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ABSTRACT 

As the search of hydrocarbon has moved to the more remote and unconventional areas, 

including low temperature offshore and Arctic circle, new challenges have also emerged to the 

life of the industry. The biggest drilling fluid-related challenge in low temperature 

environments, is maintaining fluid properties under an extreme temperature difference between 

the bottom hole and the surface. The rapid change of temperature conditions can affect mud 

rheological properties and reduce drilling performance. The heat released from the mud 

circulation system can also cause thawing of the permafrost and gas hydrate-bearing formations 

impacting the wellbore integrity and releasing greenhouse gases to the environment. Creating 

a more thermally independent drilling mud becomes one of the solutions to reduce the potential 

problem that may arise. The aim of this study is to address the issue by designing nano-based 

drilling muds that will demonstrate more thermally stable characteristics. Silica (SiO2) and 

alumina (Al2O3) nanoparticles were used in the freshwater- and saltwater-based mud 

formulations at various concentrations. The mud rheological properties evaluation was 

conducted using a direct-reading viscometer at a temperature range from 0 to 80°C, whilst mud 

filtration properties was evaluated using a low-pressure filter press under 700 kPa (100 psi) 

differential pressure. The concentration of 0.1 wt% of each type of nanoparticles showed the  

optimum profile in which rheological properties were most stable across the broad temperature 

conditions in both the freshwater- and saltwater-based systems. The sample containing 0.1 wt% 

of silica also gave the lowest filtration properties in which a reduction of 8.2% was observed 

in the filtration loss volume. 
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INTRODUCTION 

One of the biggest mud-related issues in drilling in the low temperature environments such as 

offshore deep-water and the Arctic circle, is maintaining the desired mud properties affected 

by the extreme difference between the bottom hole and surface temperatures (Hilfiger et al., 

2016). In the Arctic region, the occurrence of permafrost and gas hydrate-bearing formations 

could cause difficulty in maintaining borehole stability. Since any drilling activity produces 

heat including the heat brought from the high-temperature rock formations, as a consequence, 

it warms up the surrounding sediments at the shallower depth up to a point at which the 

temperature exceeds the hydrate phase boundary causing hydrate to dissociate releasing 

hazardous methane gas, if not carefully treated, into the mud circulation or surrounding 

environment. Controlling mud temperature by  reducing mud weight or through the use of more 

thermally stable mud becomes important when drilling through these formations (Yakushev 

and Collett, 1992). 
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Such an extreme temperature condition encountered in the Arctic drillings is also experienced 

in the offshore deep-water operations. Although not as low as it is in the Arctic, seabed 

temperatures can reach up to a minimum of -1°C (Davison et al., 1999). These conditions will 

affect the physical characteristics of the thermally dependent muds when flowing back from 

the high bottomhole temperature conditions. The conventional drilling muds normally exhibit 

a higher surface viscosity due to the low-temperature or sub-zero condition even before 

entering formations. As the drilling continues, the temperature increases and the thermal 

thinning behaviour will cause viscosity reduction up to the point in which the mud loses the 

ability to carry cutting and weighting agents, affecting the hole cleaning ability of the mud. A 

viscosifier will then be added to improve the overall fluid rheology. However, the mud will 

become excessively viscous as it returns to the low-temperature surface resulting in high 

equivalent circulating density (ECD) (Hilfiger et al., 2016). A high ECD is always avoided in 

drilling operations as it increases the pump pressure that can cause formation breakdown if the 

pressure of the fluid column exceeds the fracture gradient of the rock formations. To overcome 

this challenge, the then so-called a temperature-independent or constant-rheology mud was 

designed. The idea was to design a drilling mud that exhibits more thermally stable 

characteristics across a broad temperature conditions. This mud was initially designed for the 

offshore deep-water drilling applications (Davison et al., 1999; Friedheim et al., 2011; Knox 

et al., 2015; Lee et al., 2012; Rojas et al., 2007; van Oort et al., 2004; Young et al., 2012). 

Amongst the first to formulate this type of muds were Elward-Berry and Thomas, 1994, where 

they formulated the mud sample by mixing saltwater and polyglycerol as the continuous phase 

and added with some polymeric additives including starch, polyanionic cellulose, and bio-gum. 

The experimental results indicated an improved independence on the rheological profiles over 

a temperature range between 4 and 50°C. The improvement was attributed to the extensive use 

of polymers which were manufactured to have excellent temperature stability (Caenn et al., 

2017a). Rojas et al., 2007, conducted experiments on the oil-based muds at temperatures 

between 0 and 100°C. They formulated three different types of mud formulations using mineral 

oil, synthetic, and ester as the continuous phase of the mud suspension. The results suggested 

that mineral oil-based mud exhibited the most stable rheological profiles compared to the other 

two oil-based mud formulations. Drilling muds with similar quality was also observed from 

the experiments conducted by Lee et al., 2012, in which they formulated mud samples in oil-

based system using three different oils: paraffin, olefin, and mineral oils. As was experienced 

by Rojas et al., the results also demonstrated a better performance from the oil-based 

formulation, as indicated by a more constant plastic viscosity profile at temperatures ranging 

between 4 and 122°C and pressure up to 86 MPa. They concluded that the mineral oil-based 

mud exhibited a more constant rheological profiles across the increasing temperature and 

pressure compared to the other two oils. The improved thermal stability was attributed to the 

low thermal conductivity of the mineral oil at around 0.133 W/m.K (Nadolny and Dombek, 

2017) as compared to about 0.152 W/m.K (Oyekunle and Susu, 2005) and 0.154 W/m.K 

(Larsson and Andersson, 2000) for paraffin and olefin, respectively. 

The drawback from this thermally stable mud is that it is mostly formulated in the oil and 

synthetic-based mud systems due to their high lubricity and formation damage prevention 

benefits. However, oil itself is considered toxic and hazardous to the environment (Nesbitt and 
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Sanders, 1981) which may result in a higher waste management cost for mud disposal, 

especially when used in the Arctic region (Maunder et al., 1990; Rakhmangulov et al., 2016). 

For this reason, designing a drilling mud that provides similar quality in the aqueous-based 

system is essential to reduce the excessive use of toxic or hazardous additives in drilling muds 

not only for the Arctic operations but also for the offshore deepwater drillings in general. 

In the last decades, an extensive amount of research has been published across various 

industries to determine the extent of the effect of nanoparticles on the physical, electrical, and 

thermal properties of working fluids, including in drilling muds (Bashir et al, 2019; Bayata et 

al, 2014; Hendraningrat et al., 2013; Mahian et al., 2019; William et al., 2014; Rafati et al, 

2018; Smith et al, 2018). Nanoparticles are added to drilling muds to alter physical 

characteristics and improve their flow behaviour that leads to increased efficiency of drilling 

operations (Dejtaradon et al, 2019, Ahmed et al, 2021). As clay minerals are mostly used in the 

compositions of drilling mud colloidal systems, there are two governing phenomena by which 

the presence of nanoparticles may affect mud properties significantly than those of bulk 

additive materials. The first phenomenon is the Brownian motion, which is the erratic 

movement of particles caused by the constant bombardment of water molecules. Solid 

components with smaller diameter have a greater number of particles and higher surface areas 

contained for a given concentration than solid components with larger diameter. This causes a 

reduction in the distance between them increasing the change of collision attributed to the 

stronger Brownian motion of particles. Hence, producing a stronger attractive force that will 

enhance flocculation between particles which therefore altering mud physical properties 

(Bayatc, et al., 2018, Timofeeva et al., 2010; Yapici et al., 2018). The second phenomenon is 

the electrostatic charge imbalance on the surface layer of the clay particles. Clay mineral such 

as, montmorillonite in bentonite exhibits a permanently negative charge on its basal surface 

layers when dispersed in water (neutral pH). At the same time, nanoparticles also exhibit 

surface charges whose magnitudes are determined by the point zero charges (PZC) of the 

materials and the pH of the base fluid in which the particles are dispersed (Adair et al., 2001). 

As a result, the strength of the interparticle attraction force is changed, which affects the degree 

of flocculation and dispersion of the colloidal system, which therefore altering the physical 

characteristics of drilling muds. 

Abdo et al. were amongst the researchers conducting extensive studies using nanoparticles in 

different variety of types, sizes, shapes, and concentrations in both aqueous and oil-based mud 

systems (Abdo, 2014; Abdo et al., 2016, 2014; Abdo and Haneef, 2013, 2012). In one of their 

studies, they successfully formulated a drilling mud that exhibited a more stable rheological 

profile at HPHT conditions. They conducted experiments evaluating mud samples containing 

nanoparticles across a temperature range between 43 and 188°C and pressure of up to 128 MPa. 

