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A B S T R A C T   

Wellbore instability is always inevitable in shale formation due to hydration, swelling, and 
dispersion of clay, especially when using water-based drilling fluids (WBDFs). To mitigate the 
wellbore instability of shale formation and avoid correlative detriments such as formation 
damage, various nano-silica particles (nano-SiO2) were employed to plug the nano-sized pores, 
inhibit water invasion into shale, and prevent shale swelling. Firstly, the influence of various 
nano-SiO2 on rheological and filtration properties of a set WBDF was evaluated. Then, the linear 
swelling test, shale recovery test, zeta potential test, imbibition test, contact angle measurement, 
scanning electron microscopy (SEM) observation, and computed tomography (CT) analysis were 
conducted to assess the characteristic of nano-SiO2. Experimental results showed that solid phase 
nano-SiO2 could dramatically increase the viscosity and yield point while liquid phase nano-SiO2 
only caused small fluctuations on these parameters. Besides, hydrophobic nano-SiO2 displayed 
better filtration performance than hydrophilic nano-SiO2. On the whole, the hydrophobic nano- 
SiO2 dispersion, called as nano-2, showed the best performance in WBDFs. Furthermore, nano-2 
exhibited better inhibition than hydrophilic nano-SiO2, KCl, and polyether amine (PA). Mecha-
nism analysis demonstrated that nano-2 could improve the hydrophobic degree of shale surface 
and prevent water from contacting with the shale. Meanwhile, nano-2 plugged the pores and 
throats in the shale. As a consequence, water in the drilling fluid was prevented from invading the 
shale, and the shale was inhibited. Nano-2 could form a thin barrier in the surface of shale, and 
mitigate the damage degree of shale cores after perforation operation. As a result, nano-2 dis-
played great potential to stabilize shale and protect formation in WBDFs.   

1. Introduction 

Wellbore instability due to shale hydration and dispersion is generally considered as an unavoidable issue, which needs a 
continuous effort in oil and gas drilling industry [1,2]. Generally, various inhibited drilling fluids are employed to mitigate the shale 
hydration and improve the stability of borehole [3,4]. Oil- and synthetic-based drilling fluids have strong inhibitive performance, but 
their disadvantages, such as expensive cost and pollution to environment, limit their application in a certain extent. Water-based 
drilling fluids (WBDFs) are cheap, have superior rate of penetration, and are environmentally friendly [5,6]. However, one of the 
main drawbacks for WBDFs is poor inhibition performance due to the existence of a large amount of water in the system. The 
penetration of water into the shale formation will cause serious clay swelling, wellbore collapse, variation in the pore size, eventually 
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leading to a decrease in permeability and formation damage [7,8]. Therefore, the formulation of high-performance WBDFs with 
outstanding inhibition and plugging properties has received considerable attention all the time. 

WBDFs mainly consist of water, bentonite, and various additives. The use of shale inhibitors or stabilizers is the most effective 
method to improve the inhibition of WBDFs [9]. To develop valid inhibitive additives, obtaining insights into the mechanism of shale 
swelling and dispersion is important. In the terms of macroscopic mechanical theory, the primary reason for the borehole instability is 
the increase of pore pressure due to the penetration of filtrate into rock pores [10]. As a consequence, the original effectively binding 
force between mineral particles weakens, and the rock strength decreases. In the terms of microscopic view, another important reason 
is that the bonding force between mineral particles is destroyed by water molecules, especially the hydration, swelling and dispersion 
of clay [11]. Anyway, these factors that lead to the borehole instability are all generated on the premise that water from WBDFs invades 
the clay or shale. Over the past decades, many inhibitors or stabilizers have been employed to mitigate the shale hydration and 
dispersion. According to their mechanisms, these methods are usually classified into two types, chemical inhibition and physical 
plugging [12]. In the terms of chemical inhibition, various shale inhibitors have been developed, such as inorganic salts [13,14] (KCl, 
CaCl2, NH4Cl, etc), polymeric encapsulators [15,16] (Hydrolyzed polyacrylamide, HPAM, potassium polyacrylate, etc), polyglycols 
[17], surfactants [18], and so on. Viewing from the aspect of physical plugging, nanoparticles [19], asphaltene, silicate and aluminate 
compounds [20,21] and so on have been introduced into oilfield. These chemicals have been commonly selected and used according to 
the downhole conditions. They have exerted different performance in drilling operations. Potassium ions with appropriate ionic radius 
and low hydration energy is one of the most earliest used additives in WBDFs, which can suppress the swelling the clay via ion ex-
change with sodium [22] and have been mostly used in practice in combination with other polymers, such as HPAM. Unfortunately, a 
high concentration of KCl, ranging from 2 to 8%, is always required and might affect the ecosystem [23]. To deal with the adverse 
effect of KCl on environment, alternative cation sources acting similar excellent inhibition have been introduced to replace potassium 
cation. The ammonium cation possesses a similar hydration volume as the potassium cation, so it can exert function in an analogous 
manner [24]. These ammonium salts include monocationic, oligocationic, polycationic amines. Generally, with the same functionality, 
oligomeric cationic shale inhibitors perform better function than that of monocationic or polycationic shale inhibitors. Plugging 
performance must be also taken into account, especially in shale strata with micro-nano pores. Recent years, various nanoparticles 
including nano silicon, nano graphene, nano oxide, and others have attracted considerable research interests [25,26]. These nano-
particles can seal the micro pores and prevent the invasion of water, thereby improving the stability of borehole. Desired inhibition 
performance is always achieved by a combination of chemical inhibition and physical plugging. 

