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Resumen 

 

Estudio de las Interacciones Nanopartícula/Polímero/CaCO3 para Optimizar la 

Estabilidad de la Suspensión Coloidal y el Empaquetamiento de los Sólidos 

 

La aglomeración y el proceso de filtración en suspensiones coloidales ocurre en muchos 

fenómenos naturales y aplicaciones de ingeniería. El problema más común de la teoría 

coloidal es la estabilización de una dispersión; reducción de la aglomeración mediante el 

control de las fuerzas entre partículas. Si las partículas se aglomeran, los tamaños de 

aglomerados aumentan, aumentando la velocidad de sedimentación (o deposición) de 

forma aleatoria en la superficie. Los fluidos de perforación están compuestos por un fluido 

base, agua y partículas sólidas suspendidas, carbonato de calcio - CaCO3. En la mayoría 

de los casos, se utilizan polímeros para favorecer la dispersión del material sólido. Sin 

embargo, factores como la contaminación del lodo, el tamaño, la concentración de sólidos, 

los cambios de pH, etc., pueden alterar la carga superficial y afectar la estabilidad coloidal 

y alterar las propiedades del fluido de perforación. Una alternativa a la mejora actual de 

las propiedades de los fluidos de perforación es el uso de la nanotecnología. Sin embargo, 

pocos estudios teóricos están disponibles en la literatura u omiten las interacciones entre 

partículas para dichas suspensiones coloidales. De esta forma, la tesis se centra 

principalmente en la estabilidad coloidal en el sistema polímero-CaCO3 y el 

empaquetamiento sólido en el proceso de filtración en presencia de nanopartículas (NPs). 

Las NP de sílice (SiO2) son un material común y ampliamente utilizado en el mejoramiento 

de fluidos de perforación. La estabilidad coloidal de los lodos de perforación base de agua 

(WBM, por sus siglas en inglés) en presencia de NPs de SiO2 se evaluó mediante el 

seguimiento de las propiedades reológicas y de filtración variando el tamaño de partícula, 

la concentración y las NP de superficie de carga. Las NPs con el tamaño más pequeño, la 

acidez total más alta y el valor más negativo de potencial zeta tuvieron las capacidades 

más altas de reducción del volumen de filtración y del espesor del revoque. Estos factores 

favorecen las fuerzas de dispersión, permitiendo la reducción de agregados, favoreciendo 
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una deposición ordenada de las partículas logrando una cobertura superior. Una vez 

formado el revoque, las fuerzas de atracción predominan en el sistema, reduciendo los 

espacios vacíos entre partículas. Además, las NPs se retienen en la superficie porosa 

debido a la afinidad entre los grupos de sílice de la roca y los sitios activos de las NPs de 

SiO2. Por lo tanto, las NPs de SiO2 podrían interactuar en el siguiente orden con cada 

elemento evaluado: Polímero <CaCO3 <Roca. En el caso del polímero, interactúa más con 

la roca, seguido de las NP y luego el CaCO3. Las NPs no generan cambios significativos 

en los perfiles reológicos del WBM. Sin embargo, el punto de cedencia y la resistencia gel, 

que se refuerzan a bajas tasas de cizallamiento, se mejoraron con la presencia de NPs, 

las fuerzas de atracción predominan. Cuanto menor sea la distancia entre el polímero y 

las NP de SiO2, mayor será la fuerza de atracción entre las moléculas. Este estudio 

proporciona un panorama más amplio del rol de las NPs de SiO2 en el mejoramiento de 

sus propiedades y el diseño de fluidos de perforación para una aplicación de campo. Se 

proponen estrategias y metodologías para la aplicación y escalado del WBM con NPs en 

la perforación de pozos. 

Palabras clave: Estabilidad Coloidal, Fuerzas entre partículas, Daño de formación, 

Fluido de perforación, Filtración, Nanopartícula, Reología, Revoque. 
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Abstract 

 

Study of Nanoparticle/Polymer/CaCO3 Interactions to Optimize the Stability of the 

Colloidal Suspension and the Packing of Solids 

 

Colloidal suspension agglomeration and filtration occur in many natural phenomena and 

engineering applications. The most common colloidal theory problem is stabilizing a 

colloidal dispersion; agglomeration reduction through interparticle force control. If the 

particles agglomerate, the agglomerated sizes increase, increasing the sedimentation (or 

deposition) rate randomly. Drilling fluids are composed of a base fluid, water, and solid 

particles suspended, calcium carbonate (CaCO3). In most cases, polymers are used to 

disperse the solid material. However, factors such as mud contamination, size, the solid 

concentration solids, changes in pH, etc., can alter the surface charge and affect the 

colloidal stability and alter the drilling fluid properties. An alternative to the current improves 

the drilling fluids properties is the potential employment of nanoparticle technology.  

However, few fundamental studies are available in the literature or omit the interactions 

between particles for such colloidal suspensions. Thus, the thesis focuses principally on 

the colloidal stability in the polymer-CaCO3 system and the solid packing in the filtration 

process in the presence of nanoparticles (NPs). SiO2 NPs are a common material widely 

used in drilling fluid improvement. The colloidal stability of the water-based drilling muds 

(WBM) in the presence of SiO2 NPs was evaluated by monitoring rheological and filtration 

properties varying the particle size, concentration, and charge surface NPs. The NPs with 

the smallest size, highest total acidity, and the most negative value of zeta potential had 

the highest capacities of filtration volume and filter cake thickness reduction. These factors 

favor the dispersion forces, allowing the reduction of aggregates, favoring an ordered 

particle deposition with superior coverage. Once they have formed the filter cake, the 

attractive forces predominate the system, reducing the empty spaces between particles. 

Also, NPs are retained in the porous surface due to the affinity between the rock silica 
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groups and the SiO2 NPs active sites. Hence, the SiO2 NPs could interact in the following 

order with each item evaluated: Polymer < CaCO3 < rock. In the case of the polymer, 

interacts the most with the rock, followed by NPs and then CaCO3. NPs do not generate 

significant changes in the rheological profiles of the WBM. However, the yield point and gel 

strength, which are strengthened at low shear rates, were improved with the presence of 

NPs, the attractive forces predominate. The lower the distance between SiO2 NPs-polymer, 

the greater the force of attraction between the molecules. This study provides a broader 

landscape of the role of SiO2 NPs in the improvement and design of drilling fluids to a field 

application. Strategies and methodologies for application and scaling the WBM with NPs 

in the drilling are proposed. 

Keywords: Colloidal Stability, Interparticle Forces, Drilling fluid, Filter Cake, 

Filtration, Nanoparticles, Rheology, Formation Damage.  
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Introduction 

 

Colloidal suspension flow and filtration in porous media have become very relevant for 

different applications, such as water treatment [1, 2], remediation of clays [3, 4], food 

processing treatment [5-7], coating and painting [8-10], oil enhanced recovery and well 

injectivity [11-13], and drilling operations [11, 14, 15]. The most common colloidal theory 

problem is the comprehension of the colloidal suspension stability involving physical and 

chemical properties, making it difficult to comprehend. The term colloidal stability refers to 

the dispersion of colloids in the fluid [16]. If the agglomerate particles, the aggregates 

increase their sedimentation, generating disorganized and low-packed sediment. The 

colloidal stability is significant to control: (i) the rheological properties of dispersion and (ii) 

define the quality of the filter bed. 