The mud samples contained a composite of zinc oxide and montmorillonite clay nanoparticles 

with particle size diameters from 5 to 35 nm and 20 to 50 nm, respectively. The experimental 

results indicated a nanocomposite concentration of 2.3 wt% observed the most significant 

improvement on the thermal stability indicated from the increases of up to 140% and 150% in 

the plastic viscosity and yield point, respectively, at temperature and pressure of 188°C and 

128 MPa (Abdo et al., 2014). Mahmoud et al., 2016, conducted a rheological properties 

evaluation to water-based muds containing iron oxide and silica nanoparticles, with average 
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particle diameters of 50 and 12 nm, respectively. A concentration of 0.5 wt% of each 

nanoparticle was added into a base mud containing 7 wt% of bentonite. The experiments were 

conducted at temperatures between 49 and 93°C. The experimental results demonstrated 

improvements of up to 34% and 104% in the plastic viscosity from the addition of iron oxide 

and silica nanoparticles, respectively at temperature of 93°C. One of the more recent studies 

was conducted by Bayatb et al., 2019, who tested three types of nanoparticles, i.e., zinc oxide, 

titanium oxide, and silica nanoparticles, with average particle diameters of 17, 7, and 13 nm, 

respectively. The nanoparticles were added at concentrations between 0.01 and 0.5 wt% into a 

water-based mud containing 6 and 0.4 wt% of bentonite and sodium carbonate, respectively. 

The tests were conducted at temperatures of 25 and 50°C. The results indicated significant 

improvements of up to 50, 35, and 44% in plastic viscosity at 50°C from the mud samples 

containing zinc oxide, titanium oxide, and silica nanoparticles, respectively.  

The addition of nanoparticles to drilling mud formulations has also been found to be beneficial 

in maintaining borehole stability by building sufficient mud cakes and reducing filtration 

losses. Sadeghalvaad et al., 2015, conducted a study evaluating the filtration properties of nano-

based drilling muds. In their experiments, they used a composite of polyacrylamide and 

titanium dioxide (TiO2) nanoparticles with an average particle size of 10 - 15 nm in a water-

based drilling mud system. The nanocomposite was added at concentrations of 0.3 to 3.7 wt%. 

The results indicated significant reductions in the filtration volume and filter cake thickness of 

a maximum of 64% and 65%, respectively, from the addition of 3.7 wt% of nanocomposite. 

Barry et al., 2015, conducted experiments evaluating the effect of the addition of iron oxide 

nanoparticle on the filtration properties of water-based muds. Iron oxide nanoparticles with 

two different particle sizes of 3 and 30 nm were added to a sodium-bentonite mud at a 

concentration of 0.5 wt%. The experiments were conducted at ambient and at high pressure-

high temperature conditions (HPHT) conditions. The results demonstrated slight increases of 

11 and 2% in the filtration volume from the addition of both 3nm and 30nm iron oxide particles, 

respectively, at ambient condition. However, more significant reductions of 28% and 23% were 

observed from the respective nanoparticles at HPHT condition. The high temperature of 200°C 

caused the sodium cations on the basal surface of the bentonite clay minerals to dissociate 

resulting in the substantial increase on filtrations of the base mud. The presence of iron oxide 

nanoparticles replaced the dissociated cations allowing the bentonite to be deflocculated, hence 

resulting in the significant reduction of the filtration volume. Results obtained by Bayatb et al., 

2019, observed a slight reduction in the filtrate volume from water-based mud samples 

containing nanoparticles after being hot rolled at 50°C. Reductions of up to 14, 11, and 9% 

were indicated from the water-based mud samples containing 0.5 wt% of zinc oxide, titanium 

oxide, and silica nanoparticles, respectively 

With all the research conducted in the past, however, investigations on the nano-based drilling 

muds in the low temperature conditions are still limited. On that basis, this research aims to 

investigate the role of nanoparticles as an alternative material in the formulations of thermally 

stable drilling muds in the aqueous-based system not only for the use in the high temperature 

but also low in the temperature conditions as encountered in the offshore deepwater and Arctic 

drilling operations. 
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METHODOLOGY 

Materials and Mud Formulations 

Drilling mud samples investigated in this research were focused on the aqueous-based mud 

systems consisting of the freshwater-based and the saltwater-based muds. Mud samples were 

prepared using additives commonly used in the oil industry, as presented in Table 1. The 

density of each component was obtained from the safety data sheet of each material.  

Table 1 List of materials used in the preparation of drilling mud samples 

Material Function ρ (kg/m3) 

Bentonite (Wyoming) 
Primary viscosity, filtration 

control 
2500 

Bentonite (Cebogel) 
Primary viscosity, filtration 

control 
2300 

Polyanionic cellulose (PAC-R) Filtration control 1550 

Xanthan gum (Barazan) Viscosity, filtration control 1600 

Barite (barium sulphate) Weighting agent 4230 

Caustic soda (Sodium hydroxide) Alkalinity control 2130 

Sodium chloride (NaCl) Salt 2170 

Potassium chloride (KCl) Salt 1984 

Calcium chloride (CaCl2) Salt 2150 

Silica (SiO2) nanoparticle Potential additive 2300 

Alumina (Al2O3) nanoparticle Potential additive 3700 

The mud samples were prepared by mixing all the components with their continuous phase 

fluids using a high-speed mixer. Concentration and mixing order of each component was 

carried out following the procedure recommended by Pabley, 1985. Distilled water was used 

as the continuous phase fluid in the freshwater-based mud system. Meanwhile, for the 

saltwater-based muds, a simplified artificial seawater was prepared as the continuous phase of 

fluid by dissolving NaCl (1.435 wt%), KCl (0.595 wt%), and CaCl2 (1.47 wt%) in a distilled 

water making up a salinity level of 35,000 ppm which represents the average salinity of 

seawater (Dickson and Goyet, 1994). Meanwhile, nanoparticles used in this research were 

silica and alumina nanoparticles with average particle diameters of 7 and 5 nm, respectively, 

and were added at various concentrations into the tested mud samples. Formulations of the 

tested mud samples are presented in Table 2.  
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Table 2 Formulations of the drilling mud samples 
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Mud-1 (freshwater-based) 350 - 20 0.1 1 1 10 - 0.0 0 

Mud-1+0.05wt% Silica NP 350 - 20 0.1 1 1 10 Silica 7nm 0.2 0.05 

Mud-1+0.1wt% Silica NP 350 - 20 0.1 1 1 10 Silica 7nm 0.4 0.1 

Mud-1+0.15wt% Silica NP 350 - 20 0.1 1 1 10 Silica 7nm 0.6 0.15 

Mud-1+0.2wt% Silica NP 350 - 20 0.1 1 1 10 Silica 7nm 0.8 0.2 

Mud-1+0.5wt% Silica NP 350 - 20 0.1 1 1 10 Silica 7nm 1.9 0.5 

Mud-1+0.8wt% Silica NP 350 - 20 0.1 1 1 10 Silica 7nm 3.1 0.8 

Mud-1+1wt% Silica NP 350 - 20 0.1 1 1 10 Silica 7nm 3.9 1 

Mud-1+0.05wt% Alumina NP 350 - 20 0.1 1 1 10 Alumina 5nm 0.2 0.05 

Mud-1+0.1wt% Alumina NP 350 - 20 0.1 1 1 10 Alumina 5nm 0.4 0.1 

Mud-1+0.15wt% Alumina NP 350 - 20 0.1 1 1 10 Alumina 5nm 0.6 0.15 

Mud-1+0.2wt% Alumina NP 350 - 20 0.1 1 1 10 Alumina 5nm 0.8 0.2 

Mud-2 (saltwater-based) 350 35 20 0.1 1 1 10 - 0.0 0 

Mud-2+0.05wt% Silica NP 350 35 20 0.1 1 1 10 Silica 7nm 0.2 0.05 

Mud-2+0.1wt% Silica NP 350 35 20 0.1 1 1 10 Silica 7nm 0.4 0.1 

Mud-2+0.15wt% Silica NP 350 35 20 0.1 1 1 10 Silica 7nm 0.6 0.15 

Mud-2+0.2wt% Silica NP 350 35 20 0.1 1 1 10 Silica 7nm 0.8 0.2 

Mud-2+0.5wt% Silica NP 350 35 20 0.1 1 1 10 Silica 7nm 1.9 0.5 

Mud-2+0.8wt% Silica NP 350 35 20 0.1 1 1 10 Silica 7nm 3.1 0.8 

Mud-2+1wt% Silica NP 350 35 20 0.1 1 1 10 Silica 7nm 3.9 1 

Mud-2+0.05wt% Alumina NP 350 35 20 0.1 1 1 10 Alumina 5nm 0.2 0.05 

Mud-2+0.1wt% Alumina NP 350 35 20 0.1 1 1 10 Alumina 5nm 0.4 0.1 

Mud-2+0.15wt% Alumina NP 350 35 20 0.1 1 1 10 Alumina 5nm 0.6 0.15 

Mud-2+0.2wt% Alumina NP 350 35 20 0.1 1 1 10 Alumina 5nm 0.8 0.2 

Rheological Properties Evaluation 

This investigation was conducted to evaluate the rheological properties of drilling muds 

through a direct measurement obtained from a rotational viscometer. The experiments were 

carried out in compliance with the API Recommended Practice 13B as the standard for drilling 

muds testing procedure. The viscometer was used to measure the shear rate and shear stress at 

different rotational speeds. The recorded data were then used to determine rheological 

properties based on the Bingham plastic model. The evaluated properties are plastic viscosity, 

yield point and gel strengths, calculated using the following formulas. 

