution and SEM

The particle size distribution analyzed by laser particle analyzer of PNS is shown in Figure 2. Experimental results showed that the particle size of the synthesized PNS was between 10 and 600 nm, and the mean particle size was 133 nm. Figure 3 shows the SEM images of PNS nanoparticles at different amplifications. It is apparent that PNS were nearly spherical flexible particles and their particle size was in accordance with the results obtained by the laser particle analyzer. In the synthesis process, ST is a hard monomer (Ouchi et al., 1981), which cannot form flexible polymers alone. The flexibility was obtained as a result of the addition of AM, AMPS, and DMDAAC. The flexibility enables PNS to deform and adapt to shale pores with a variety of shapes, which helps to increase plugging efficiency.


[image: Figure 2]
FIGURE 2. Particle size distribution of PNS and PNS after aging treatment at 150°C, 180°C and 200°C for 16 h.



[image: Figure 3]
FIGURE 3. SEM images of PNS at different amplifications. (a) ×50K, (b) ×100K.


The particle size distributions of PNS latex after aging treatment at different temperatures for 16 h were also studied, as shown in Figure 2. The mean particle size was decreased to 64, 56, and 54 nm after treated at 150, 180, and 200°C, respectively. As the increase of aging temperature, the changes in mean particle size were small. It is concluded in this section that PNS could retain about half of the original size after high temperature treatment, which suggests that PNS could withstand high temperature in the water environment.

The high temperature resistance property in the water environment means that PNS had a strong hydrolysis resistance property under high temperature, the reason of which might come from two aspects. First, the amide groups and sulfonic acid groups of PNS molecules are hydrolysis-resistant chemical groups, which make PNS difficult to hydrolyze. Second, the double cross-linked structure improves the resistance to hydrolysis.



TGA

The TGA curve of PNS is shown in Figure 4 where five weight loss stages are observed in total. The first stage is room temperature to about 110°C, which is caused by the volatilization of free water in PNS powder. The second weight loss stage between 110 and 200°C is possibly due to the break of a few amount of lateral groups such as amide groups, sulfonic acid groups, and the benzene ring groups. The third stage of 200–315°C is due to the thermal degradation of partial lateral groups (Chang et al., 2019). The sharp reduction in weight between 315 and 460°C is caused by the degradation of the polymer main chain (Liu and Yi, 2009). The last stage where temperature is above 460°C is caused by complex reactions, including the break of C-H and C-O.


[image: Figure 4]
FIGURE 4. Thermogravimetric analysis of PNS under nitrogen environment.


The initial decomposition temperature of the polymer is around 315°C, which means the PNS could withstand high temperature and had a good thermal stability. The reason could be explained from two aspects. First, the benzene ring groups of PNS could increase the rigidity of the molecular chains and hinder the thermal movement of the molecular chain (Li et al., 2012), enhancing the thermal stability. Second, the double-crosslinked structure further restricts the movement of the molecular chains and thus enhances thermal stability (Mitomo et al., 2005).



Plugging Performance

The plugging performance of PNS was analyzed in terms of specific surface area and pore volume of shale samples. The specific surface area and pore volume of shale pores analyzed by both BJH and DFT methods is shown in Table 2. In this section, original shale cuttings, shale cuttings treated with water and shale cuttings treated with 1 wt% PNS latex were analyzed.


Table 2. Pore analysis of original shale cuttings and shale cuttings treated with water and 1 wt% PNS latex determined by nitrogen adsorption experiments.
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The experimental results showed that the change law of specific surface area and pore volume are consistent for both models. The specific surface area and pore volume of the original shale cuttings were the smallest. After DI water treatment, both specific surface area and pore volume increased largely due to the hydration swelling of the shale cuttings. However, the drill cuttings plugged with 1 wt% PNS latex had a small increase in both specific surface area and pore volume compared to untreated drill cuttings. The above experimental phenomena showed that PNS is capable of plugging shale pores at a low concentration, but the specific surface area and pore volume still increase compared to the original state of shale due to the inevitable hydration swelling.

The microstructure of the shale surfaces after plugged by 1 wt% PNS latex is shown in Figure 5. For the non-porous part of surfaces, PNS were uniformly adsorbed on the surfaces (Figure 5a). The easy adsorption on shale surfaces is the premise of effective plugging. And for surface areas with more pores, PNS were observed in the shale pores as was marked in Figure 5b. Thus, SEM proved the good plugging performance of PNS.