 

Colloids are typically defined with a diameter ranging from 1 nm to 1000 nm dispersed in a 

fluid [5, 17]. Colloids have a Brownian, hydrodynamic, and interparticle motion to overcome 

gravity and remain suspended.  Colloidal stability depends on several types of interactions: 

Van der Walls and electrostatic interactions (classical Derjaguin-Landau-Verwey-Overbeek 

theory - DLVO) [18] and steric interactions [19]. Electrostatic interactions are purely 

attractive, repulsive, or both. The Van der Waals attractive interactions cause particle 

aggregation; the London dispersion interaction act between particles to cause attraction 

(dipoles) [16]. For particles dispersed in water, the electrostatic stabilization mechanism is 

due to repulsive forces; the particle surface is charged, having ionic groups physically 

adsorbed or chemically attached to the surface [16]. The surface groups can be positively 

or negatively charge, developing an electrical double layer. The superposition of the layers 

around two charged particles leads to repulsion [17]. In the steric stabilization mechanism, 

surfactant or polymer molecules are adsorbed onto particle surfaces giving rise to repulsive 

steric forces. When two-particle polymers overlap, a repulsive force is generated due to 
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osmotic pressure and elastic components [20]. This mechanism is used in concentrated 

colloidal suspension. 

 

As the particles, collide and agglomerate, agglomerates with larger diameters can form. 

Once the diameter exceeds the colloidal size limit or some external factors such as 

pressure, temperature, others, exceed their Brownian motion, it is impossible to control how 

they are deposited. Various factors that affect the colloidal stability in the electrostatic 

mechanism can be the pH or the ionic strength of the media, ion type and concentration, 

zeta potential value (related with the pH), and size particle [16]. Regarding steric 

mechanism, aggregation could occur where non-adsorbing polymers in solution induce 

attraction interactions [8, 21]. Finally, the external factor can alter colloid stability, 

chemicals, heat, salt, and desorption. 

 

Depending on the stability degree, the particles are aggregated and deposited due to 

gravitational forces in the porous media. The interaction between particles and rock can 

occur by several mechanisms: attachment, straining, size exclusion, bridging, etc. [22-24]. 

Once the particle is deposited is subjected to hydrodynamic forces such as drag, permeate, 

lift, buoyancy, and electrostatic forces. Electrostatic and penetration forces allow particles 

to adhere to the surface, while drag, lift, and gravitational forces constantly erode the retort 

surface [11, 14, 25]. In this way, the colloidal suspension stability and the way particles are 

deposited (aggregate size), and the hydrodynamic forces that act on the previously 

deposited particle define the filtration process effectiveness. 

 

The base fluid could charge the solid particle surfaces in the drilling fluid, contributing to an 

electrostatic repulsion mechanism. Regularly, solid particles have different sizes and 

concentrations, micron-size ranges. Polymers help the suspension of the solid particles 

during pipeline trips. This compound is located between the solid-liquid interface and 

generates an electrostatic barrier that delays or prevents particle collisions, making the fluid 

more stable. Different additives are present in drilling fluid that mix or disperse to have a 

stable colloidal suspension. However, the importance of the colloidal phenomenon in the 

drilling fluid has been overestimated. A stable colloidal solution, applied to drilling fluids, 

consists of fine solid particles that are not deposited by a protective film, generally protective 

colloids or electrolytic action or both, exhibiting a desired viscosity, weight, and filtration 

control. The viscosity property allows the transport and release of the cuts to the surface. 
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The filtration control enables forming a seal on the well face with the retention of solid 

particles in the surface [26]. 

Water-based muds (WBM) are widely used, 90% of the cases. The formulation of polymer 

and calcium carbonate (CaCO3)-based fluids has been growing as it is less abrasive, can 

replace barite as densifying agents, and is soluble in acid [27-29]. Other types of additives 

are incorporated to provide specific characteristics to minimize or control negative impacts 

during drilling. One of the key strategies in the design of WBM is the effective formation of 

a low-permeable filter cake. The CaCO3 particle size has been optimized [29, 30], polymers 

have been used as filtration control additives and viscosifying agents [31, 32], and other 

additives such as dispersing agents that favor the formation of the filter cake [33]. However, 

when the particles are not small enough, the fluid is contaminated, the pH is altered, and 

the suspension does not exhibit the necessary stability. The particles can flocculate and 

sediment rapidly due to the increased of the attractive Van der Waals forces between 

particles. Once the aggregates are deposited on the wellbore wall, a render with high 

roughness, thickness, permeability, and porosity is obtained that allows the flow of filtrate 

through the formation [15, 34]. In this way, nanoparticles (NPs) are presented as an 

alternative to improve the drilling fluids design.  

Most of the authors have used NPs in bentonite-based drilling fluids (BWBM), even knowing 

the limitation of these drilling fluids and the formation damage generated, to reduce the 

filtration volume and the thickness of the filter cake [35]. Authors have investigated the 

effect of the nature or type of NPs [36-40], the size and shape [38, 41], the surface 

modifications [38, 42, 43], and the presence of agents that alter the NPs surface charges 

[41]. Most NPs employed have been the hybrid NPs-clay based on Fe2O3 and Al2O3-SiO2 

[27]; Fe2O3 and SiO2 NPs [49] and SiO2 NPs impregnated with cellulose [50]. The most 

important results lie in the NPs evaluation had been zeta potential. NPs NPs with the 

highest negative zeta potential values favor NPs dispersion and alter the surface charges 

of clays (bentonite), promoting repulsion due to the negative charges that are located at the 

edges of the clays, generating a net negative charge. Electrostatic repulsion prevents 

coagulation, clattering and subsequently favors forming a more robust structural network 

between the clays improving the rheological and filtration parameters. Some authors have 

developed NPs, microparticles, and fibers impregnated with cellulose [44] and SiO2 NPs 

modifications since synthesis or impregnations with polymers [43, 45]. The studies above 
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did not consider the colloidal stability of the drilling fluid in the presence of NPs and the 

subsequent filtration behavior.  

Recently, the use of CaCO3 has been extended for the drilling industry, but few studies 

involve the use of NPs in WBM based CaCO3 and polymers. Contreras et al. [56] 

synthesized two types of NPs: (1) iron-based (Np1) and (2) calcium-based (Np2). The 

authors evaluated the effect of NP1 and Np2 at concentrations of 0.5 to 2.5 wt.% for filtration 

control and reduction of formation damage. Srivatsa et al. [57] have been a few authors 

who have evaluated SiO2 NPs as a substitute for CaCO3 in WBM. However, it is not to 

consider the colloidal stability phenomena due to the addition of NPs in WBM based CaCO3 

and polymers. Additionally, few studies show that NPs can reduce the filtration volume and 

improve the filter cake structure due to the electrostatic forces between components.  

Hence, this thesis aims to understand the fundamentals of filtration kinetics, which is usually 

coupled with Brownian motion and with particle aggregation due to the colloidal stability 

suspension in the polymer-CaCO3 system in the presence of NPs. Water-based drilling 

fluids based on CaCO3 and polymer denoted in the thesis as WBM and silica NPs (SiO2 

NPs) were chosen among the drilling fluid with minor formation damage and the NPs most 

used to improve the drilling fluid performance. Further, the specific objectives are:  

I. Synthesized and characterize silica-based NPs. 

II. Identify the different types of interactions in the NPs/CaCO3 and NPs/Polymer 

systems.  

III. Estimate the effect of pH, surface charge, and NPs concentration on the colloidal 

suspension stability and solids packing. 

IV. Propose different phenomenological mechanisms for improving the solid packing 

morphology and subsequent filtration volume reduction. 

V. Evaluate the effect of colloidal filtration in porous media and the subsequent 

impairment of the rock permeability through the coreflooding test. 

VI. Define strategies and methodologies for applying and scaling a WBM with NPs in 

the drilling of a well. 