𝜇𝐵 = 𝐷𝑅600 − 𝐷𝑅300 (1) 

𝜏𝑦 = 0.48 × (𝐷𝑅300 − 𝜇𝐵) (2) 

𝐺𝑆 = 0.48 × 𝐷𝑅3 (3) 

In which DR600, DR300, and DR3 are the dial readings at 600, 300 and 3 RPM, respectively, 

whilst μB, τy, and GS are the Bingham plastic viscosity (mPa.s), yield point (Pa), and gel 
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strength (Pa), respectively. To simulate temperature conditions in Arctic drilling, the mud 

samples were tested at temperatures between 0 and 80°C. For this purpose, a cooling device 

was designed to accommodate measurements below ambient temperature. The new device was 

technically a hollow-walled cooling cup connected to a refrigerating bath circulating cooling 

fluid through the cup wall and bringing the temperature of the mud sample down. Figure 1 

shows the simplified diagram of the cooling cup and its positioning alongside the viscometer. 

 
Figure 1 (a) schematic diagram (in mm), (b) actual view, and (c) positioning of the newly designed 

cooling cup 

Filtration Properties Evaluation 

The experiments were conducted using a standard API Filter Press to evaluate static filtration 

properties of drilling mud at room temperature and under 700 kPa (100 psi) differential 

pressure for 30 minutes, after which the accumulated filtrate volume was recorded and the 

thickness of the recovered filter cake was measured. Spurt loss volume and filtration rate were 

also calculated to analyse the impact of nanoparticles on the filtration properties of the mud 

samples.  

RHEOLOGICAL PROPERTIES RESULTS 

Silica-Added Muds 

Freshwater-based muds 

Rheological properties of the freshwater-based mud samples containing silica nanoparticles 

measured at ambient temperature condition (20°C) are illustrated in Figure 2. The results 

showed a significant reduction on the overall rheological properties from the addition of silica 

 

 

 

OFITE 900 ViscometerRefrigerated circulating bath

Circulating cup
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nanoparticles. Biggest reductions of up to 34% and 32% were observed on the plastic viscosity 

and yield point at silica concentrations of 1 and 0.8 wt%, respectively (Figure 2a). Meanwhile, 

silica concentrations of 0.05wt% demonstrated the biggest drop on 10-second and 10-minute 

gel strengths, at about 46% and 50%, respectively (Figure 2b). The thinning effect with the 

increasing concentration of silica was caused by a combination of the high repulsion force 

between the silica nanoparticles and the clay minerals, as well as the reduced hydrogen bonding 

between silica and polymers caused by the high ionisation of silica in high pH solutions.  

 
Figure 2 (a) plastic viscosity, yield point, and (b) gel strengths of the freshwater-based muds containing 

various concentrations of silica nanoparticles 

Reactive clay materials such as montmorillonite in bentonite exhibits a permanently negative 

charge on its basal surface layers and a pH-dependent surface charge on the edges of clay 

platelets. The edge of the platelet will typically be protonated exhibiting a more positively 

charged surfaces (Figure 3) (Tournassat et al., 2013, 2015). At the same time, silica also 

exhibits a highly negative charge on the surface of the particles when dispersed in a polar 

medium such as water. Metin et al., 2011, observed an electrostatic potential of up to -50 mV 

from the suspension of silica at 0.5 wt% concentration with an average particle diameter of 25 

nm. When it is added to a bentonite suspension, the highly negative surface charges between 

the two materials increase the interparticle repulsive forces resulting in the higher degree of 

dispersion manifested by the reduction in the mud physical properties.  

 
Figure 3 Electrostatic potential charge distribution on the surfaces of clay platelet: negatively charged 

basal surface and positively charge edge surface (adapted from Tournassat et al., 2015) 
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The interaction between silica particles and dispersible polymers such as xanthan gum also 

contributes to the higher degree of dispersion of the mud colloidal suspension. The interaction 

occurs through a hydrogen bonding between the hydroxyl (–OH) groups of the particle surfaces 

and polymer molecules at pH levels below 3 (Oh et al., 1999b). However, when dispersed in 

aqueous medium at high pH, as it is the case with the mud samples, the silanol groups (–SiOH) 

of the silica are ionised easily to become –SiO–, resulting in the highly negative surface charged 

of particles. As a consequence, this ionisation process eliminates the number of the hydroxyl 

groups ready for hydrogen bonding with the polymer molecules (Katiyar and Singh, 2018), 

hence the reduction on the mud physical properties was observed from the experimental results. 

As the silica concentrations increases, the reduction rate became smaller up to a point at which 

an increasing trend started to develop. This phenomenon was clearly indicated particularly 

from the yield point and the gel strengths results. A rise on the yield point from 25.3 to 25.7 Pa 

was observed at silica concentrations between 0.8 and 1 wt%, respectively (Figure 2a). 

Meanwhile, an increase in the gel strengths was observed at a smaller concentration of 0.1 wt% 

following the sharp drops from the base value (Figure 2b). 

As well as the evaluations at ambient temperature condition, the mud samples were also 

evaluated at temperatures between 0 and 80°C. Figure 4 illustrates the rheological properties 

results at 0-80°C. As shown in Figure 4a, the base sample (Mud-1) exhibited a decreasing trend 

on plastic viscosity as the temperature increases, with the highest of 48.4 mPa.s was recorded 

at 0°C and down to just 12.7 mPa.s at 80°C, a reduction of about 74%. The thinning behaviour 

was simply caused by the reduction of the water viscosity with the increasing temperature 

resulting in the decreasing profile of the mud physical property at high shear rates (Caenn et 

al., 2017b; Hilfiger et al., 2016). The similar trend was also observed from the yield point 

results in Figure 4b, in which a reduction of 49% was recorded from 51.3 Pa to 26.1 Pa as 

observed at 0 and 80°C, respectively. 

With the addition of silica nanoparticles, the mud samples indicated an increase of thermal 

stability as reflected from the smaller disparity between properties measured at 0 and 80°C. 

For instance, the sample containing 0.1 wt% silica nanoparticle observed plastic viscosities of 

38.8 and 19.4 mPa.s corresponding to a 20% reduction and an increase of 53.5% at 0 and 80°C, 

respectively. Meanwhile, yield points were observed at 43.2 and 24 Pa corresponding to 

reductions of 15.8% and 8.9% at the respective temperatures . The improved stability on plastic 

viscosity and yield point was obtained due to the fact that silica is a ceramic material that is 

thermally resistant, contributing to a more stable profile across the temperature range (Adair et 

al., 2001; Medhi et al., 2020). A low and more constant plastic viscosity is desirable when 

drilling through formations with vast temperature difference, such as Arctic condition. A mud 

with low plastic viscosity will provide the higher jet velocity of the bit nozzle, resulting in a 

higher drilling rate of penetration. Besides, the more stable profiles of plastic viscosity over the 

broad temperature conditions will be beneficial in maintaining constant equivalent circulating 

density (ECD). If plastic viscosity is the measure of the resistance to flow at high shear rates, 

then the yield point is the measure of the initial resistance to flow of the muds. It reflects the 

interaction forces between particles at low shear rates, in which the tendency of the colloidal 

particles to link and bond together is higher than at high shear rates. In the field, it is used as 
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an annular flow indicator and a parameter for a good carrying capacity of the drilling muds. A 

high yield point is more favourable as the mud is more likely to have a better cutting carrying 

capacity, however, an excessive yield point is always avoided as it increases the pump power 

required to start a flow (Caenn et al., 2017b). 

The increased stability was also reflected from the gel strength results as shown in Figure 4c 

and d. As shown, the base sample (Mud-1) already demonstrated a relatively constant profile 

on the 10-second gel strengths across the temperatures with an average of 17.2 Pa, as shown in 

Figure 4c. Meanwhile, the 10-minute gel strengths fluctuated slightly with the highest of 35.8 

Pa recorded at 60°C, as presented in Figure 4d. The big difference between the two gel 

strengths indicates a progressive rate of gelation developed over time. With the addition of 

silica nanoparticle, a more flattened curve was observed on both 10-second and 10-minute gel 

strengths, indicating the improved thermal stability across the observed temperature conditions. 

Moreover, the smaller gap between the two gels also indicates a lower rate of gelation over 

time. Mud sample containing 0.1 wt% silica (diamond-shaped data points) provided the most 

stable profiles with an average of 9.1 and 15.6 Pa for 10-second and 10-minute gels, 

respectively.  