Nano-silica (nano-SiO2) is the most common and earliest studied nanomaterial as a shale stabilizer [27]. Generally, nano-SiO2 can 
be divided into two types, hydrophilic and hydrophobic particles. To seal the nano-sized pores and throats of shales, Cai et al. [28] have 
tested six kinds of non-modified nano-SiO2 by a three-step pressure penetration test. A large reduction in shale permeability was 
observed when using the muds to which nano-SiO2 with a concentration of 10 wt % had been added. Higher plastic viscosity (PV) and 
lower yield point (YP) of the nanoparticle muds compared with base muds were also observed. They have also formulated a salt WBDF 
using available silica nanoparticles with high-temperature resistance for shale gas horizontal drilling [29]. A fluid-solid coupling 
nano-blocking model based on pore characteristics, fluid physical properties, and discrete element parameters has been established 
and indicated that increasing the particle size had a greater impact on plugging efficiency of vertical well pores [30]. In the multi-scale 
particle release mode, the particle plugging effect could be increased by more than 90 %. Furthermore, hydrophobic modification has 
been also conducted to improve the stabilization of nanoparticles, for example, a hydrophobic nano-silica (HNS) composited by 
nano-SiO2 and stearyl trimethyl ammonium chloride [31], a multifunctional superhydrophobic nanosilica (SA) prepared using the 
sol-gel method between nano-SiO2 and perfluorooctane triethoxysilane [32], a hydrophobic SiO2 (SH–SiO2) nanomaterial synthesized 
using five different silane-coupling agents [33], and so on. Generally, these modified nano-SiO2 exert inhibition through two ap-
proaches, altering surface wettability of shale and reversing the capillary force; and plugging the shale pores effectively. 

It can be seen that nano-SiO2 particles perform satisfactory inhibition effect and is gradually playing an important role in drilling 
operations, especially for shales. However, many studies only focus on one kind of nano-SiO2 and there are few studies comparing the 
properties of nano-SiO2 with different characteristics, especially their influence on the performance of a set WBDF system. Moreover, 
the damage on formation has been also seldom investigated. In this paper, various experiments have been conducted to compare the 
impact of different commercial nano-SiO2 on the rheological, filtration properties, and inhibition of WBDFs. Moreover, the formation 
damage has been further tested to verify their function. 

Table 1 
Characteristics of used nano-SiO2 particles.  