Hence, this document is divided into seven main chapters that include: 1) Synthesis, 

characterization, and preparation of SiO2 NPs and drilling fluid, 2) Influence of particle size, 

surface acidity, and concentration of SiO2 NPs in WBM properties, 3) Influence of 



Introduction 27 

 

temperature exposition in WBM properties in the presence of SiO2 NPS, 4) Effect of SiO2 

NPs on external filter cake morphology of colloidal suspensions, 5) Effect of colloid filtration 

process in porous media and the subsequent impairment of the rock permeability, 6)  Dual 

effect of SiO2 NPs on the improvement of the mud filtrate: wettability, IFT, and fines 

migration retention, and 7) Field application: Lessons learned.  
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1. Synthesis, characterization, and 
preparation of SiO2 NPs and drilling fluid 

Nanotechnology has gained significant importance in applying the oil and gas industry in 

different areas, such as formation damage [1, 2], enhance oil recovery [3], among others. 

Nanoparticles (NPs) modify reservoir properties, such as wettability, improve mobility 

between formation fluids, and even control solid particles' flow through porous media due 

to NPs size between 1 and 100 nm [4]. The nanometric size provides a high surface 

area/volume ratio that favors the mass and energy transfer phenomena [4]. Consequently, 

the drilling industry has been no exception. NPs have improved the properties of the drilling 

fluid such as the thermal and electrical conductivity [5, 6], the rheological properties of the 

drilling fluid [7-11], avoiding well instability, especially in shale areas [12, 13], reducing 

friction during drilling [14, 15], and decreasing the filtration volume by obtaining a better-

quality filter cake [16-21]. The last being the one with the highest number of studies 

reported. For instance, some authors had evaluated different chemical nature of NPs [22-

25], intercalated clay hybrid [9, 26], nano-polymer material [7, 8, 27], and other oxide metal 

NPs such as SiO2, Fe2O3, ZnO, CuO NPs and carbon nanotubes [5, 10, 28, 29]. Recently, 

the SiO2 Nps have great attention due to their stability, low toxicity, and ability to be 

functionalized with a range of molecules [30-32]. In this order, this chapter describes the 

synthesis and characterization of synthesized SiO2 NPs through the sol-gel method and the 

commercial SiO2 NPs. Finally, NPs were characterized by trough particle size, zeta 

potential, chemical composition, surface acidity, and surface area. 

Otherwise, bentonite is one of the most employed additives in water-based mud (WBM) 

due to its low costs and physicochemical properties that provide adequate rheology and 

filtration characteristics [33, 34]. However, under high-temperature conditions, bentonite 

maybe suffers degradation, hydration, and breaking [35], leading to flocculation and low 

drilling fluid performance [36]. Sized calcium carbonate (CaCO3) has recently been 

implemented in drilling fluids for being less abrasive and more stable under high-

temperature conditions [37, 38]. Instead, a WBM based on CaCO3 and polymers was used 
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to evaluate the effect of the SiO2 NPs. Additionally, the basic, rheological, and filtration 

properties were assessed as the reference of this study, baseline. 

1.1 Experimental 

1.1.1 Materials 

Ethanol as co-solvent (99.9%, Panreac, Spain), ammonium hydroxide used as a catalyst 

(NH4OH, 28%, J.T. Baker, USA), and tetraethyl orthosilicate as the precursor of silica 

(TEOS >99%, Sigma Aldrich, USA) were used to synthesize the SiO2 NPs. For the surface 

modification of the NPs, HCl (37%, Sigma Aldrich, USA) and NaOH (>98%, Sigma Aldrich, 

USA) were used. The commercial NPs of fumed SiO2 were obtained from Sigma-Aldrich 

(St. Louis, MO). 

The WBM employed in this study has a conventional composition of a drilling fluid widely 

implemented in the drilling of Colombian wells: water, xanthan gum as a viscosifying 

polymer (Sigma Aldrich, USA), sodium carboxymethylcellulose (PAC, Sigma Aldrich, USA), 

and starch (C6H10O5)n, Sigma Aldrich, USA) used as a filtration control additives and, 600, 

325, and 1200 mesh calcium carbonate used to densifying and a bridging material in drill-

in fluids (CaCO3, Minercol, Colombia), and its pH was adjusted with NaOH to maintain the 

fluid in pH alkalinity (>98%, Sigma Aldrich, USA). 

1.1.2 SiO2 NPs synthesis 

The synthesis of three types of SiO2 NPs was done following the sol-gel method using 

TEOS as a silica precursor [1, 2]. The mixture was prepared in a beaker following the 

additive order mentioned above. Mixed for five hours at 25°C, and further dried in a stove 

for 24 hours at 120°C [3]. To obtain different sizes of SiO2 NPs, the TEOS: H2O molar ratio 

was varied in 0.9: 1, 0.7: 1, and 0.5:1. The nomenclature of NPs was established according 

to the chemical nature (silica, Si), size, and surface modification, e.g., Si11A denotes SiO2 

NPs of 11 nm treated with an acidic solution [4]. 

¶ NPs functionalization 

The surface modification of NPs was performed using acidic and basic solutions. For this, 

aqueous HCl or NaOH solutions were prepared to add aliquots to obtain pH values of 3 and 

https://www.glossary.oilfield.slb.com/Terms/b/bridging_material.aspx
https://www.glossary.oilfield.slb.com/Terms/p/ph.aspx
https://www.glossary.oilfield.slb.com/Terms/a/alkalinity.aspx
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10, respectively. Posteriorly, an amount of 0.5 g of NPs in each solution was preserved for 

48 hours and then sonicated for two hours at 25°C. Finally, the NPs were separated by 

centrifugation and then washed with deionized water and dried at 120 °C for six hours [3]. 

1.1.3 SiO2 NPs characterization 

¶ NPs size 

The mean diameter size (d50) and morphology of the as-received SiO2 NPs were measured 

using dynamic light scattering technique (DLS) and transmission electron microscopy 

(TEM). For the DLS measurement, a small amount of the NPs was dispersed in a 5 ml 

aqueous phase using sonication and then introduced to a zetasizer analyzer (NanoPlus-3, 

Micromeritics Instrument Corp. GA) at room temperature with the help of a glass cell.  To 

evaluate the morphology Transmission Electron Microscopy (TEM). For TEM 

measurements, the NPs were dispersed in ethanol and deposited on a TEM lacey carbon 

grid. The analysis was performed on a Tecnai F20 Super Twin TMP microscope (FEI, USA) 

with a resolution of 0.1 nm, operated at 200 kV as accelerating voltage. 

¶ Compositional evaluation 

Fourier transformed infrared (FTIR) (IRAffininty-1s spectrophotometer, Shimadzu, Japan) 

was used to characterize the functional groups at the surface of the SiO2 NPs. About 300 

mg of KBr pellets (background spectrum) was added to 13 mg NPs sample, and the spectra 

were recorded in a range from 4500 to 500 cm-1 [39-41].    

¶ Zeta potential 

A specific dry mass of the synthesized and fumaric NPs must be added to 20 ml of 

deionized water, varying the solution's initial pH between 2 and 12. Subsequently, for the 

zeta potential value, the NanoPlus 3 was used, where an electric field is applied to a 

dispersion of NPs in water.  

¶ Programmed Desorption (TPD) of ammonia (NH3) 

The TPD of the NH3 technique was used to measure the total acidity of synthesized and 

fumaric NPs. A ChemBet TPR/TPD (Quantachrome Instruments, USA) was used. The 

amount of NH3 desorbed is an indication of the total acidity of the NPs studied. 

Approximately 100 mg of the sample should be introduced into a U-shaped quartz 

microreactor. The sample is dried at 200°C for 1 hour under helio (He) flow at atmospheric 
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pressure. Subsequently, the sample is brought to 100°C. Posteriorly, NH3 is adsorbed onto 

the sample surface at 100°C for 1 hour at atmospheric pressure. Then, the physisorbed 

NH3 is removed with the He flow over the solid for 1 hour at 100°C. Subsequently, the 

sample is heated to 900°C at a rate of 10°C.min-1 for the desorption of the previously 

adsorbed NH3. The amount of NH3 desorbed as a temperature function is calculated based 

on the area under the peak using a calibration curve [3]. 