 
Figure 4 Results of the (a) plastic viscosity, (b) yield point, and (c) the 10-second and (d) 10-minute gel 

strengths of the freshwater-based muds containing various concentrations of silica nanoparticle over 

temperature range between 0 and 80°C  

Like the yield point, gel strengths also indicate the strength of the attractive forces between 

particles under static conditions. They reflect the thixotropic behaviour of the drilling muds 

when the circulation is ceased for some time (Caenn et al., 2017b). In the field, they represent 

the shear stress required to breakdown the gel structure of the mud to restart the flow. They are 
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also an indicator of the ability of the mud to suspend cutting and weighting material within the 

mud column. Machado and Aragao, 1990, suggested that a gel strength of about 5 Pa is 

sufficient to suspend cutting and provide good carrying capacity. Low and flat gels over time 

are always favourable as they indicate a constant rate of gelation. Whilst high and excessive 

gel strengths are avoided as they can cause swab and surge issues as well as making the 

separation of cuttings and mud more difficult. The current results suggested that the addition 

of silica nanoparticle in the freshwater-based system can be beneficial in reducing gel strengths 

and exhibit a more constant profile throughout the temperature conditions. 

Saltwater-based muds 

Figure 5 presents the results on the rheological properties of the saltwater-based mud samples 

containing various concentrations of silica nanoparticle at ambient temperature condition. 

Significant reduction in rheological properties was observed from the presence of salt ions as 

indicated from the base sample without the addition of nanoparticles. In the absence of silica 

nanoparticles, plastic viscosity decreased significantly about 54% from 29.5 mPa.s, as obtained 

from the freshwater mud, to 13.6 mPa.s at 0% silica concentration shown in Figure 5a. Yield 

point also showed a decrease of about 70% from 37.2 Pa in the freshwater mud to 11.3 Pa in 

the saltwater-based mud. Meanwhile, gel strengths were contracted significantly about 84% 

from 16.9 to 2.7 Pa on the 10-second gel and about 91% from 34.2 to 3 Pa on the 10-minute 

gel (Figure 5b). The swelling mechanism of clay minerals occurs from the adsorption of water 

molecules on to the basal surfaces of the clay platelets, allowing the hydration and expansion 

of the lattice structure of the clay minerals. Hence, providing consistency and volume increase 

of the mud colloidal suspension (Norrish, 1954). When electrolytes are present in the bulk of 

the solution, cations are drawn on to the negatively charged clay surface layers. This will 

disrupt the hydrogen bonding by pushing away water molecules and attaching to the clay 

surfaces, lowering the swelling capacity of the clay minerals (Caenn et al., 2017c). Hence, 

causing the reduction on the physical properties of the base sample of the salt muds.  

On the other hand, the addition of silica nanoparticle to the salt-based muds had resulted in a 

decreasing trend on the plastic viscosity with the increasing concentration up to 0.2 wt%, in 

which the mud sample indicated a reduction of up to 18.5%. As discussed earlier that particle 

interactions are affected by the distance between particles. The closer distance between two 

particles the greater the tendency to attract each other and to flocculate. However, particles 

with highly negative surface charge will exhibit a stronger repulsion when they are close to 

each other up to a point when attraction force grows more dominant as a consequence of the 

higher particle collision due to stronger Brownian motion as the concentration increases (Wang 

et al., 2012; Yapici et al., 2018). This explains the slight reduction in the plastic viscosity 

observed from the results at the lower silica concentrations below 0.2 wt%. Beyond this 

concentration, plastic viscosity was observed to slowly improve with the final improvement of 

8.5% observed at the concentration of 1 wt%, as indicated in Figure 5a. The growing of the 

attractive force is more clearly observed from the low shear rate properties indicated from the 

yield point results. A small increase of 3.7% was already observed from the silica concentration 

of 0.05 wt% and the increasing trend continues steadily with the final increase of 23.5% 

observed at 1 wt% silica. Results on gel strengths were also indicating the higher degree of 

flocculation attribute from the growing of attraction between particles. A significant rise of up 
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to 118% was observed at the concentration of 0.2 wt%, beyond which a more stable profile 

was obtained with the increasing silica concentration (Figure 5b). The addition of silica also 

resulted in a more stable gelation rate indicated from the narrow gap between the 10-second 

and 10-minute gel profiles across the overall concentrations. The higher flocculation degree 

was caused by the presence of electrolytes in the mud colloidal suspension. Additional cations 

tend to be attracted and adsorbed on to the surfaces of silica particles, compressing the electrical 

double layer, thus reduces particle repulsion forces (Metin et al., 2011; Oh et al., 1999a).  

 

Figure 5 Results of the (a) plastic viscosity, yield point, and (b) gel strengths of the saltwater-based 

mud samples containing various concentrations of silica nanoparticles 

Figure 6 presents the results on the rheological properties of the saltwater-based muds at low 

and high temperatures. As shown, the base sample (Mud-2) exhibited a temperature-dependent 

behaviour indicated from the decreasing profile on plastic viscosity with the increasing of 

temperature (Figure 6a). A significant reduction of more than 75% on plastic viscosity was 

observed from 20.8 to 5.1 mPa.s measured at 0°C and 80°C, respectively. Meanwhile, a 74% 

reduction was observed on the yield point from 17.7 to 4.6 Pa across the temperature range. 

With the addition of silica nanoparticles, an increasing trend was observed on both plastic 

viscosity and yield point. Especially at elevated temperature conditions (>20°C), higher degree 

of flocculation was attributed to the higher chance of collision between particles as a result of 

the increased kinetic energy of the system and stronger Brownian motion as the temperature 

continued rising (Metin et al., 2011; Omurlu et al., 2016). On the other hand, as the effect of 

the low-temperature condition (<20°C) was lessened due to the presence of salt ions lowering 

the freezing point of water, the addition of silica nanoparticles exhibited a more constant profile 

due to the more stable colloidal suspension resulted from the maintained stronger repulsion 

between particles (Vargas et al., 2019). The improved thermal stability was reflected from the 

plastic viscosity and yield point profiles with the optimum range observed from the sample 

containing 0.1 wt% of silica, as indicated from the diamond-shaped data points in Figure 6. At 

0°C, plastic viscosity was recorded at 12.9 mPa.s, a reduction of 38% from 20.8 mPa.s (Mud-
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2), whilst at 80°C viscosity was at 8.4 mPa.s, a 65% increase from 5.1 mPa.s (Figure 6a). Yield 

points were observed in between 12.7 Pa, corresponds to 28% reduction from 17.7 Pa (Mud-

2) at 0°C, and 8.8 Pa, a 92% increase from 4.6 Pa at 80°C (Figure 6b).  

The constant rheological profiles were also reflected from the results on the gel strengths as 

presented in Figure 6c and d. The base sample (Mud-2) indicated a fairly low and constant rate 

of gelation indicated from the stable curves of gel strengths over time across the temperature 

range. At 0°C, the 10-second and 10-minute gels were observed at 3.1 and 3.5 Pa (Figure 6c 

and d , respectively), whilst at 80°C, both gels were observed at a constant value of 1.9 Pa. The 

addition of silica increased both gel strengths significantly with the retained constant profiles 

across the temperature range as the nanoparticle concentration increases. Mud sample 

containing 0.1 wt% silica indicated the most favourable results with 10-second and 10-minute 

gels at 0°C between 5.4 and 6.4 Pa, respectively, and stabilised throughout the temperature 

conditions with 5.6 and 6.1Pa were observed at 80°C for the respective gelation times. As 

discussed in the earlier, the presence of salt ions suppresses the electrostatic potential of the 

particles from the adsorption of cations on to the particle surfaces. Consequently, the repulsion 

force is reduced resulting in the more dominant attraction between particles increasing the 

degree of flocculation, hence increasing low shear rate properties of mud suspension (Adair et 

al., 2001; Metin et al., 2011; Oh et al., 1999a). 

 
Figure 6 Results of the (a) plastic viscosity, (b) yield point, and (c) the 10-second and (d) 10-minute gel 

strengths of the saltwater-based muds containing various concentrations of silica nanoparticle over 

temperature range between 0 and 80°C 

Although there are still very few studies conducted in the past investigating the performance 

of silica-added muds under both low and high temperatures, studies conducted by Taraghikhah 

et al., 2015, and Medhi et al., 2020, might provide a comparison to what have been observed 
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in the current study. Summary of their results on the plastic viscosity is presented Figure 7 

alongside the results from the current study. The graph presents plastic viscosity results from 

the addition of 0.5wt% of silica nanoparticles in the aqueous-based mud systems. In their 

experiments, Taraghikhah et al. added 0.5 wt% silica with 1-60 nm particle diameter to a mud 

containing certain amounts of salts, viscosities, and filtration control polymers, although they 

did not specify the quantity of each component in their report. Meanwhile, Medhi et al. added 

silica with a particle diameter of 22-48 nm to a mud containing sodium chloride, soda ash, 

biocide, and various types of polymers. As shown, the result observed from Taraghikhah et 

al.’s sample indicated a similar trend to the results obtained from the current study (Muds-7 

and 10), as a reduction of 13% on plastic viscosity was recorded at ambient temperature from 

the addition of silica. An increase of 38% was observed after the mud sample was hot rolled at 

120°C. Meanwhile, Medhi’s results demonstrated a very high plastic viscosity up to 64 mPa.s 

after hot roll at 80°C from the addition of 0.5 wt% silica. The high physical properties observed 

from Medhi’s results could have been caused by the use of various types of polymers in the 

mud formulation.  