[image: Figure 5]
FIGURE 5. SEM images of shale cuttings plugged by 1 wt% PNS latex. Non-porous shale surface (a) and porous surface (b).


The easy adsorption of PNS on shale surfaces is one important reason for the good plugging performance. According to analysis of interaction forces, adsorption is formed through hydrogen bonding and electrostatic interaction. First, the surfaces of clay minerals have Si-OH and Al-OH, which could form hydrogen bonds with amide and sulfonic groups of PNS. Second, clay surfaces are permanently negatively charged. Because the monomer DMDAAC was used in the synthesis process, so the cations on PNS surfaces could establish electrostatic attraction forces. As a result, the two interactions forces enhanced the adsorption strength on the shale surfaces and plugging strength of shale pores.

Nano particles have a large specific surface area and are prone to aggregate, losing nanometer properties. Therefore, the nano-plugging agent must first have good dispersibility in water. In this paper, the hydrophilicity of the microspheres PNS is improved by adding hydrophilic monomers (AM, AMPS, DMDAAC), which is beneficial to the dispersion of microspheres.



Influence of PNS on the Performance of Drilling Fluid

The application of PNS in drilling fluid must first ensure that PNS do not have a large negative impact on the rheological and filtration performance of drilling fluids. Table 3 shows the changes of rheology, API and HTHP fluid loss before and after adding 1 wt% PNS latex into the base fluid (4 wt% bentonite suspension). As is shown in Figure 3, the AV and PV changes of the base fluid can be ignored after the addition of 1 wt% PNS latex. And after aging at 150 and 180°C, the changes of AV and PV were very small compared with those of the base fluid aged at the same conditions. Therefore, PNS has almost no negative impact on the rheology of the drilling fluid.


Table 3. The influence of 1 wt% PNS latex on rheological and filtration performance of 4 wt% bentonite suspension.

[image: Table 3]

It also can be seen that after the addition of PNS, the API fluid loss decreased significantly. For the untreated base fluid, the API fluid loss was reduced from 24 to 10.8 mL after adding 1 wt% PNS latex. After high temperature aging at 150 and 180°C, the addition of PNS reduced API fluid loss to different extent. Besides, the addition of PNS also reduced HTHP fluid loss. Thus, PNS were beneficial to improve the filtration property of drilling fluids and had good thermal stability in WBM. It is worthy to note that filtration performance is different from plugging performance, which is because the pores of filter papers used in fluid loss measurements is micron-level. According to API standard (API RP 13B-1, 2009), the particle size retention range of these filter papers is 2–5 μm. While the range of shale pores varies from micron-scale to nanoscale, and majority of the pores are nanoscale.




CONCLUSIONS

(1) PNS were designed in chemical structure and synthesized by soap-free emulsion polymerization.

(2) The particle size of PNS was between 10 and 600 nm with a mean value of 133 nm. The mean particle size was decreased to 64, 56, and 54 nm after aging at 150, 180, and 200°C for 16 h, respectively. TGA results showed that PNS had a high initial decomposition temperature of 315°C.

(3) After plugging by 1 wt% PNS latex, both specific surface area and pore volume of the shale cuttings decreased substantially compared with those of shale samples treated with water, indicating PNS were effective to plug shale pores. SEM observation of shale cuttings proved the good plugging performance of PNS from the aspect of microstructure.

(4) PNS was not detrimental to the rheology and filtration property of base fluid in the studied concentration. And PNS could reduce both API and HTHP fluid loss of base fluid.

(5) PNS have a strong capability of resistant to hydrolysis and high temperature in WBM.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



AUTHOR CONTRIBUTIONS

HL designed and carried out experiments. KL and ZL carried out experiments and analyzed the data. XH wrote the manuscript. XD helped perform the analysis and provided useful suggestions.



ACKNOWLEDGMENTS

The authors are thankful to the National Natural Science Foundation of China (U1762212, 51904329, 41902323) and the Shandong Natural Science Foundation (ZR2019BEE002).



REFERENCES

 AL-Bazali, T. M. (2011). The consequences of using concentrated salt solutions for mitigating wellbore instability in shales. J. Pet. Sci. Eng. 80, 94–101. doi: 10.1016/j.petrol.2011.10.005

 Alharthy, N. S., Nguyen, T. N., Teklu, T. W., Kazemi, H., and Graves, R. M. (2013). “Multiphase compositional modeling in small-scale pores of unconventional shale reservoirs,” in Proceedings - SPE Annual Technical Conference and Exhibition (New Orleans, LA: Society of Petroleum Engineers), 2705–2724.