¶ Surface area (SBET) 

SBET of NPs is determined using the Brunauer-Emmett-Teller (BET) method [42]. For this, 

nitrogen adsorption-desorption is carried out at -196 ° C using an Autosorb 1 equipment 

from Quantachrome (United States). Samples are degassed at 140 ° C under the dynamic 

vacuum of 10-6 mbar. Surface areas are calculated using the BET equation [42]. 

1.1.4 Drilling fluid preparation 

The WBM was prepared by mixing each additive for ten minutes in the mixer (Hamilton 

Beach, USA) at low speed in the order that they were mentioned in Table 1-1. The NPs 

were added in concentrations of 0.1 wt.% according to previous studies [43] after the 

xanthan gum hydration. 

Table 1-1:   Additives and composition of WBM 

Additive Function Composition 

Deionized water Base liquid 340 ml 

Caustic soda (NaOH) Alkalinity agent 
The required until the pH is 

adjusted (9.5 pH - 10pH) 

Xanthan Gum Viscosifying agent 0.5 g 

Polyanionic cellulose Fluid loss control 4.5 g 

Pre-gelatinized starch Fluid loss control 4.0 g 

Calcium carbonate 1200 

Weighting and bridging 

material 

4.5 g 

Calcium carbonate 600 17.5 g 

Calcium carbonate 325 8.5 g 

Calcium carbonate 200 5.0 g 
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Additive Function Composition 

Laboratory formula to prepare the equivalent of 1 barrel (1 Bbl)  

1.1.5 Drilling fluid characterization 

The drilling fluids were characterized by the determination of the density, pH, and solids 

content. The density was estimated using a mud balance (Fann, Texas, USA) and a 

pressurized mud balance (Fann, Texas, USA) to obtain density values closer to those 

obtained at the bottom of the well. For the pH measurement, a digital pH meter was used 

(Oakton, USA). The solid content was carried out through retort analyses using a sample 

of 10 mL (Fann, Texas, USA). All protocols are based on the API 13B-1 standard norm [44]. 

¶ Rheological properties of drilling fluids 

WBM rheological properties was measured using a rotational viscometer model 35 (Fann, 

Texas, USA), varying the velocity from 3 to 600 rpm at a temperature of 60°C. Each 

experimental condition set was repeated three times. Plastic viscosity (PV) and yield point 

(YP) were determined as follows:  

ὖὠ —  —                             (1.1) 

ὣὖ — ὖὠ                  (1.2) 

where, ὖὠ is the plastic viscosity (cP), —  and —  are the Fann values at 600 and 300 

rpm, and ὣὖ is the yield point (lbf/100 ft2). The gel strength (Gel) at 10 seconds, 10 minutes, 

and 30 minutes was also estimated and corresponded to the maximum dial reading at the 

respective time [44]. 

Many rheological models have been developed to fit shear stress and shear rate for 

Newtonian and no-Newtonian fluids [45]. The Bingham-plastic model (BP) is the easiest to 

use due to its linear behavior [46]. However, for complex fluids, the relationship between 

shear stress and shear rate is non-linear. The HerschelīBulkley model (HB) is commonly 

used in drilling fluids where the main components are solids [7, 47]. The BP and HB models 

are expressed in Eq. 3 and 4, respectively. The experimental data obtained varying the 

velocity from 3 to 600 rpm, equivalent to 5 to 1021 s-1 using the conventional factor 1.7023 

from RPM to s-1, was fitted with the rheological model discussed before. 

† † ‘‎                   (1.3) 
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† † ὑ‎                     (1.4) 

where † is the shear stress (lbf/100 ft2), † is the yield stress (lbf/100 ft2), ‘ is the plastic 

viscosity (cP), ‎ is the shear rate (s-1), ὑ is the consistency index (lbf.sn/100ft2), and ὲ is the 

flow behaviour index (dimensionless). 

¶ High-Pressure High-Temperature (HPHT) filtration test  

An HPHT Filter Press (Fann, Texas, USA) was used to register the filtration volume under 

static pressure and temperature of 500 psi and 60 ºC following a standard procedure [44]. 

The filter cake thickness was measured using a digital caliper (700-113 MyCal Lite, 

Mitutoyo America Corp, USA) with several repetitions. The obtained filter cake was dried at 

120 °C and characterized by scanning electron microscopy (SEM) (JEOL, JSM-6490LV, 

Japan). Finally, the permeability of the filter cake was calculated applying Darcyôs Law as 

follows [33]: 

ὑ τπȢωσ
Ͻ Ͻ

ϽЎ
                   (1.5) 

where, ὑ  (АὈ) is the permeability of the filter cake, ‘ (cP) is the mud filtrate viscosity, ή 

(άὒίϳ) is the filtration rate; Ὤ  (mm) is the filter cake thickness, ὃ (ὧά) is the area, and 

Ўὖ (psi) is the pressure drop across the filter cake. 

1.2 Results 

1.2.1 Particle size, SBET, and acid surface 

The mean particle size (d50), the surface acidity, and the SBET of the different SiO2 NPs are 

summarized in Table 1-2. Different SiO2 NPs with a particle size of 11, 78 y 170 nm were 

obtained by modifying the TEOS: H2O ratio, showing that d50 increases as this ratio 

decreases, which is in agreement with the reported by Betancur et al. [3]. Hence, the NPs 

are nomenclature according to the particle size as Si11, Si78, and Si170. The total surface 

acidity of the three synthesized NPs was similar to them due there were no changes in the 

chemical structure. As expected, the SBET increased with a decrease in particle size. The 

surface of the Si11 NPs was modified with acidic and basic treatments to identify the effect 

of the acidity surface in the WBM properties based on the repulsion forces. According to 
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the DLS measurements, the Si11A and Si11B NPs showed d50 of 11.3 and 61.9 nm. For 

the SiC NPs, the particle size corresponding to  7 nm. 

The size of the surface-modified NPs could be related to the surface modification process, 

which is related to the interactions of the NPs surface and the solvent employed for 

dispersion or the length of the chemical groups impregned in the surface. The size of the 

NPs was evaluated through DLS in aqueous solutions to obtain a more realistic condition 

regarding the based fluid in the WBM. Additionally, this condition can determine the 

nanofluid in the porous media, considering the ratio of particle size/pore throat size and its 

possible obstruction [48, 49]. Additionally, Figure 1-1 depicts a TEM photograph of the SiO2 

NPs and the particle size distribution obtained by TEM image analysis. Mainly amorphous 

SiO2 NPs appear in the photograph with no sharp edges where the d50 of NPs is very close 

to the DLS estimated. Also, the larger particle size appearing to the right of Figure 1-1 is 

attributed to particle aggregation, which is also captured.  

Table 1-2:   Median hydrodynamic diameters (d50), total acidity (NH3 uptake), and surface 
area (SBET) of the synthesized and commercial SiO2 NPs with different sizes and surface 
modification. 

NPs d50 (nm) 
NH3 uptake 

(mmol.g-1) 
SBET (m2.g-1) ± 1.0 

Si11 11.3 ± 0.1 1.57 ± 0.2 213 

Si78 78.0 ± 0.7 1.50 ± 0.2 140 

Si170 170.2 ± 1.4 1.48 ± 0.4 13 

Si11A 11.2 ± 0.2 1.76 ± 0.5 213 

Si11B 61.9 ± 2.4 1.59 ± 0.2 165 

SiC 7.0 ± 0.3 1.43 ± 0.8 278 
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Figure 1-1:   TEM images and the corresponding particle size distribution for (a) Si11, (b) 
Si78, (c) Si170, (d) Si11A, (e) Si11B, and (f) SiC NPs. 