Nanoparticle Mark Average size Concentration 

hydrophilic liquid phase nano-SiO2 nano-1 20 nm 30 % 
hydrophobic liquid phase nano-SiO2 nano-2 8–20 nm 55 % 
hydrophobic solid phase nano-SiO2 nano-3 20–40 nm – 
hydrophilic solid phase nano-SiO2 nano-4 20–40 nm –  
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2. Materials and methods 

2.1. Materials 

Sodium bentonite (Na-BT) was provided by Shandong Huawei Bentonite Co., Ltd. Attapulgite was purchased from Beijing Inokai 
Technology Co., LTD. Potassium chloride (KCl), sodium chloride (NaCl), and anhydrous sodium carbonate (Na2CO3) were obtained 
from Chengdu Kelong Chemical Co., Ltd. Four commercial nano-SiO2 particles (as shown in Table 1) and polyether amine (PA) were 
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. The shale core samples were supplied by CNPC Chuanqing 
Drilling Engineering Co. LTD, and their mineral compositions are shown in Table 2 and Table 3. Polyanionic cellulose (PAC-LV) and 
lignite resin (SPNH) were offered by Beijing Shida Bocheng Technology Co. LTD. 

2.2. Methods 

The flow chart of all experiments in this study is shown in Fig. 1. 

2.2.1. Influence of various nano-SiO2 on properties of WBDFs  

(1) Preparation of WBDFs 

Firstly, 6.0 g Na-BT, 6.0 g attapulgite, and 0.6 g Na2CO3 were dispersed into 300 mL deionized water and stirred at 8000 rpm for 30 
min to prepare a clay suspension. Then, the suspension was allowed to stand for 24 h to fully hydrate. Secondly, while continuing to stir 
at 8000 rpm, a certain quality of additives was cooperated slowly with 300 mL clay suspension according to the formula (the mass/ 
volume concentration). After each additive was added, the stirring process was continued for 20 min to ensure full solution and 
dispersion of the materials. Moreover, these additives would be scraped off from the sides of the cup at least twice to reduce errors. 
Finally, the WBDF was stirred for another 30 min to get it mixed evenly. The detailed used WBDF formula was as follows: 2 % Na-BT 
+2 % attapulgite +0.2 % Na2CO3 +0.5 % PAC-LV+ 2.0 % SPNH+ 4 % NaCl.  

(2) Rheological test 

Rheological properties of WBDFs containing different nano-SiO2 were measured after hot-rolled at 120 ◦C for 16 h on the basis of 
the American Petroleum Institute (API) standards (API Recommended Practice 13B-1 Field Testing Water-based Drilling Fluids). Each 
WBDF was firstly stirred at 5000 r/min for 5 min to make it even. Then, a certain amount of nano-SiO2 were added into WBDF under 
continuous agitation. Finally, some rheological parameters including apparent viscosity (AV) and yield point (YP) were surveyed using 
a ZNN-D6B rotary viscometer. The specific calculation equations are as follows: 

AV= 0.511×θ600,mPa ⋅ s (1)  

YP=θ300-0.511×θ600,Pa (2)  

where θ600 and θ300 are the readings at 600 and 300 r/min, respectively.  

(3) Filtration test 

Effect of adding nano-SiO2 particles on filtration property of WBDFs after hot-rolled at 120 ◦C for 16 h was further measured 
according to the American Petroleum Institute (API) standards (API Recommended Practice 13B-1 Field Testing Water-based Drilling 
Fluids). Filtration tests were conducted under a 100 psi pressure by a ZNS-2A filter press. About 250 mL of the fluids was poured into a 
cup equipped with reinforced filter paper. The filtration volume (FLAPI) was recorded after 30 min. Filtration volume was recorded 
after each test run. 

2.2.2. Inhibition performance of various nano-SiO2  

(1) Linear swelling test 

The swelling degree of Na-BT pellet immersed in different WBDFs was determined through a NP-2S dual-channel linear swell meter 

Table 2 
Mineral composition of Na-BT and shale core.  

mineral quartz/% feldspar/% calcite/% dolomite/% magnesite/% plagioclase/% clay mineral/% 

Na-BT 7.9 5.4 —* 1.2 1.3 6.9 77.3 
shale 34.6 1.7 12.5 4.5 —* 6.8 39.9  
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referring to the Enterprise standard of China National Petroleum Corporation Limited “Evaluation procedure for the inhibition and 
sodium/calcium tolerance of water-based drilling fluids” (Q/SY 02408-2021). For each measurement, Na-BT (10 g) was compressed 
into a cylindrical device under 725 psi pressure for 10 min. Then, 20 mL of WBDF sample was added to immerse the Na-BT pellet. The 
swelled height of the pellet was recorded by a personal computer. The linear swelling percent is calculated by the following equation: 

Swelling perecnt =
ht

ho
×100% (3)  

where ho is the original thickness of Na-BT pellet, and the ht is the swelled height after immersing in aqueous solutions for a certain time 
t.  