 Alharthy, N. S., Teklu, T. W., Nguyen, T. N., Kazemi, H., and Graves, R. M. (2016). Nanopore compositional modeling in unconventional shale reservoirs. SPE Reserv. Eval. Eng. 19, 415–428. doi: 10.2118/166306-PA

 Alssafar, S. Y., and Al-Mahdawi, F. H. M. (2019). New study of Mgo Nps in drilling fluid to reduce stick-slip vibration in drilling system. Iraqi J. Chem. Pet. Eng. 20, 51–59. doi: 10.31699/IJCPE.2019.2.7

 API RP 13B-1 (2009). Recommended Practice for Field Testing of Water-Based Drilling Fluids. Washington, DC: American Petroleum Institute.

 Cai, J., Chenevert, M. E., Sharma, M. M., and Friedheim, J. (2012). Decreasing water invasion into atoka shale using nonmodified silica nanoparticles. SPE Drill. Complet. 27, 103–112. doi: 10.2118/146979-PA

 Cao, Q., Zhou, W., Deng, H., and Chen, W. (2015). Classification and controlling factors of organic pores in continental shale gas reservoirs based on laboratory experimental results. J. Nat. Gas Sci. Eng. 27, 1381–1388. doi: 10.1016/j.jngse.2015.10.001

 Chang, X., Sun, J., Xu, Z., Lv, K., Dai, Z., Zhang, F., et al. (2019). Synthesis of a novel environment-friendly filtration reducer and its application in water-based drilling fluids. Colloids Surfaces A Physicochem. Eng. Asp. 568, 284–293. doi: 10.1016/j.colsurfa.2019.01.055

 Chen, G., Ewy, R. T., and Yu, M. (2010). Analytic solutions with ionic flow for a pressure transmission test on shale. J. Pet. Sci. Eng. 72, 158–165. doi: 10.1016/j.petrol.2010.03.013

 Cheraghian, G., Hemmati, M., and Bazgir, S. (2014). Application of TiO2 and fumed silica nanoparticles and improve the performance of drilling fluids. AIP Conf. Proc. 1590, 266–270. doi: 10.1063/1.4870228

 Curtis, M. E., Ambrose, R. J., Sondergeld, C. H., and Rai, C. S. (2011). “Transmission and scanning electron microscopy investigation of pore connectivity of gas shales on the nanoscale,” in Society of Petroleum Engineers - SPE Americas Unconventional Gas Conference 2011, UGC 2011 (The Woodlands, TX), 835–844.

 Huang, X., Shen, H., Sun, J., Lv, K., Liu, J., Dong, X., et al. (2018a). Nanoscale laponite as a potential shale inhibitor in water-based drilling fluid for stabilization of wellbore stability and mechanism study. ACS Appl. Mater. Interfaces 10, 33252–33259. doi: 10.1021/acsami.8b11419

 Huang, X., Sun, J., Lv, K., Liu, J., Shen, H., and Zhang, F. (2018b). Application of core-shell structural acrylic resin/nano-SiO2 composite in water based drilling fluid to plug shale pores. J. Nat. Gas Sci. Eng. 55, 418–425. doi: 10.1016/j.jngse.2018.05.023

 Huo, J-H., Peng, Z-G., Ye, Z-B., Feng, Q., Zheng, Y., Zhang, J., et al. (2018). Preparation, characterization, and investigation of poly(AMPS/AM/SSS) on application performance of water-based drilling fluid. J. Appl. Polym. Sci. 135:46510. doi: 10.1002/app.46510

 Jin, J., Wang, Y., Nguyen, T. A. H., Bai, B., Ding, W., and Bao, M. (2019). Morphology and surface chemistry of gas-wetting nanoparticles and their effect on the liquid menisci in porous media. Ind. Eng. Chem. Res. 58, 6747–6755. doi: 10.1021/acs.iecr.8b05525

 Jin, J., Wang, Y., Nguyen, T. A. H., Nguyen, A. V., Wei, M., and Bai, B. (2017). The effect of gas-wetting nano-particle on the fluid flowing behavior in porous media. Fuel 196, 431–441. doi: 10.1016/j.fuel.2017.01.083