  

  

  

b) 

a) 

c) 
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1.2.2 Zeta potential 

At a pH of 10,  the zeta potential of Si11A and Si11B NPs reach values lower than -30 mV, 

being lowest for the Si11A material, which could indicate high stability and good dispersion 

[11]. Additionally, zeta potential becomes more negative due to progressive dissociation of 

Si-OH groups, reaching values of -30 mV [50]. The Si11A NPs, due to the acidification 

process, showed the highest total acidity compared with the other synthesized samples. 

The surface modification process onto SiO2 NPs of 11 nm showed a considerable reduction 

in surface acidity in Si11B samples. Meanwhile, the value for the Si11A material is similar 

to the unmodified NPs (Si11). The Si-OH groups can be easily functionalized with adequate 

reactants; functionalization is modifying the surface charge and hydrophilic character of the 

support [50]. The H+ and OH- in solution from the acidic and basic treatments, respectively, 

can interact with the negative and positive poles from the silanol group, which gives the 

material acidic and basic properties, cationic or anionic behavior, this through physisorption 

processes by intermolecular forces [3, 51]. 

Figure 1-2:   Zeta potential of synthesized, surface modified, and commercial SiO2 NPs 

 

1.2.3 FTIR 

FTIR confirmed the surface modification of Si11A and Si11B. As shown in Figure 1-3, a 

qualitative evaluation of the surface modification of the NPs was done following the 

functional groups of interest. The different spectrum of both materials regarding the 
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unmodified NPs. The band between 3500 y 3600 cm -1 can be related to the vibrations of 

the free -OH groups' stretching and bending on the surface [52]. Si11A and Si11B evidence 

the same bands as Si11 NPs, with a slight change in the intensity of transmittance in the 

bands at 1200 cm-1 and 826 cm-1 related to the Si-OH stretching Si-O-Si symmetric 

stretching [53, 54]. The band at 698 cm-1 was assigned to Si-O-Si asymmetric stretching 

and the peak at 1600 cm-1 to -OH groups of the absorbed water molecules or overlapping 

of Si-OH groups. 

Furthermore, looking at the difference spectrum of the Si11A and Si11B materials, an 

exposure of the Si-OH bonds at 1200 cm-1 was observed. It can be attributed to the more 

significant presence of -OH groups on the NPs surface due to the acid and basic 

modification. These functional groups modified the surface charge, anionic character, of 

the NPs corroborated for the zeta potential that increases for the modified NPs and favoring 

the dispersion between the particles. 

Figure 1-3:   FTIR spectrum of the synthesized Si11, Si11A, and Si11B NPs with the 
different acidic and basic surface modifications and the commercial SiC NPS.  

 

1.2.4 Drilling fluid properties 

The WBM properties are presented in Table 1-3, in which it can be observed that the WBM 

density was 9.0 ppg. These values are consistent with the drilling fluid components 
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evaluated. Additionally, it is observed that the pH is basic. Otherwise, the HPHT filtration 

and rheological properties are presented as a reference for the study. 

 

Table 1-3: WBM properties 

PROPERTIES VALUE 

Density (ppg) 8.9 

Pressurized mud balance (lb/gal) 9.0 

pH 10.2 

Total solids (%V/V) 2 

╥█ HPHT (ml en 30 min) 16.4 

▐□╬ HPHT (mm) 1.69 

VP (cP) 36 

YP (lb.100ft-2) 25 

Gel (lb.100ft-2) 4 / 5 / 5 

1.3 Partial conclusions 

SIO2 with different size and surface acidity was successfully synthesized through the sol-

gel method. NPs were characterized by particle size, zeta potential, chemical composition, 

surface acidity, and SBET measurements. SiO2 NPs resulted in the nanometric range and 

with a decreasing trend as the amount of precursor increased. Also, commercial NPs were 

characterized. The amorphous shape and diameter size were corroborated through TEM 

images. As expected, the surface area increased with a decrease in particle size. The trend 

followed by the zeta potential of the synthesized SiO2 NPs was Si11<Si11B<Si11A. SiC 

NPs presented similar values to the unmodified NPs (Si11). The surface modification 

process onto SiO2 NPs of 11 nm showed a considerable reduction in surface acidity in 

Si11B samples. Meanwhile, the value for the Si11A material is similar to the Si11. The Si-

OH groups can be easily functionalized with adequate reactants. The effect of 

functionalization is modifying the surface charge and hydrophilic character of the support.  
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Finally, the basic, rheological, and filtration properties were evaluated as the reference of 

this study, baseline.  
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2. Influence of particle size, surface acidity, 
and concentration of SiO2 Nps in WBM 
properties 

When two colloidal particles dispersed in a fluid are close together, the van der Waals and 

repulsion forces act on each other. The sum of each interaction indicates the total and 

predominant interaction force in the system [1]. Such behavior can define particle adhesion 

to surfaces, separation of particles during dispersion, estimation of particle aggregation and 

deposition rates, and rheology estimation. 

The predominant interaction mechanism in a system, attraction or repulsion, depends on 

certain factors [2]. Attraction decrease with increasing distance between particles; when 

the concentration of particles in a dispersion increases and the average separation distance 

between particles decreases, the attractive forces increase [3]. For particles with large radii, 

the attraction often dominates. The dispersion medium, water, pH, salt content; modify the 

zeta potential [3, 4]. The particle could increase or decrease the negative or positive ions 

or the particle. Generally, the negative charge generates repulsion. Solid particles are 

always repulsive between identical surfaces, but they can be attractive between dissimilar 

surfaces [5]. However, in complex fluids, in the face of combinations of several factors, it 

can be challenging to define the predominant interaction energy. 

Colloids immersed in an aqueous fluid coexist in a WBM. With the polymer aid, the particle 

dispersion is promoted to improve the drilling fluid viscosity and filtration.  Additionally, NPs 

have an essential role in reducing the drilling fluid filtration and filter cake thickness due 

they could favor the dispersion between solid particles [6, 7]. NPs restructured mode of 

solid particles interact attributed to a modification in surface charge as demonstrated by 

zeta potential measurements [6]. However, no studies evaluate the influence of particle 

size, surface acidity, and concentration of SiO2 NPs in reducing filtration volume and the 

filter cake thickness in the specialized literature. Their surface charge, surface area, and 
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properties could alter the electrostatic forces and the interactions between drilling fluids 

components. Therefore, this chapter will focus on suspension stability and subsequent 

change in the WBM properties as rheology and filtration control. We will see how NPs 

factors such as particle size, zeta potential, and concentration alter the colloidal stability. 

We will study this by considering the interaction between the representative NPs in the 

system and the interaction between the different WBM components. 

2.1. Experimental 

The size, acid surface, and concentration of SiO2 NPs effect were evaluated by analyzing 

the WBM rheological and HPHT filtration properties. Then, the best chemical nature of NPs 

was used to analyze the impact of NPs concentration on the WBM properties. 

2.1.1. Materials 

SiO2 NPs with a size of 11, 78, and 170 nm with zeta potential trend as Si11<Si11B<Si11A 

and WBM based CaCO3 and polymer were used. Detailed information about NPs and WBM 

employed can be found in Chapter 1. 

2.1.2. Methods 

The procedures employed are described in Section 1.1.5. Rheological and HPHT filtration 

properties evaluation.  