  
Figure 7 Results of the plastic viscosity of the water-based muds containing 0.5wt% of silica 

nanoparticle from the current and past studies (Medhi et al., 2020; Taraghikhah et al., 2015) 

As discussed earlier, the presence of high molecular weight of polymers will increase mud 

physical properties due to their ability to bridge and crosslink solid particles within the mud 

suspension (Caenn et al., 2017a). Alteration magnitudes of drilling mud properties from the 

addition of silica nanoparticles are very much affected by the types and concentrations of other 

components present in the mud suspension. For instance, the presence of high molecular weight 

long-chained substances, or the presence of strong electrolytes will affect the interaction 

between silica and other electrostatically charged particles (Adair et al., 2001; Oh et al., 1999a, 

1999b; Wang et al., 2012). Trends from the past researchers concluded that the addition of 

small quantities (<1 wt%) of unmodified silica nanoparticles would typically decrease physical 

properties of muds with simple compositions (e.g. clay minerals, one or two types of polymers, 

monovalent salt cations), thus adding higher concentrations or pre-treating the silica 

nanoparticle are required to observe an increase on the mud physical properties (Hassani et al., 
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2016; Jain et al., 2015; Mao et al., 2015; Medhi et al., 2020; Srivatsa and Ziaja, 2012; 

Taraghikhah et al., 2015). In this research, a silica concentration threshold of 0.8 wt% was 

observed, above which the mud physical properties started to increase.  

Alumina-Added Muds 

Alumina is the most widely produced oxide ceramic material with widespread use in various 

applications from engineering through biomedical (Ben-Nissan et al., 2008). However, further 

studies are still needed to be conducted, especially evaluating the role of alumina nanoparticle 

in the alteration of drilling mud properties. For that purpose, alumina with an average particle 

diameter of 5 nm was used in this study, added to both freshwater and salt-based mud systems 

at particle concentrations between 0.05 and 0.2 wt%. The freshwater-based system was 

prepared the similar way as the previous silica-added muds using distilled water as the 

continuous phase, whilst the brine with 35,000 ppm salinity was used in the preparation of the 

saltwater-based mud system.  

Freshwater-based muds 

Figure 8 presents the rheological properties of the freshwater-based muds containing alumina 

nanoparticles at the ambient temperature condition. As shown in Figure 8a and b, significant 

increases were observed on both the plastic viscosity and the yield point of up to 70.2% and 

23.8%, respectively, at the concentration of 0.2 wt%. The results on gel strengths also showed 

an increasing trend with the increasing concentrations of alumina nanoparticles, as presented 

in Figure 8c and d. Improvements of up to 44.3% and 18.6% were observed on the 10-second 

and 10-minute gels, respectively, from the sample containing 0.2 wt% of alumina nanoparticle. 

These results indicate an opposite trend when compared to the results observed from muds 

containing silica in which the rheological properties were decreased with the addition of silica 

nanoparticles. This was caused by the different types of electrostatic charge on the surface 

particles of silica and alumina when dispersed in water. Although both are ceramic materials, 

silica and alumina have different isoelectric points (IEP) or point of zero charges (PZC), which 

defined as the pH level at which particles are charged neutral. For silica, it is around pH 1.5-

3.7, whilst for alumina, it is 7-9 (Adair et al., 2001). These PZC define the magnitudes of the 

surface charges of the dispersed particles. At pH levels below the PZC, particles will exhibit a 

positive charge and will be negative at pH levels above the PZC. Increases of magnitudes, 

whether positive or negative, occur as the pH levels further away from the PZC, resulting in 

the more dominant electrostatic repulsive force of particles, causing the higher degree of 

dispersion. Meanwhile, smaller magnitudes occur at pH levels near the PZC resulting in the 

more dominant van der Waals attraction force that will increase the tendency of particles to 

flocculate. Unlike silica, alumina nanoparticle exhibits positively charged particles when 

dispersed in an aqueous medium at neutral pH value. Patel et al., 2015, measured the zeta 

potential of the suspensions of alumina and silica nanoparticle. The results observed a 

positively charged alumina suspension of +20 mV as opposed to -30 mV obtained from silica 

with the same particle concentration. However, the zeta potentials decreased with the 

increasing pH levels due to the deprotonation of the particle surfaces, and at pH 11, zeta 

potentials of -15 mV and -50 mV were observed from alumina and silica, respectively (Adair 

et al., 2001; Patel et al., 2015). Zeta potential is a measure to determine the surface charge of 

particles in colloidal suspension. Dispersions with zeta potentials lower than +25 or higher than 
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-25 are classified as to have a high degree of flocculation due to the stronger attractive force 

between particles. Meanwhile, suspensions with greater absolute charges will exhibit 

increasing stability of particle dispersion attributed to the higher repulsive force (Kumar and 

Dixit, 2017). Therefore, the increase in the physical properties of the alumina muds observed 

from the experiments was caused by the higher tendency of flocculation attributed to the 

stronger interparticle attractive forces. 

 
Figure 8 Rheological properties profiles (a and c) and alteration extents (b and d) of the freshwater-

based muds containing alumina nanoparticles compared to those containing silica nanoparticles 

Results of the rheological properties evaluation at low and high temperature conditions are 

illustrated in Figure 9. As the base sample (Mud-1) presented in the graph was the same 

reference sample used in the silica evaluation, it can be recalled that the decreasing trend on 

the plastic viscosity and yield point shown in Figure 9a and b, respectively, was caused by the 

reduction of water viscosity across the temperature range (Caenn et al., 2017b; Hilfiger et al., 

2016). The addition of alumina nanoparticles exhibited an increased thermal stability as 

indicated from the more stable curves of plastic viscosity and yield profiles across the 

temperature range. This was indicated from the smaller differences between results at 0 and 

80°C. For instance, the sample containing 0.05 wt% of alumina exhibited a viscosity of 40 

mPa.s at 0°C, a 17.3% reduction from the base sample, whilst 25.1 mPa.s was observed at 80°C 

which corresponding to a 98% increase. Meanwhile, the yield points were recorded at 45.7 and 

34.2 Pa, corresponding to a 10.9% reduction and a 30.9% increase at 0 and 80°C, respectively. 

The more stable profiles of plastic viscosity and yield point over the observed temperature 

range is attributed from the improved thermal stability of the mud samples with the addition of 

alumina nanoparticle. As a ceramic material, alumina is known to have a good heat resistance 

making it suitable to be used as an additive to maintain stable rheological properties, especially 

for application in extreme temperature conditions (Ivanov et al., 1999; Medhi et al., 2019). 
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Results on gel strengths also exhibited significant increases with the increasing concentration 

of alumina nanoparticles, as shown in Figure 9c and d. Sample containing 0.05 wt% of alumina 

showed an average increase of 21.5% on the 10-second gel and 21.6% on the 10-minute gel as 

compared to the results of Mud-1. Although, both gel strengths showed the indication of good 

thermal stability, the rate of gelation was also increased, which reflects the greater disparity 

between the 10-second and 10-minute gels. In the field, the higher rate of gelation might not 

be favourable as it is associated with higher pump power required to restart mud circulation 

after being ceased for some time. This might result in the sudden increase of annular circulating 

pressure which may cause well control problems, such as loss circulation or fracturing of the 

rock formations (Caenn et al., 2017d). 

 
Figure 9 Results of the (a) plastic viscosity, (b) yield point, and (c) the 10-second and (d) 10-minute gel 

strengths of the freshwater-based muds containing various concentrations of alumina nanoparticle over 

temperature range between 0 and 80°C 

Saltwater-based muds 

Rheological properties results of the saltwater-based muds containing alumina are presented in 

Figure 10. As it was experienced with the silica muds, the addition of alumina showed a small 

reduction on plastic viscosity up to the concentration of 0.1 wt% where a reduction of 11% was 

observed (Figure 10a). The reduction was caused by the higher particle repulsion from the 

addition of low concentrations of alumina increasing the dispersion state of mud suspension 

when high shear rates are applied. As discussed earlier, electrostatic potential of alumina 

particle at high pH is slightly negative, resulting in an interparticle repulsion with the clay 

platelets. However, with the increasing concentrations, an increasing trend was observed with 

the final improvement of 2.5% was indicated from the sample containing 0.2 wt%. the 

increasing trend was attributed to the stronger particle attraction caused by the higher chance 
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of collision between particles from the stronger Brownian motion. Meanwhile, an increasing 

trend on the yield point was observed from the beginning of the addition of alumina 

nanoparticles, with up to 43% increase was recorded at the particle concentration of 0.2 wt% 

(Figure 10a). Both the 10-second and 10-minute gel strengths also gradually increased with the 

maximum improvements of 45% and 58%, respectively, observed at the concentration of 0.2 

wt% (Figure 10b). The increasing trend of the low-shear rate properties manifested by the yield 

point and gel strengths with the increasing concentrations of alumina nanoparticles was caused 

by the higher degree of flocculation as the salt ions were adsorbed on to the basal surface clay 

platelets and also on the surface of alumina particles forcing the electric double layer to shrink 

(Çınar and Akinc, 2014; Jailani et al., 2008). The narrower gap between the two gel strengths 

as shown in Figure 10b also indicated a lower gelation rate across the overall concentrations. 