 Jin, X., Wang, X., Liu, X., Yang, P., Zhou, L., Gao, Y., et al. (2017). Quantitative characterization of shale nanoscale pores using low field cryoporometry NMR method. J. Nanosci. Nanotechnol. 17, 6524–6531. doi: 10.1166/jnn.2017.14435

 Li, H-M., Zhuang, J., Liu, H., Feng, L., and Dong, W. (2012). Preparation and property of 2-acrylamide-2-methylpropanesulfonic acid/acrylamide/sodium styrene sulfonate as fluid loss agent for oil well cement. Polym. Eng. Sci. 52, 431–437. doi: 10.1002/pen.22101

 Liu, H., and Yi, J. (2009). Polystyrene/magnesium hydroxide nanocomposite particles prepared by surface-initiated in-situ polymerization. Appl. Surf. Sci. 255, 5714–5720. doi: 10.1016/j.apsusc.2008.12.073

 Luo, Z., Wang, L., Yu, P., and Chen, Z. (2017). Experimental study on the application of an ionic liquid as a shale inhibitor and inhibitive mechanism. Appl. Clay Sci. 150, 267–274. doi: 10.1016/j.clay.2017.09.038

 Lv, K., Huang, X., Li, H., Sun, J., Du, W., and Li, M. (2020). Modified biosurfactant cationic alkyl polyglycoside as an effective additive for inhibition of highly reactive shale. Energy Fuels 34, 1680–1687. doi: 10.1021/acs.energyfuels.9b04131

 Ma, Q., Shuler, P. J., Aften, C. W., and Tang, Y. (2015). Theoretical studies of hydrolysis and stability of polyacrylamide polymers. Polym. Degrad. Stab. 121, 69–77. doi: 10.1016/j.polymdegradstab.2015.08.012

 Mitomo, H., Kaneda, A., Quynh, T. M., Nagasawa, N., and Yoshii, F. (2005). Improvement of heat stability of poly(l-lactic acid) by radiation-induced crosslinking. Polymer 46, 4695–4703. doi: 10.1016/j.polymer.2005.03.088

 Mohamadian, N., Ghorbani, H., Wood, D. A., and Khoshmardan, M. A. (2019). A hybrid nanocomposite of poly(styrene-methyl methacrylate- acrylic acid) /clay as a novel rheology-improvement additive for drilling fluids. J. Polym. Res. 26:33. doi: 10.1007/s10965-019-1696-6

 Osisanya, S. O., and Chenevert, M. E. (1994). “Physics - chemical modelling of wellbore stability in shale formations,” in Annual Technical Meeting 1994 (Calgary, AB: Petroleum Society of Canada).

 Ouchi, T., Kuriyama, A., and Imoto, M. (1981). Vinyl polymerization. cccxcviii. radical polymerization of methyl methacrylate initiated with the system of poly(-alanine) or -amylase and cu(ii) ion in the aqueous solution of urea. Polym. J. 13, 7–12. doi: 10.1295/polymj.13.7

 Qiu, Z., Xu, J., Yang, P., Zhao, X., Mou, T., Zhong, H., et al. (2018). Effect of amphiphilic polymer/nano-silica composite on shale stability for water-based muds. Appl. Sci. 8:1839. doi: 10.3390/app8101839

 Sarout, J., and Detournay, E. (2011). Chemoporoelastic analysis and experimental validation of the pore pressure transmission test for reactive shales. Int. J. Rock Mech. Min. Sci. 48, 759–772. doi: 10.1016/j.ijrmms.2011.04.009

 Taha, N. M., and Lee, S. (2015). Nano “Graphene application improving drilling fluids performance,” in International Petroleum Technology Conference (Doha: International Petroleum Technology Conference).