2.2. Results 

2.2.1. Rheological parameters 

The basic properties of the WBM in the absence and presence of 0.1 wt.% of SiO2 NPs 

with different sizes and surface modifications were determined. The addition of NPs did not 

alter the density of the WBM with values of 8.9 ± 0.1 lb.gal-1 for all samples, which indicates 

that the well stability would not be affected, avoiding the natural fractures formation or an 

undesired influx during drilling [8]. The NPs addition did not alter the pH values, reducing 

the probability of particles flocculation that affects the WBM properties. The solids content 

was 2.0 ± 0.1wt.% and can be classified as low-solid WBMs, according to Caenn et al. [9]. 
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The PV values did not present representative changes, 17 cP, for all samples. Also, NPs 

addition did not alter the YP with 9 lbf.100 ft-2. Only the Si11A NPs showed an increase of 

YP by 33% with a value of 12 lbf.100ft-2, which could increase the capacity of suspension 

of the rock cuts during drilling [10]. This behavior due to an interaction of the -OH groups 

with the polymer structure. Finally, the addition of the different particle sizes of SiO2 NPs 

did not alter the Gel behavior at 10s/ 10m/ 30m of the WBM.  

Figure 2-1 shows the viscosity of the WBM in the presence and absence of SiO2 NPs with 

different sizes (Figure 2-1.a) and acidity surface (Figure 2-1.b). The WBM has a shear-

thinning behavior. At low shear rate values (< 200 s-1), high viscosity is obtained and favors 

the particle suspension during drilling. At high shear rates (> 200 s-1), the viscosity was 

reduced to allow the circulation of the fluid [11]. WBM in the presence of NPs with different 

sizes did not alter the viscosity, revealing that the interaction between NPs and the 

viscosifying agent was not determinant. However, the Si78 NPs slightly reduced the 

viscosity at low shear rates, as shown in Figure 2-1.a. NPs with different surface acidity did 

not show a significant alteration in viscosity, mainly at high shear rates, as can be seen in 

Figure 2-1.b. 

 

Figure 2-1:  WBM viscosity as a function of the shear rate in the absence and presence of 
0.1 wt.% of SiO2 NPs at 60 ºC. (a) effect of NPs sizes (b) effect of the acidic and basic 
surface.  

  

 

The effect of the selected NPs at a fixed dosage of  0.1 wt.% at 60 ºC in the shear stress is 

shown in Figure 2-2. Figure 2-2.a. show that the NPs size did not show a significant 
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influence in the shear stress regarding the WBM in the absence of NPs. Nevertheless, the 

Si11A NPs, Figure 2-2.b., caused an upward shift of the rheogram up to +16% for shear 

rates between 100 and 200 s-1 than the WBM without NPs. The acidic surface of the NPs 

can build a microstructure with stronger attractive forces, which increased the resistance of 

polymers to move when shear stress is applied and improved the wellbore cleaning 

efficiency [12]. Under low shear rates, the attractive forces are predominant, and the 

distance between particles is reduced, so the interaction between NPs/WBM components 

could increase. The separation distance is assumed to be the maximum separation 

distance between particles suspended; the repulsive forces are predominant [13]. 

Figure 2-2:   Shear stress of WBMs as a function of the shear rate in the absence and 
presence of 0.1 wt.% of different SiO2 NPs at 60 ºC. (a) effect of NPs size (b) effect of the 
acidic and basic surface.  

 

The Bingham Plastic (BP) and HerschelīBulkley (HB) models fitted to the experimental 

data are shown in Table 2-1. The HB model had the best fit according to the values of the 

statistical parameters, including the correlation coefficient (R2), with values > 0.99 and the 

root mean square error (RMSE), close to 1 %. The flow consistency index (ὑ  showed an 

increase around ± 55%, and the flow behavior index (ὲ) exhibited a low reduction of ± 7% 

by the addition of the SiO2 NPs regardless of the particle size or chemical nature of the 

surface. An increase in ὑ leads to higher the viscosity and carrying capacity of WBM, 

hence, to better bottom hole cleaning and more drilling efficiency. Low values of ὲ indicate 

that the WBM has lower viscosity at high shear rates regions to favor penetration. 

Additionally, when ὲ is low, a lower loss of pressure in regions of high shear rate occurs, 
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e.g., WBM inside the drill pipe and in the bit nozzles. Therefore, smaller ὲ means greater 

hydraulic efficiency. 

Table 2-1:  The yield point (†), plastic viscosity (‘ , flow consistency index (ὑ), flow 

behavior index (ὲ) treated as Bingham-plastic and HerschelïBuckley models for all the 

WBMs that contain 0.1 wt.% SiO2 NPs at 60 ºC.  

Model WBM Si11 Si78 Si170 Si11A Si11B 

BP 

Ⱳ▫ ■╫  █◄ϳ  3.46 3.10 2.31 8.94 3.38 2.31 

Ⱨ▬ ╬╟ 0.05 0.05 0.05 0.37 0.06 0.06 

╡  0.9861 0.9857 0.9783 0.9820 0.9784 0.9783 

╡╜╢╔ 0.115 0.193 0.144 0.120 0.130 0.144 

HB 

Ⱳ▫ ■╫  █◄ϳ  2.46 0.20 0.92 1.91 2.00 0.92 

╚ ■╫  █◄▼▪ ϳ  0.28 0.41 0.44 0.45 0.43 0.44 

▪ 0.72 0.67 0.67 0.61 0.68 0.67 

╡  0.9991 0.9813 0.9990 0.9976 0.9996 0.9990 

╡╜╢╔ 0.038 0.128 0.038 0.246 0.024 0.038 

 

SiO2 NPs-xanthan gum interaction could be done through hydrogen bonding between the 

silanol and the carboxylate groups [14]. Such interaction had been reported to increase the 

polymer thermal stability with little impact on the rheological properties (see chapter 3). 

Generally, NPs may work as points between the polymer chains, which support the 

strengthening of the viscoelastic structure of the WBM [15, 16]. Based on molecular 

dynamic simulation results, evaluating the radius of gyration (ROG) of the polymer, the 

effect of the NPs addition on the apparent viscosity suggests a minor impact of the ROG of 

xanthan gum in the presence of the NPs [17]. This finding helped us to corroborate the 

experimental observations of Figure 2-1 and Figure 2-2. More detailes about SiO2 NPs 

effect in rheological properties are discussed in chapter 3. 

2.2.2. Effect of particle size 

Table 2-2 shows the filtration volume (ὠ), filter cake thickness (Ὤ ), and filter cake 

permeability (ὑ ), obtained in the HPHT filtration test of the WBM in the presence and 

absence of 0.1 wt.% SiO2 NPs of different sizes, 11, 78, and 170 nm, at 500 psi and 60ºC. 
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The Si11 NPs exhibited the lowest mud filtrate and filter cake thickness compared with the 

WBM in the absence of NPs with a reduction of 19 and 20%, respectively. Meanwhile, for 

the Si78 and Si170 NPs, the filtration volume reduction was 8 and 12%, respectively. 

Additionally, Si78 and Si170 NPs represented a reduction of filter cake thickness around 

10% for both materials. In terms of filter cake permeability, Si11, Si78, and Si170 were 

reduced by 35, 18, and 24% compared with the base mud. The NPs size had several effects 

under filtration volume and filter cake thickness; size affects the dispersion stability; smaller 

sizes present more excellent dispersion and could avoid the aggregation between particles 

and themselves [18]. Also, this behavior occurs due to the increase in the surface area 

caused by the NPs size reduction, which means that there was more area to interact with 

the fluids and particles. Particles attain electrical charges by absorbing water molecules 

and forming a hydration layer when dispersed in water. The effects of hydration become 

more evident with high surface area, which allows a higher concentration of ions and 

improves the repulsion [4]. Additionally, the smallest NPs can enter and stay in the space 

that is not occupied by the micrometric material particles reducing the filter cake porosity 

and permeability. According to the results, Si11 NPs were selected for the surface 

modification to obtain acidic and basic-modified NPs and improve their surface charge [19].  

Table 2-2:  Volume filtration (ὠ), filter cake thickness (Ὤ ), and filter cake permeability 

(ὑ ) calculated from Darcy's Law of the filter cake and respective reduction of the filtration 
test obtained under HPHT conditions for all the WBMs that contain 0.1 wt.% SiO2 NPs. 