This is more desirable as the higher rate of gelation tends to produce an excessive gel strength 

when circulation is ceased for a longer time (Caenn et al., 2017b; Hilfiger et al., 2016). 

   
Figure 10 Results comparison on the plastic viscosity and yield point (a) and the 10-second and 10-

minute gel strengths between the saltwater-based and freshwater-based muds containing various 

concentrations of alumina nanoparticles 

For the rheological properties evaluation at low and high temperature conditions, Figure 11 

presents the results of the mud samples containing alumina nanoparticles in the saltwater-based 

system. At conditions below ambient temperature (<20°C), significant reductions on plastic 

viscosity were observed with the increasing temperature across the nanoparticle 

concentrations, as shown in Figure 11a. The biggest reduction was observed from the sample 

containing 0.1 wt% of alumina at 0°C, with the measured plastic viscosity of 15.2 mPa.s, which 

corresponds to a reduction of 27% from 20.8 mPa.s as observed from the base sample (Mud-

2). Meanwhile, at temperatures above 20°C, plastic viscosity indicated a rise as the 

concentration increases. The highest increase was observed from the sample containing 0.2 

wt% of alumina at 80°C, with the measured viscosity of 8 mPa.s corresponding to a 57% 

increase from 5.1 mPa.s obtained from the base sample. Results on the yield point exhibited an 

improvement with the increasing concentration almost at the entire temperature range. Sample 

containing 0.2 wt% of alumina observed a yield point of 18.1 Pa, a slight improvement of 2.5% 

from 17.7 Pa as observed from the base sample at 0°C. Meanwhile, the biggest improvement 

of 117% increase was recorded from the same sample at 80°C, as shown in Figure 11b. 
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The presence of electrolytes shrinks the electric double layer of alumina particles as the cations 

are being adsorbed onto the particle surfaces. This produces stronger attractive forces between 

particles which promote a higher degree of flocculation increasing rheological properties of the 

mud samples. The higher degree of flocculation is also caused by the stronger Brownian motion 

attributed to the higher kinetic energy increasing the change of collision between particles (Mui 

et al., 2016; Weston et al., 2017; Zawrah et al., 2016). Moreover, the presence of alumina 

nanoparticle also resulted in the significant improvement on the thermal stability as reflected 

from the smaller disparity between data obtained across the temperature range. 

 
Figure 11 Results of the (a) plastic viscosity, (b) yield point, and (c) the 10-second and (d) 10-minute 

gel strengths of the saltwater-based muds containing various concentrations of alumina nanoparticle 

over temperature range between 0 and 80°C 

Results on the gel strengths also gave a validation on the improved thermal stability from the 

addition of alumina nanoparticles, as illustrated in Figure 11c and d. The addition of alumina 

nanoparticles provided a treatment against the negative impact of salt ions on the mud 

rheological properties. As indicated in the graph, the low gel strengths observed from the Mud-

2 especially at high temperatures were caused by the presence of salt ions in the mud suspension 

reducing the hydration capacity of the clay mineral. With the addition of alumina nanoparticle 

as low as 0.05 wt%, significant improvements were observed on both 10-second and 10-minute 

gel strengths to the more acceptable range to provide good carrying ability, i.e., 5 Pa as 

suggested by Machado et al., 1990. An increasing trend was also observed as the concentration 

of alumina increases. Biggest improvements were observed from the sample containing 

0.2wt% of alumina at the temperature of 0°C, increasing up to 39% and 53% on the 10-second 

and 10-minute gels, as shown in Figure 11c and d, respectively. Meanwhile, at 80°C, the 
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respective gel strengths of the same sample increased of up to 80% and 116% flattening the 

curve and exhibiting the more thermally stable profiles.  

Results comparison of the plastic viscosity observed between the current and past studies are 

presented in Figure 12. Hosseini et al., 2016, conducted experiments in a polymer-based mud 

system with the base sample containing glycol, polyacrylamide, sodium bicarbonate, and 

calcium carbonate, as well as salts which consist of sodium and potassium chlorides. The 

alumina nanoparticles were added at a concentration of 1wt%. Mud rheological properties were 

evaluated under temperatures between 25 and 85°C. As indicated by the triangle-shaped data 

points, a reduction in plastic viscosity was indicated from the addition of alumina across the 

observed temperature conditions. Although, the thermal thinning behaviour of the mud did not 

seem to have much changed as reflected from the decreasing trend of the viscosity curve with 

the final reduction of 46% was observed at 85°C. As discussed earlier, this was due to the 

increase of the particle dispersion from the presence of alumina. It is known that the swelling 

capacity of the polymer-based solution is primarily governed by the interaction between salt 

ions and the polymeric molecules (El Karsani et al., 2014; Livney et al., 2003). However, the 

presence of the negatively charged alumina particles in the bulk of the solution could result in 

the higher repulsion between particles increasing the degree of dispersion of the mud 

suspension.  

 
Figure 12 Results of the plastic viscosity of the water-based muds containing alumina nanoparticle 

from the current and past studies (Hosseini et al., 2016; Medhi et al., 2019) 

As was experienced from Hosseini’s results, Medhi et al., 2019, also observed a similar trend 

with their results. They also conducted experiments with the polymer-based drilling muds 

containing various types of polymers including polyacrylamide, polyamine, polyanionic 

cellulose, and xanthan gum. As indicated in the graph, the base sample observed a relatively 

high plastic viscosity of up to 91.3 mPa.s at 30°C, caused by the extensive use of polymeric 

solutions. The base sample also indicated a thermal thinning behaviour as the temperature 

increases with a plastic viscosity of 54.4 mPa.s was observed at 80°C. The addition of 1 wt% 

of alumina nanoparticles significantly reduced of up to 49% at 30°C with measured viscosity 

of 47 mPa.s. However, the presence of alumina did not seem to significantly improve mud 
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thermal stability as was indicated from the decreasing profile observed in plastic viscosity 

across the temperature conditions.  

FILTRATION PROPERTIES RESULTS 

Silica-Added Muds 

Freshwater-based muds 

Figure 13 presents the results on the filtration properties of the freshwater-based samples 

containing silica nanoparticles at concentrations between 0.05 and 1 wt%. In static filtration 

loss, spurt loss indicates the instantaneous volume of filtrate caused by the tendency of finer 

particles passing through the surface of a porous medium, e.g., filter paper or rock formation, 

before the deposition of filter cake takes place. It reflects how fast the filter cake is deposited 

on the surface of the filter medium. The higher the values, the slower the cake being deposited. 

However, it does not indicate the quality of the cake or the total volume of the filtrate (Caenn 

et al., 2017e). The addition of silica nanoparticles did not seem to give a significant effect on 

the spurt loss volume as indicated from the fairly constant trend of spurt volume as the 

concentration of silica increases (Figure 13a). This occurs as a result of the improved dispersion 

of the mud suspensions containing silica nanoparticle. It can be recalled to the discussion on 

the rheological section that, the addition of silica resulted in a higher particle repulsion 

attributed to the highly negative surface charge of particles increasing the degree of dispersion. 

This behaviour was also reflected in the constant trend of the spurt volume. 