(2) Hot-rolling recovery test 

The inhibition performance of WBDFs on the dispersion of shale cuttings was evaluated by hot rolling recovery test referring to 
above standard Q/SY 02408-2021. In this test, a total of 20 g of shale cuttings with 6–10 mesh size as well as 350 ml WBDFs were added 
into a jar together. The mixture was hot-rolled at 120 ◦C for 16 h. After cooling, the remaining cuttings were screened using a 40 mesh 
sieve. Then the cuttings retained on the sieve were dried at 105 ◦C until a constant weight. Finally, the recovery percentage was 
calculated by the following equation: 

Recovery =
m1

m0
×100% (4)  

where m0 is the mass of shale cuttings before hot rolling and m1 is the mass of shale cuttings after hot rolling.  

(3) Zeta potential test 

The stability of WBDFs was assessed by zeta potential test. The zeta potential of WBDFs was measured by a NanoBrook Omni zeta 
potential analyzer. The concentration of all samples was approximately 0.1 g L− 1. 

2.2.3. Microscopic analysis  

(1) Transmission electron microscopy (TEM) observation 

Table 3 
Clay mineral composition of Na-BT and shale core.  

clay smectite/% kaolinite/% illite/% chlorite/% I–S mixed layer/% 

Na-BT 86 9 5 —* —* 
shale 10.5 7.2 20.8 2.0 59.5  

Fig. 1. The flow chart of experimental works.  
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The TEM analysis of nano-SiO2 was performed using a F20 transmission electron microscopy. The nanoparticle suspension was 
diluted by deionized water and ultrasounded for 15 min. Then, a drop of the dispersion was dripped onto a carbon film supported on a 
copper grid and dried using an infrared lamp. After that, the samples were observed by the TEM.  

(2) Spontaneous imbibition test 

The spontaneous imbibition test was conducted to evaluate the mass of water that invaded into the shale cores, which will result in 
swelling of clay and shales. When the bottom face of shale cores touched the fluid level of samples, the spontaneous imbibition volume 
of water was recorded with time by a personal computer.  

(3) Contact angle measurements 

As mentioned above, changing surface wettability is one of the most important method to avoid adverse effects of hydrophilic 
characteristic of clay and water invasion [34]. Contact angle measurement is the direct method to identify the surface wettability. The 
hanging drop method has been used to determine the water contact angle by a JC2000C contact angle tester. Firstly, shale cores were 
treated with different nanoparticle dispersions using a core dynamic polluter. After cleaning the surface, shale cores modified by 
nanoparticles were obtained. Then, the water contact angles before and after modified with fluids containing nano-SiO2 were tested to 
characterize the alteration of shale surface wettability.  

(4) Scanning electron microscopy (SEM) observation 

To observe the nano-SiO2 particles, which could plug the shale pores or cracks, the microstructure of shale cores was characterized 
using a Quanta 200 F SEM. In detail, shale cores treated with WBDF containing nano-SiO2 were removed from a core dynamic polluter 
and slowly washed with pure water to remove surface substance. Then, the cores were dried in a vacuum oven at 50 ◦C. Finally, the 
shale cores were coated with Au and measured via SEM.  

(5) CT test 

Fig. 2. The influence of different nano-SiO2 on AV (a), YP (b), and FLAPI (c), and filter cake thickness (d) of WBDFs.  
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Further, the permeability of shale cores before and after contamination was observed by the CT scanning. In comparison, the 
permeability of the original core was first measured. For the core after treated by WBDF containing nano-SiO2, the face was plugged by 
nano-SiO2. After cleaning, the variation of permeability was also determined. 