Material ╥█ (ml) 
Change in  

╥█ (%) 
▐□╬ (mm) 

Change in 

▐□╬ (%) 
╚□╬ (uD) 

Change in 

╚□╬ (%) 

WBM 20.0 ± 0.1 - 1.69 ± 0.07 - 0.14 ± 0.02 - 

Si11 16.2 ± 0.1 -19 1.35 ± 0.60 -20 0.11 ± 0.05 -35 

Si78 18.4 ± 0.1 -8 1.51 ± 0.74 -10 0.12 ± 0.01 -18 

Si180 17.6 ± 0.3 -12 1.53 ± 0.93 -9 0.13 ± 0.04 -24 

Si11A 12.8 ± 0.2 -36 0.58 ± 0.65 - 66 0.07 ± 0.03 - 59 

Si11B 15.6 ± 0.1 -22 1.24 ± 0.33 - 27 0.13 ± 0.05 - 24 

 



Chapter 2 55 

 

2.2.3. Effect of the surface acidity  

Based on the results obtained in the effect of the size, the NPs with the best performance 

was Si11. Hence, this section has been used for evaluating the impact of the surface acidity 

under HPHT filtration measurements. As observed in Table 2-2, the higher the reduction of 

ὠ, Ὤ , and ὑ  was obtained for the system with Si11A NPs with values of 36, 66, and 

59%, respectively. The best performance of the Si11A NPs can be related to the most 

negative zeta potential values (surface charge density) [5] and the highest surface acidity 

values among all materials evaluated, leading to higher repulsion forces, see section 1.2.2. 

The anionic behavior of Si11A NPs promotes the electrostatic repulsive forces caused by 

the negative charge surface attributable to the silanol and hydroxyl groups. Also, the CaCO3 

negative charges observed under alkaline conditions could promote this repulsion [7]. The 

acidity surface modification increased the H+ groups due to the surface modification with 

HCl. Ions H+ y OH- could interact with the silanol o siloxane group and increase the 

electronegative charge. Regarding the basic treatment with NaOH, ions OH- y Na+ cover 

the surface groups reducing the electronegative charge. Additionally, the SiO2 NPs in the 

WBM act as loss material additive to reduce the filtration volume due to their nanometric 

size. NPs could enter into the space that does not occupy the micrometric CaCO3 and 

improve the pore plugging [20]. 

Further, it can be said that the NPs can occupy the spaces between the bridging material, 

favoring the repulsion and the stability of the WBM [20]. A relationship between the volume 

of filtrate and the NPs zeta potential can be obtained, as shown in Figure 2-3. Lower 

filtration volume for the lowest zeta potential value confirms that the dispersion forces 

influence the reduction of the WBM filtrate due to the higher stability of the NPs for values 

higher than -30 mV. The results agreed with the studies of Mahmoud et al. [21] and Parizad 

et al. [19]. They studied the zeta potential effect in the filtration reduction relating to the 

negative charge of the SiO2 NPs in bentonite-based drilling fluids (BWBM). The zeta 

potential of the WBM without NPs corresponds to the CaCO3 at 60 ºC and pH = 10.  

Figure 2-3:   Filtration volume obtained from the filtration test at HPHT conditions as a 
function of the zeta potential at 60°C and room pressure for the BFWBM in the presence 
and absence of 0.1 wt.% SiO2 NPs with different acidic (Si11A) and basic (Si11B) surface 
modifications. 
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Filter cake obtained in each HPHT filtration test during the evaluation of the acidic surface 

effect of the SiO2 NPs was characterized through SEM analysis to provide a better 

understanding of the phenomena on the filter cake microstructure. SEM photographs of the 

WBM in the a) absence of NPs and the presence of b) Si11, c) Si11B, and Si11A NPs 

analyzed by SEM are shown in Figure 2-4.  As observed in Figure 2-4 .a, the filter cake 

without NPs showed larger pore space and the large size of CaCO3 aggregates, which 

allowed a higher filtrate flow. The inclusion of NPs modified the filter cake morphology, 

decreasing porosity. The aggregate size of the CaCO3 was reduced in the order Si11 < 

Si11B < Si11A as the zeta potential decrease. The filter cake with Si11A NPs presented a 

more homogeneous morphology and the smallest aggregate size of the CaCO3 particles 

leading to lower porosity. Nps favor the dispersion of the CaCO3 in suspension, avoiding 

aggregation. Once the action of pressure deposits the particles, there is coverage of and 

ordering the particles on the surface. More details about filter cake morphology in the 

presence of SiO2 are shown in chapter 4. 

 

Figure 2-4: SEM photographs (X300-50 µm magnification) of filter cakes obtained in 
HPHT filtration for samples a) without NPs and in the presence of 0.1 wt.% of b) Si11, c) 
Si11B, and d) Si11A NPs. 
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Figure 2-5 shows the SEM images at ×30000 of the obtained filter cakes in the absence 

and presence of the NPs. Si11A NPs (Figure 2-5.d) interacted with the polymers building a 

barrier that covers the particles, decreasing the porosity as a crosslinking effect. The 

phenomena could occur for synergy in the SiO2 NPs-polymer system. Silanol groups on the 

surface of the SiO2 particles can interact through hydrogen bonding with the carboxylic 

groups (-COOH) of the polymers used in this WBM, as has been reported by Kennedy et 

al. [14] and Giraldo et al. [22]. This coverage on CaCO3 reduced the space between 

particles, decreasing the filter cake porosity and permeability and consequently the filtration 

volume. More details about SiO2 NPs-polymer interaction are shown in chapter 3. 

 

Figure 2-5: SEM photographs (X30,000-0.5 µm magnification) of filter cakes obtained in 
HPHT filtration for samples a) without NPs and in the presence of 0.1 wt.% of b) Si11, c) 
Si11B, and d) Si11A NPs. 
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2.2.4. Effect of NPs concentration 

Figure 2-6 show the NPs concentration effect in the PV, YP, and Gel of the WBM. As 

expected, PV increases as the NPs concentration in the system increase. The increase of 

solid particles decreases the space between particles; therefore, the attractive forces 

become predominant in the system. Once the NPs interact with the polymer, the attractive 

forces between molecules increase, strengthening friction and increasing viscosity [23]. 

Si11A NPs had a stronger interaction with the polymer. A viscous base fluid causes high 

PV, which means an alteration of the crosslinking effect [24]. Regarding the YP, this 

presents the same behavior as the PV values. NPs increase the YP values as the 

concentration increase. However, the effect was more robust in the YP than the PV after 

the addition of NPs. The average increment for the PV was 13%, hence YP, the average 

increment was observed by 20% compared with the WBM without NPs. The YP is 

considered the flow resistance due to the fluid electrochemical forces under dynamic 

conditions [25]. These electrochemical forces (attractive forces) were improved due to the 

SiO2 NPs-polymer interactions due to the adsorption process [6, 26, 27].  

Covering 

a) 

No NPs 

b) 

Si11 

c) 

Si11B 

d) 

Si11A 
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The gel strength, for the concentration range between 0.01 wt.% and 0.1 wt.%, presented 

a slight increase, although, at higher concentrations, the properties increase around 54% 

concerning the WBM without NPs. The Gel is one of the significant rheological properties 

that indicate building a gel structure during static conditions and suspends the solids and 

cuttings [11, 25]. SiO2 NPs presented better electrostatic forces (attractive forces) under 

static conditions than under dynamic. The repulsion forces predominant the system under 

dynamic conditions, but the aggregation is principal under static conditions. It suggests that 

the static conditions of the fluids favor the Si11A NPs-polymer interactions than dynamic 

conditions. NPs could improve the rheological parameter of the drilling fluids through 

different mechanisms that depend on the continuous phase, water, mud system, and NPs 

characteristics, as shown in previous researchers [6, 15, 28-32]. NPs dispersed in the WBM 

could increase the friction between layers, leading to an increment in viscosity [14, 22, 28]. 