 
Figure 13 Filtration properties of the freshwater-based muds containing various concentrations of 

silica nanoparticles  

However, distinct behaviour was observed on the API filtration loss, which is indicating the 

cumulative filtration volume measured under the 700 kPa differential pressure at ambient 

temperature for 30 minutes. As shown in Figure 13a, filtrate volume decreased with the 

increasing concentration of silica up to the concentration of 0.1 wt%, of which the filtration 

loss observed the biggest reduction of up to 8.2%. However, an increasing trend was then 

observed as the higher amount of silica present in the mud suspensions. The finding supports 

the proposition that have been discussed in the rheological section regarding the increasing 

degree of flocculation as the higher amount of silica present in the mud suspension. The 

increase in the filtration loss is commonly known as an indication when flocculation takes place 

attributed to the growing attractive force between particles (Caenn et al., 2017e). 
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Results on the filter cake thickness and filtration rate are presented in Figure 13b. As was 

experienced from the filtration volume results, reductions in the filter cake thickness were 

observed from the low concentrations of silica nanoparticle up to the concentration of 0.1 wt%, 

beyond which mud samples started to produce thicker filter cakes. As shown, the sample 

containing 0.1wt% produced the thinnest filter cake that corresponds to a 24% reduction from 

the base sample. The results on the filter cake thickness indicated a proportional trend with the 

filtration loss volume presented earlier. Bo et al., 1965 suggested that the thickness of filter 

cakes is more affected by the size and distribution of solid particles within the mud suspension, 

as both factors directly control the porosity, and eventually the permeability of the cake. They 

concluded from their results that the lower porosities were achieved from the muds containing 

a higher variation of particle sizes (Bo et al., 1965). The types of solid particles present in the 

mud suspension also contributed to the extent of cake permeability. Aggregates of particles 

often coexist with the higher degree of flocculation attributed to the increase of interparticle 

attractive forces, resulting in a stronger structure of solid particles that is more difficult to be 

compacted disrupting the pore bridging process (Caenn et al., 2017e). As explained earlier, 

particle interactions within the mud suspensions containing silica were more governed by the 

more dominant repulsive force rather than attraction. This, therefore, resulted in the more 

deflocculated suspension, thus reflected from the reduction in the filter cake thickness. As the 

thinner and more compacted filter cakes are built, the lower filtration rates can then be 

achieved. As shown in Figure 13b, the reduction in the filtration rate, especially observed from 

samples containing low concentrations of silica (<0.2 wt%) was also a result from the lower 

degree of flocculation of the silica mud suspensions. Muds containing 0.05 and 0.1 wt% of 

silica demonstrated the lowest filtration rate correspond to the reductions of up to 8.2% and 

6.9%, respectively, from the base sample. A low rate of filtration is obtained from the bridging 

process that is adequately plugged the pores of the filter medium. It is also an indication of low 

permeability filter cakes deposited on the surface of the filter medium (Caenn et al., 2017e).  

The findings regarding the role of silica nanoparticles that acts as a deflocculating agent when 

added into the freshwater-based drilling muds were also observed from past studies. Medhi et 

al., 2020, observed significant reductions in the filtration volume from the addition of 0.5 and 

0.8 wt% of silica nanoparticle with a diameter range of 22 – 48 nm. As presented in Figure 14, 

the samples indicated reductions of up to 24% and 33%, respectively, before showing an 

increase of 8.7% from the sample containing 1 wt% of silica. This observation occurred when 

they added silica into muds containing bentonite, barite, and polyanionic cellulose. Their 

results confirm the highly deflocculated mud suspension with the presence of a small amount 

of silica (<1 wt%) (Medhi et al., 2020).  
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Figure 14 Alterations on the filtrate loss volume of the freshwater-based muds containing various 

concentrations of silica nanoparticle from the current and past studies (Kök and Bal, 2019; Medhi et 

al., 2020; Minakov et al., 2019) 

Meanwhile, Minakov et al., 2019 also observed this typical trend from the addition of silica 

nanoparticle into a bentonite mud. The base sample was prepared by mixing bentonite in 

distilled water and aluminium nitride as a bridging agent. Silica nanoparticles were added at 

concentrations between 0.25 and 4 wt%, with a particle diameter of 5 nm. As also indicated in 

Figure 14, their results demonstrated significant reductions of up to 38% observed from the 

sample containing 1 wt% of silica, before indicating an increasing trend as the amount of silica 

increased. Another similar finding was experienced by Kök et al., 2019 when they conducted 

an experiment adding 0.5 wt% of silica with an average diameter of 15 – 20 nm. The base 

sample was prepared from mixing of distilled water, bentonite, carboxymethyl cellulose, and 

chrome-free lignosulfonate. The result indicated an increase of 12% in the filtrate volume, an 

alteration extent that was almost to what was observed from the current study. 

Saltwater-based muds 

Figure 15 presents the results on the filtration properties of the saltwater-based muds containing 

silica nanoparticles. As it was observed from the freshwater-based muds, the results on the 

spurt volume showed a fairly constant value up to a silica concentration of 0.2 wt%, beyond 

which a gradual increase started to show as the more amount of silica present in the muds 

(Figure 15a). This is caused by the growing trend of flocculation and aggregation at higher 

concentrations of nanoparticles attributed to the increase of interparticle attractive forces. 

Consequently, particles are more difficult to bridge the filter pores leaving an adequate and 

compacted filter cake more slowly to be deposited, hence resulting in higher spurt losses. 

Meanwhile, the cumulative filtrate loss volume indicated slight reductions of up to 11% 

observed from the sample containing 0.1wt% of silica, above which concentration, filtrate 

volume indicated an increasing trend with final 92% increase was observed at silica 

concentration of 1 wt%. The similar trend continued to be observed on the filter cake thickness 

and filtration rate, as shown in Figure 15b. The most significant reduction in the filter cake was 

observed from the sample of 0.1 wt% silica with a thickness of 0.98 mm corresponding to a 

12.5% reduction. Meanwhile, the sample containing 0.05 wt% of silica observed the lowest 

filtration rate of 11.8 mL/s corresponding to an 11.2% reduction.  
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Figure 15 Filtration properties of the saltwater-based muds containing various concentrations of silica 

nanoparticles 

As discussed earlier, the presence of salt ions promotes an even higher degree of flocculation 

than that of the freshwater-based system, by shrinking the double layer of particles that causes 

higher attractive forces. Salt ions also reduces the swelling capacity of the clay minerals by 

disrupting the hydrogen bonding of water molecules on the clay basal surface layers, increasing 

the tendency of clay platelets to aggregate, hence, resulting in poor filtration properties. 

However, the low filtration properties observed from samples containing lower concentrations 

of silica might be due to the smaller size of the created aggregates. The higher the concentration 

of nanoparticle, the bigger the aggregates that would be formed (Wang et al., 2012). Bigger 

aggregates normally have a stronger structure that makes them more difficult to be compacted 

creating more loose filter cake deposit with high permeability. Hence, resulting in poorer 

filtration properties. As shown in Figure 15b, the sample containing 1wt% of silica produced a 

filter cake up to 2.6 mm thick, more than 132% increase from the base sample, whilst the 

filtration rate demonstrated an 87% increase at 24.8 mL/s. These high extents of filtration 

properties indicted a poor bridging of particles producing less compacted and more permeable 

filter cake, resulting in an excessive volume of filtrate passing through the filter medium. 

One of the past studies investigating the filtration properties of the salt-based muds was 

conducted by Medhi et al., 2020. In their experiments, they also added silica nanoparticles to 

the polymer-salt-based muds as well as in the freshwater-based system as discussed in the 

earlier section of this chapter. The polymer-salt-based muds were prepared without using clay 

materials, instead, they used a mixed variety of polymers which consisted of partially 

hydrolysed polyacrylamide, polyanionic cellulose, xanthan gum, and polyamine. The base 

sample also contained soda ash, sodium chloride, and biocide. Silica was added at 

concentrations of 0.5, 0.8, and 1 wt%. As presented in Figure 16, filtrate volumes were reduced 

with the presence of silica nanoparticles, with the final sample containing 1wt% of silica 

indicated a reduction of up to 69%. The reduction was observed due to the increase in the 

degree of dispersion of the mud suspension from the presence of the highly negatively charged 

silica particles.  
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Figure 16 Alterations on the filtrate loss volume of the saltwater-based muds containing various 

concentrations of silica nanoparticle from Medhi et al., 2020 and the current study 

In the bentonite-based muds, polymers are normally added to increase rheological properties 

of muds attributed to their ability to bridge and crosslink clay minerals with other solid particles 

within the mud suspension. However, in the absence of clay materials, mud rheology 

completely depends on the gelation capacity of the high molecular chains of the polymers, 

which might be disrupted by the addition of particle with a high negative surface charge like 

silica (El Karsani et al., 2014; Jia et al., 2016). Consequently, stronger interparticle repulsion 

was obtained increasing the degree of dispersion, which resulted in the reduction in the 

filtration properties of the muds. 