3. Results and discussion 

3.1. Influence of nano-SiO2 on properties of WBDFs 

As exhibited in Fig. 2, the influence degree of different nano-SiO2 on rheological and filtration of WBDF was quite diverse. For the 
AV and YP (Fig. 2a and b), which were calculated according to equations (1) and (2), it could be seen that these parameter values 
always increased with the enhancement of nano-SiO2 concentration. However, the AV and YP sharply increased after the addition of 
solid phase nano-SiO2 (nano-3 and nano-4), especially at high concentrations, while that slightly gained by the cooperation of nano- 
SiO2 dispersion (nano-1 and nano-2). It was referred that solid phase nano-SiO2 particles were more difficult to distribute evenly in the 
drilling fluid, compared with nano-SiO2 dispersion. They might form aggregation with clay and polymer, which offered more friction 
and grid structure [25,35], no matter what kind of solid phase nano-SiO2 was used. For the FLAPI (Fig. 2c), hydrophobic nano-SiO2 
including liquid phase nano-2 and solid phase nano-3 could decrease the fluid loss, and nano-2 performed better filtration property. On 
the contrary, hydrophilic nano-SiO2 was inoperative in improving the filtration performance. In detail, the fluid loss volume haven’t 
varied with the addition of liquid phase nano-1, while that dramatically grew after cooperated with solid phase nano-4, which might 
attribute to the agglomeration of solid nanoparticles forming more pores and flow channels and the wastage of the other polymer 
additives by the adsorption of hydrophilic solid phase nano-4 [36]. The results of filter cake thickness tests also performed a similar 
rule to that of filtration experiments (Fig. 2d). Furthermore, it could also prove that hydrophobic modification improved the filtration 
property. Overall, hydrophobic nanoparticles, especially the liquid phase nano-2, have better properties in WBDFs due to its stable 
dispersion, hydrophobic surface, and plugging performance. 

3.2. Inhibition performance of WBDFs containing nano-SiO2 

Based on above analysis, hydrophobic nano-SiO2 dispersion, nano-2 particles, has the optimal performance. Its inhibitive property 
was further investigated and compared with other additives. 

The swelling percent of all Na-BT pellets (obtained through equation (3)) increased with increasing immersing time and the 
swelling rate gradually decreased with increasing immersing time during the first 24 h (Fig. 3). All WBDFs containing diverse additives 
displayed a positive influence on reducing the swelling degree of Na-BT. In detail, WBDFs containing 3 % KCl, 3 % nano-1, and 3 % 
nano-2 decreased the swelling percent to 31.4 %, 40.6 %, and 25.3 %, respectively, compared to that of 47.75 % in pure WBDFs 
without inhibitors (Fig. 3b). Their inhibition at 3.0 % concentration was in an ascending order of nano-1 < KCl < PA < nano-2. Nano-2 
revealed the best inhibition performance. The inhibition effect of nano-SiO2 was enhanced by the hydrophobic modification, which 
was also in accordance with filtration results, showing that nano-2 had superior plugging effects to help preventing water penetration. 

Moreover, the influence of concentration of nano-2 on the linear swelling degree of Na-BT was also conducted. Fig. 3a indicated 
that increasing the concentration of nano-2 was beneficial for improving the inhibition effect. By comparing the performance dif-
ference between nano-1 and nano-2, it could be understood that hydrophobic characteristic played a primary role in exerting their 
inhibition. 

To assess the inhibitive performance of a drilling fluid in controlling the dispersion of drilled cuttings transported from downhole to 
the surface, shale recovery tests were organized and the results were calculated by equation (4). The inhibitive performance of nano-2 

Fig. 3. Linear swelling percent of Na-BT in WBDFs containing various inhibitors: (a) 0 %, 0.5 % nano-2, 1.0 % nano-2, and 3.0 % nano-2; (b) 0 %, 3 
% KCl, 3 % PA, 3 % nano-1, and 3 % nano-2. 
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at different concentrations was firstly considered. Fig. 4a demonstrated that the remaining shale in pure WBDF accounted for only 59 
% depending on the sample components after hot rolling at 120 ◦C for 16 h. From the addition of 0.5–3 % nano-2, larger shale recovery 
compared to that in pure WBDFs without nano-SiO2 was obtained, proving the inhibition of nano-2 on shale dispersion. What’s more, 
at a same concentration of 3 %, WBDF containing nano-2 had the higher recovery value than those WBDFs containing KCl or nano-1, 
and a similar recovery level with WBDF containing PA (Fig. 4b). This result was consistent with that of linear swelling experiments. It 
could be concluded that among diversified nano-SiO2 particles, nano-2 had the most potential to inhibit shale and reduce formation 
damage due to hydration. 