 Wu, Y., Yan, Z., Wang, P., Luo, P., and Lin, Y. (2016). Fe3O4/poly(acrylic acid) hybrid nanoparticles for water-based drilling fluids. J. Appl. Polym. Sci. 133:44010. doi: 10.1002/app.44010

 Wu, Y. M., Zhang, B. Q., Wu, T., and Zhang, C. G. (2001). Properties of the forpolymer of N-vinylpyrrolidone with itaconic acid, acrylamide and 2-acrylamido-2-methyl-1-propane sulfonic acid as a fluid-loss reducer for drilling fluid at high temperatures. Colloid Polym. Sci. 279, 836–842. doi: 10.1007/s003960100494

 Xu, J., Qiu, Z., Huang, W., and Zhao, X. (2017). Preparation and performance properties of polymer latex SDNL in water-based drilling fluids for drilling troublesome shale formations. J. Nat. Gas Sci. Eng. 37, 462–470. doi: 10.1016/j.jngse.2016.11.064

 Xu, J. G., Qiu, Z., Zhao, X., Mou, T., Zhong, H., and Huang, W. (2018). A polymer microsphere emulsion as a high-performance shale stabilizer for water-based drilling fluids. RSC Adv. 8, 20852–20861. doi: 10.1039/C8RA03492C

 Zhang, X., Jiang, G., Dong, T., Wang, L., Li, X., and Wang, G. (2018). An amphoteric polymer as a shale borehole stabilizer in water-based drilling fluids. J. Pet. Sci. Eng. 170, 112–120. doi: 10.1016/j.petrol.2018.06.051

 Zhao, S., Li, Y., Wang, Y., Ma, Z., and Huang, X. (2019). Quantitative study on coal and shale pore structure and surface roughness based on atomic force microscopy and image processing. Fuel 244, 78–90. doi: 10.1016/j.fuel.2019.02.001

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The handling editor declared a shared affiliation, though no other collaboration, with the authors HL, KL, XH, ZL, and XD.

Copyright © 2020 Li, Lv, Huang, Lu and Dong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_2.gif
@600-@300 mPas  (2)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Synthesis of Polymeric Nanospheres and the Application as High-Temperature Nano-Plugging Agent in Water Based Drilling Fluid



		Introduction



		Experimental Section



		Materials



		Structure Design Principles of PNS



		Synthesis of PNS



		Characterization of PNS



		Plugging Performance



		Influence of PNS on the Performance of Drilling Fluid



		Rheological Performance



		API and High Temperature High Pressure (HTHP) Fluid Loss













		Results and Discussion



		FTIR



		Particle Size Distribution and SEM



		TGA



		Plugging Performance



		Influence of PNS on the Performance of Drilling Fluid







		Conclusions



		Data Availability Statement



		Author Contributions



		Acknowledgments



		References

















OPS/images/math_1.gif
AV=05xD600 mPas (1)





OPS/images/inline_1.gif
505





OPS/images/fchem-08-00247-t003.jpg
Fluids

Base fluid
(4 Wt%
bentonite)

Base fluid +
1wt% PNS
latex

Aging
condition

None
150°C/16h
180°C/16h
None
150°C/16h
180°C/16h

AV

(mPa-s)

PV

(mPa-s)

FLapy (mL)

24
29
324
108
17.6
26.4

FLutnp
(mL)

78
144

56
104









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/fchem-08-00247-g005.gif





OPS/images/fchem-08-00247-g006.gif
Nico





OPS/images/fchem-08-00247-g003.gif





OPS/images/fchem-08-00247-g004.gif
Weight (%)

E

CTC)
Tompershwe ('C)





OPS/images/fchem-08-00247-t002.jpg
Samples Items BJH model DFT model

Adsorption  Desorption

Original Surface area (m?/g)  3.148 6412 5012

(non-treated)  Pore volume 0022 0.025 0.018
(em?/g)

Treated with ~ Surface area (m%/g) 8231 17579 13.489

Water Pore volume 0.042 0.041 0.0345
(em?/g)

Treated with ~ Surface area (m?/g)  4.16 974 7.458

1% PNS latex pore volume 0.029 0.034 0.021

(em?/g)





OPS/images/fchem-08-00247-g007.gif
Hydrophilic 205 NaOH. v.ym Kso‘

\ o
mml_,{wm'ﬁmm}rm{






OPS/images/fchem-08-00247-t001.jpg
Mineral compositions

Quartz
K feldspar
Anorthose
Calcite

Clay minerals

Kaolinite

llite

Chlorite
llite/Smectite
(/S) mixed layer

Content (%)

340
9.0
20.0
180
30
20
15
55
(S ratio is 50%)





OPS/images/cover.jpg
’ frontiers
in Chemistry

The Synthesis of Polymeric
Nanospheres and the Application as
High-Temperature Nano-Plugging
Agent in Water Based Drilling Fluid





OPS/images/fchem-08-00247-g001.gif





OPS/images/fchem-08-00247-g002.gif
intensity (%)

Siz0 fom)