Alumina-Added Muds 

Freshwater-based muds 

Results on the filtration properties of the freshwater-based muds containing alumina 

nanoparticles are presented in Figure 17. As shown Figure 17a, significant rises in spurt loss 

were observed as the concentration of alumina increases, with big increases of 107% and 212% 

were obtained from the samples containing 0.05 and 0.2 wt%, respectively. A similar behaviour 

was also indicated from the results on the total filtration loss volume, which showed rapid 

increases with the increasing concentration of alumina. Increases of 30% and 114% were 

observed from the samples containing 0.05 and 0.2 wt% of alumina nanoparticles. Again, the 

high degree of flocculation was behind this considerable increase in the filtrate volume. As it 

was discussed in the rheological section, the attractive force is more dominant in the dispersion 

of alumina attributed to the lower electrostatic charge of particle than the silica dispersion, 

increasing the tendency of particles to creates aggregates which prevent them from properly 

bridge the pores and quickly build an adequate filter cake. This was also confirmed from the 

results on the filter cake thickness presented in Figure 17b. As shown, thicker filter cakes were 

obtained with the addition of alumina into the mud formulation. Filter cake with 3.15 mm 

thickness was observed at sample containing 0.2 wt% of alumina corresponding to an 82.5% 

increase from the base sample. moreover, the sample also showed a high rate of filtration up to 

13.7 ml/s or a 53.4% increase than that of the base sample. 
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Figure 17 Filtration properties of the freshwater-based muds containing various concentrations of 

alumina nanoparticles  

Saltwater-based muds 

Results on the filtration properties of the saltwater-based muds containing alumina 

nanoparticles are presented in Figure 18. The spurt and total filtrate volumes demonstrated 

significant increases of 46% and 17%, respectively, from the addition of 0.05wt% of alumina 

nanoparticle. A more moderate increase was then observed on both properties as the 

concentration of alumina increases, with final rises of 74% and 39% in the spurt and total 

filtrate, respectively, were obtained from the sample containing 0.2 wt% of alumina 

nanoparticles, as shown in Figure 18a. Moreover, results on the filter cake thickness also 

indicated a relatively small effect over the concentration of alumina nanoparticle, as shown in 

Figure 18b, with the thickness of cakes between 1.39 and 1.64 mm were observed from samples 

at alumina concentrations between 0.05 and 0.2 wt%. So was with the results on the rate of 

filtration, as the samples observed fairly similar magnitudes across the entire concentrations of 

alumina nanoparticles. 

 
Figure 18 Results of the spurt loss and API filtrate volumes the saltwater-based muds containing 

various concentrations of alumina nanoparticle  

The little effect on the filtration properties from the presence of alumina in saltwater-based 

system can be explained based on the association states of clay platelets illustrated in Figure 

19. Clay materials such as bentonite, have their platelets stacked in face-to-face association in 

their dry state or when in reaction with moisture or water without any agitation or shearing 

applied to them, creating a structure that looks like a deck of cards, this state is termed as 
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aggregation. When high shear rates are applied, the hydrated and swollen packets will be 

broken apart into their individual platelets, disorientated and evenly distributed within the 

suspension, which then termed as dispersion. This state will be retained or improved as long as 

the shearing force continues. Meanwhile, when the shearing force is stopped, the suspension 

of clay platelets will be slowly attracted to each other creating an edge-to-edge or edge-to-face 

associations or combination of both resulting in a structure similar to a house of cards. This 

term is called flocculation. A chemical thinner (deflocculating agent) is sometimes added to 

neutralise the positive edge charges on clay platelets and the suspension is now in the 

deflocculated state. When strong electrolytes are present in the clay suspension, the cations will 

be adsorbed on to the clay surface and shrinking the hydration bond with water molecules 

promoting a higher degree of flocculation or even creates stronger aggregates when water is 

completely displaced from the interlayer surfaces of clay platelets (Caenn et al., 2017c; 

Garrison, 1939; Garrison and Ten Brink, 1940).  

In the freshwater system, the base sample was in a less flocculated state resulted in the lower 

and more controllable filtrations as observed from the results presented Figure 17. As the 

concentration of alumina increases, alumina particles were drawn on to the edge surface of the 

clay platelets (Mui et al., 2016), forming the house of card structure and increasing the 

flocculation rate of the mud suspension. Thus, the rapid increase in the filtrations was then 

observed with the increasing amount of alumina nanoparticles existed in the mud suspension. 

On the other hand, in the saltwater-based system, the base sample was already in a higher 

flocculated state due to the presence of salt ions compressing the hydration layer of the clay 

mineral. Aggregates might also have formed indicated from the higher extents of the overall 

filtration properties of the base sample shown in Figure 18. The addition of alumina particles 

causes an increase in the filtration properties, but at smaller extents than those of the freshwater-

based muds. For instance, only 39% increase in the filtrate volume was observed from saltwater 

mud with 0.2 wt% of alumina, compared to 114% increase observed from freshwater mud 

containing the same concentration of alumina. This was simply due to the reduced number of 

clay surfaces available for particle interaction. Besides, the amount of the readily available 

cations was also reduced due to the high adsorption capacity of clay basal surfaces, resulting 

in a less significant increase of flocculation from the presence of alumina particles. 
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Figure 19 Oversimplified illustration on the types of platelets associations (redrawn from Bourgoyne, 

1991) 

SUMMARIES OF RESULTS 

The results of the rheological and filtration properties evaluations of the aqueous-based drilling 

muds containing silica and alumina nanoparticles are summarised in the following tables. 

Table 8 Summary of the rheological properties results 

Mud System Silica Nanoparticles  Alumina Nanoparticles 

Freshwater-

based mud 

- PV decreases steadily with 

increasing concentration 

- YP decreases gradually up to 

concentration of 0.8 wt%, then 

slightly increases 

- GSs drop rapidly at concentration of 

0.05 wt% then increases steadily 

with increasing concentration 

- PV and YP increase significantly with 

increasing concentration 

- GSs increase slightly with increasing 

concentration 

Saltwater-

based mud 

- PV decreases slightly up to 

concentration of 0.2 wt% then 

increases slowly as concentration 

increases 

- YP and GSs increase gradually with 

increasing concentration 

- PV decreases slightly up to 

concentration of 0.1 wt% then 

increased steadily with increasing 

concentration 

- YP and GSs increase steadily with 

increasing concentration 
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Table 9 Summary of the filtration properties results 

Mud System Silica Nanoparticles Alumina Nanoparticles 

Freshwater-

based mud 

- Spurt loss volume remains relatively stable 

with increasing concentration 

- Filtrate volume and mud cake thickness 

decrease slightly up to concentration of 0.1 

wt% then increase gradually with 

increasing concentration 

- Rate of filtration decreases slightly at 

concentration of 0.05 wt% then increased 

steadily with increasing concentration 

- Spurt loss volume and total 

filtrate volume increase 

significantly with increasing 

concentration 

- Mud cake thickness and rate of 

filtration increase gradually 

with increasing concentration 

Saltwater-

based mud 

- Spurt loss volume remains relatively stable 

up to concentration of 0.2 wt% then 

increases with increasing concentration 

- Filtrate volume and mud cake thickness 

decrease slightly up to concentration of 0.1 

wt% then increase significantly with 

increasing concentration 

- Rate of filtration decreases slightly at 

concentration of 0.05 wt% then increased 

significantly with increasing concentration 

Overall filtration properties 

increase gradually with increasing 

concentration 

 

CONCLUSIONS AND RECOMMENDATIONS 

This research aimed to investigate and design a more environmentally friendly drilling mud in 

the aqueous-based system with the addition of silica and alumina nanoparticles to generate a 

more thermally stable behaviour both at low and high temperature conditions. Silica and 

alumina nanoparticles at various mass concentrations were added in the preparation of the 

freshwater and saltwater-based drilling muds. After analysing the rheological and filtration 

properties results, several conclusions can be drawn as follows. 

- The addition of silica and alumina nanoparticles showed an enhancement on the thermal 

stability indicated from the more constant rheological properties across the 

temperatures of 0 - 80°C as compared to those of the Base sample. Nanoparticle 

concentration of 0.1 wt% of both silica and alumina exhibited the most optimised 

characteristics in both freshwater and saltwater-based systems. 

- The silica nanoparticle concentration of 0.1 wt% also exhibited the lowest filtration 

properties both in the freshwater and saltwater-based mud systems indicating 

reductions of 8.2% and 11% in the filtration loss volume, respectively, attributed to the 

better dispersion of particles in the mud suspension, hence lowering the degree of 

flocculation. On the other hand, mud samples containing alumina nanoparticles 

indicated an increasing trend on the filtration properties with the increasing nanoparticle 

concentration caused by the higher degree of flocculation attributed to the stronger 

interparticle attractive force. 

This research has covered some part of the extensive investigations required for any alternative 

additives in drilling muds. Therefore, some recommendations for further research include:  
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- Rheological and filtration properties investigations using apparatus that can 

accommodate more complex conditions, e.g., low temperature and high pressure, high 

temperature and high pressure, for more complex compositions of drilling muds 

- Investigations on the fluid dynamics and convective heat transfers of drilling muds 

especially to understand how the heat released from mud circulation affects surrounding 

Arctic environments 
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NOMENCLATURES 

μB Bingham plastic viscosity or PV (mPa.s) 

τy Bingham yield point or YP (Pa) 

ΔP Pressure drop (kPa) 

ρ Density (kg/m3) 

Abbreviations 

ECD Equivalent circulating density (ppg) 

GS Gel strength (Pa) 

PV Bingham plastic viscosity (mPa.s) 

YP Bingham yield point (Pa) 

API American Petroleum Institute 

HPHT High pressure -high temperature 

NP Nanoparticles 

ppg lbm/gal 

ppb lbm/bbl 

psi Pounds per square inch  
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