Inhibitors, depending on the type, structure, molecular mass, and functionalities, might change the electrokinetic potential of 
WBDFs. To further investigate the inhibitive performance of nano-SiO2, electrokinetic potential was also measured (Table 4). WBDFs 
were negatively charged and could form stable dispersed suspension owing to repulsive forces. The zeta potential of pure set WBDF in 
our study was − 73.2 mV, showing considerable stability. After adding KCl and PA, the zeta potential was reduced to − 70.3 mV and 
− 68.5 mV, suggesting suppressed double electrical layer and stability reduction in a certain degree. In comparison, nano-1 and nano-2 
decreased the zeta potential to − 72.0 mV and − 70.8 mV, displaying less effect on the zeta potential of WBDFs. Based on these results, it 
was speculated that the inhibition effect of nano-2 was mainly through plugging and hydrophobic action, rather than electrostatic 
action. 

3.3. Microstructure analysis 

3.3.1. TEM of nano-2 
In order to explore the action of nano-2 in WBDFs, microstructure of nano-2 was observed through TEM. As displayed in Fig. 5, 

nano-2 particles exhibited small size and the diameter was approximately 10 nm–20 nm. This condition was beneficial for the ab-
sorption on Na-BT or shale surface. These nanoparticles were connected to each other but did not aggregate. Besides, they had irregular 
shape and performed flat circle structure, which might be advantageous to plugging. 

3.3.2. Spontaneous imbibition test 
Spontaneous imbibition has been usually used to measure the volume of water that invades the sensitive core pores, which is the 

direct reason for clay hydration, swelling and dispersion [33]. In general, the less water that invaded into pores of shale, the less likely 
that wellbore instability would occur. Fig. 6 shows that approximately 4.15 g of water invaded the core after 180 min when it was in 
pure water. After the water was replaced by nano-2 with a concentration of 0.5 %, 1.0 %, and 3.0 %, the invaded water volume sharply 
decreased to 3.85, 3.57, and 2.62 g, respectively. Obviously, the addition of nano-2 showed effective performance on preventing water 
imbibing into shale cores. It was proposed that nano-2 could adsorb on the surface of cores and plug the nanopores of cores. Mean-
while, they altered the core inner surface from hydrophilic to hydrophobic. Finally, the addition of nano-2 prevented water invasion 
into the core pores and reduced the possibility of shale swelling. 

3.3.3. Wettability of shale cores 
To further prove the wettability modification of shale caused by nano-2, the contact angles of shale surface after treated by nano-2 

were measured, and the results are shown in Fig. 7. The initial core sample was hydrophilic and the water contact angle on the edge of 
the core sample was 36◦, displaying a typical hydrophilic behavior. Obviously, nano-2, as a hydrophobic nanofluid, gradually 
increased the water contact angle on the surface of cores. After adding 3 % nano-2, the contact angle was increased to 67◦. A stronger 
hydrophilic surface predicted less water contacting with shale core. This result confirmed the analysis in spontaneous imbibition test, 
and proved that the hydration and swelling of clay minerals could be mitigated through the wettability alteration. 

Fig. 4. Shale recovery of WBDFs containing various inhibitors: (a) 0 %, 0.5 % nano-2, 1.0 % nano-2, and 3.0 % nano-2; (b) 0 %, 3 % KCl, 3 % PA, 3 
% nano-1, and 3 % nano-2. 

Y. Li et al.                                                                                                                                                                                                               



Heliyon 9 (2023) e22990

8

3.3.4. SEM of shale cores 
As nanoparticles, another considerable effect is the plugging effect that is verified to be in favor of plugging shale pores. Under 

positive differential pressure between the drilling fluid (high) and formation (low), nanoparticles are pushed close to the wellbore wall 
and block the shale pores. Fig. 8a shows the initial microstructure of shale surface, presenting some porous structure. After being 
plugging by 3 % nano-2, a more smooth and seamless surface like a plugging film was observed (Fig. 8b), which could be beneficial to 
reducing water invasion into the formation. 

3.3.5. Shale CT analysis 
Based on above results, it was clear that nano-2 could prevent the invasion of water by plugging and wettability modification, 

thereby inhibiting the hydration, swelling, and dispersion of clay and shales. However, for the shale formation, nanoparticles might 
cause formation damage due to the blocking of pores or throats in the oil and gas formation away from wellbore wall. Considering this 
potential hazard, the permeability of shale cores was tested by CT. As displayed in Fig. 9a, original shale core was not plugged and 
there were many pores and throats (light colored part, the pore connection part). After treated by nano-2, it could be obviously found 
that the colour of the edge of core became darker (Fig. 9b), indicating that the edge part of the core was sealed and the porosity of the 
core reduced. In addition, from Fig. 9b, it could be perceived that the plugging effect only occurred at the edge of core, and the porosity 

Table 4 
The zeta potential of WBDFs containing various inhibitors.  

Sample Zeta potential/mV 

Pure WBDF − 73.2 
WBDF+3%KCl − 70.3 
WBDF+3 % PA − 68.5 
WBDF+3 % nano-1 − 72.0 
WBDF+3 % nano-2 − 70.8  

Fig. 5. TEM images of nano-2 (a, b).  

Fig. 6. Imbibition of water mass into cores as a function of time for nano-2.  

Y. Li et al.                                                                                                                                                                                                               



Heliyon 9 (2023) e22990

9

in the middle of the core was almost unaffected. Thus, the permeability of core would recover after cutting off the short edge part of the 
core, which was similar with the perforation process during the completion operation. So nano-2 was advantageous for reducing 
formation damage. 

3.3.6. Mechanism analysis of nano-2 
Based above experiments, the hydrophobic nanofluids, nano-2, displayed satisfactory inhibitive and formation protection per-

formance. Nano-2 particles show small spheroidicity. These nanoparticles can be evenly dispersed in the drilling fluid without 
excessive influence on the viscosity or shear force of the drilling fluid. They can adsorb onto Na-BT or shale and the adsorbed nano-SiO2 
particles onto Na-BT and shale surface enhance the surface hydrophobic characteristic, which can prevent water from contacting with 

Fig. 7. Water contact angle on cores treated by nano-2 with different concentrations.  

Fig. 8. SEM images of the shale surface before (a) and after (b) treated by nano-2. The legend is 20 μm.  

Fig. 9. CT images of the shale cores before (a) and after (b) treated by nano-2.  
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clay. Meanwhile, in the drilling fluid system, nano-SiO2 can perform as a plugging additive and decrease the fluid loss. Therefore, the 
pores or throats in shale are sealed and water from the drilling fluid is prevented from invading the shale. Therefore, hydration, 
swelling, and dispersion are inhibited to ensure wellbore stability. Moreover, though nano-SiO2 can plug the pores of shale, they only 
form a thin barrier in the surface of shale and cause less adverse influence on the variation of permeability of the shale core. Finally, 
nano-2 shows excellent performance on inhibiting shale and reducing formation damage. 

4. Conclusions 

Various nano-SiO2 particles have been utilized to prepare WBDFs. The influence of nano-SiO2 on the properties of WBDFs was 
investigated and the mechanisms of nano-SiO2 in inhibition and formation protection were analyzed. The following conclusions are 
drawn accordingly from the research work.  

(1) For different nano-SiO2 particles, solid phase nano-SiO2 can dramatically increase the viscosity and yield point while liquid 
phase nano-SiO2 will only cause small fluctuations on that. Besides, hydrophilic nano-SiO2 will increase the fluid loss of WBDFs 
and hydrophobic nano-SiO2 can decrease the fluid loss. On the whole, the hydrophobic nano-SiO2 dispersion, called as nano-2, 
shows the best comprehensive performance in WBDFs. 

(2) Nano-2 exhibits better inhibition compared to nano-1, KCl, and PA in WBDFs. In comparison with pure WBDF, WBDFs con-
taining 3 % nano-2 can reduce the swelling percent of Na-BT from 47.75 % to 25.3 % and increase the shale recovery from 59 % 
to 89 %, respectively.  

(3) Nano-2 can improve the hydrophobic characteristic of shale surface and prevent water from contacting with the clay and shale. 
Meanwhile, nano-2 can also exert plugging effect and seal the pores or throats in shale. Finally, the invasion of water into shales 
from WBDFs is prevented, thereby inhibiting the hydration, swelling, and dispersion of clay and shales.  

(4) Nano-2 particles only form a thin barrier in the surface of shale. They will not cause adverse influence on the variation of 
permeability of the shale core after perforation operation. Thus, nano-2 can minimize the formation damage. 
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