The NPs and polymer may be linked together through specific chemical linkages to increase 

the PV, YP, and Gel.  

Figure 2-6: Rheological properties of the WBM as a function of the Si11A NPs 
concentration: a) PV and YP and b) Gel at 10 seconds and 10 min. 
 

 
 

https://www.powerthesaurus.org/major/synonyms
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Figure 2-7 shows the filtration volume of the HPHT filtration test at 0.03, 0.05, 0.1, and 0.3, 

wt.% of Si11A NPs. As expected, the 0.1 wt.% concentration of Si11A NPs, presented the 

highest percentage of filtration reduction by 22%; this is the optimal point for this evaluated 

concentration. However, concentrations greater than 0.1 wt.% of NPs showed adverse 

effects in reducing the filtration volume, indicating that NPs could be aggregate and 

precipitate or reduce the dispersion effect themselves. Once optimum concentration was 

exceeded, a negative impact on filtration properties was observed. The aggregation 

between particles reduces the distance between them, so the Van der Waals forces are 

representative. 

Figure 2-7:   Filtration volume as a function of the concentration of Si11A NPs in the 
filtration test at HPHT conditions for the WBM at different concentrations (0.01, 0.03, 0.05, 
0.1, 0.3, and 0.5 wt.%). 
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The drilling fluid has two states, the suspension of particles when the fluid is in circulation 

and the formation of a cake due to the pressure differential or the cessation of fluid 

circulation. The interaction forces on the particles in each situation are the same, but the 

magnitude is different. In suspension, the particles are relatively far apart, even more so 

when there is fluid circulation, which causes the repulsive forces between particles to 

predominate in the system. Once the filter cake has formed, the distance between particles 

is significantly reduced, favoring the attractive forces. In this way, the colloidal suspension 

stability and the reduction of the size of the aggregate are favored. On the other hand, the 

attraction of the particles was increased by reducing the porosity and the void space in the 

filter cake. This behavior is consistent with DLVO, where the distance between particles 

defines the electrostatic forces that predominate in the system. 

2.3. Partial conclusions 

The advantages of nanotechnology as improvement of the colloidal stability of the WBM 

and the subsequent filtration process to build a low-permeable filter cake are evident in this 

work. Rheological and HPHT filtration tests were carried out for SiO2 NPs of different sizes, 

surface acidity, and, consequently, zeta potential. The NPs with the smallest d50, highest 

total acidity, and the most negative value of zeta potential had the highest capacities of 

filtration volume and filter cake thickness reduction. SiO2 Nps added in the WBM worked in 

synergy with the bridging agent and fluid-loss additive due to physical and electrochemical 
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mechanisms. The physicochemical mechanism occurs when the electrostatic forces 

promote the repulsion forces in suspension, caused by the negative charge surface of both 

NPs attributable to the silanol groups and the CaCO3 negative charges observed under 

alkaline conditions. Hydrophilic NPs, present a high performance in WBM, were stable in 

aqueous solution, and did not aggregate themselves. Once they have formed the filter cake, 

the NPs physic mechanism is related to their nanometric size, making them able to enter 

and stay in the space that is not occupied by the micrometric material such as the CaCO3 

particles. Finally, the attractive forces predominate the system, reducing the empty spaces 

between particles. The addition of NPs does not generate significant changes in the 

rheological profiles of the WBM. However, the YP and Gel, which are strengthened at low 

shear rates, improved with the presence of NPs; the attractive forces predominate under 

static conditions. The viscoelastic structure of the fluid was enhanced. The lower the 

distance between SiO2 NPs-polymer, the greater the force of attraction between the 

molecules.  
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3. Influence of temperature exposition in WBM 
properties in the presence of SiO2 NPs 

Drilling fluids in practice contain polymers. These may be adsorbed to the particles, 

chemically attached to the surfaces, or they may be free in solution [1]. Polymers in colloidal 

suspensions allow the stabilization of the particles from steric stabilization. The adsorbed 

polymers make a strong repulsion between particles that must be added; Van der Waals 

attractions are minimized [1, 2]. Polymer adsorption onto particle surface produces a layer 

that can be charged by the molecules of the polar solvent, water, in the case of the WBM. 

The gelling structures in the drilling fluid increase the viscosity and also contributes to the 

stability of the solid particles. In this way, the particles will be deposited in an orderly manner 

[3]. However, when colloidal stability in drilling fluid is broken down by chemical, 

mechanical, and electrical means, the fluid can lose its rheological and filtration properties. 

Polymers molecules based on carbon chains suffer breaks at high temperatures or 

pressure [4]. 

 

Drilling fluids must operate for long periods at dynamic circulation and pressure conditions; 

with increasing depth, the temperature increases. These conditions are unfavorable to the 

WBM rheological and filtration properties. Polymers could suffer degradation due to 

hydrolysis, depolymerization, or other chemical degradation and can be through two 

mechanisms. One is the random breaking of the bonds, and the other is a chain-breaking 

in the C-C bonds [4]. Lower-molecular-weight or deflocculation causes a viscosity and 

filtration control reduction [5-7]. To overcome these problems, many researchers in the 

drilling industry have developed higher temperature resistance polymer adding organic 

compounds [8], synthesized polymer thermal resistant [9-12], and modifying the common 

polymers [13, 14]. Although the authors had been made to increase the polymer 

temperature limitation, it could not solve the problem due to high costs; these continue to 

be polymers that suffer degradation [15, 16]. 
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Hence it requires the addition of non-polymeric additives such as NPs, which are more 

stable at high temperatures (>700 °C in air conditions) [15]. Agarwal et al. [17] replaced 

polymeric surfactants with hydrophobic nanosilica and organically-modified nanoclay to 

stabilize oil-based muds. After the thermal rolling process, the NPs preserved emulsion 

stability, and the water droplet sized was conserved. Although the YP was slightly reduced 

by 23%, the VP was increased by 15%.  Mahmoud et al. [18] aged a WBM with 0.5 wt% 

Fe2O3 and SiO2 NPs at 200ºC. The authors demonstrated that the drilling fluid with Fe2O3 

NPs resulted in minor changes in the yield stress (YS) increased by 42%, while SiO2 NPs 

presented the highest percentages by 130%.  Hence, the VP increase by 166 and 211% 

for the Fe2O3 and SiO2 NPs, respectively. Parizad et al. [19] evaluated the effect of TiO2 

NPs in a WBM with 10 wt.% of KCl after thermal degradation. Drilling fluid was reduced by 

17% of its PV and 30% of YP. The addition of 0.75 wt%. of TiO2 NPs presented an excellent 

resistance in this regard and reduced PV and YP by 8% and 15%, respectively. The filtration 

volume with TiO2 NPs was 5% against 12% of the drilling fluid without NPs. Perween et al. 

[20] synthesized ZnTiO3 NPs through the Sol-gel method (SNP NPs) and electrospinning 

technique (ENP NPs) and evaluated the effect varying the concentration from 0.5 wt% to 3 

wt%. They analyzed the NPs addition on the WBM rheological and filtration properties with 

xanthan gum and PAC as the main polymers before and after thermal degradation. ENP 

NPs presented a more pronounced impact on rheological and filtration properties. After the 

thermal rolling process, API filtration volume of base mud reduced by 33% and 35.86% 

using 3.0% (w/v) NPs concentration of SNP and ENP, respectively. Base drilling fluid 

reduced the apparent viscosity (AV) by 17.3% after rolling. However, this decrease in AV 

was reduced 6% by the addition of SNP at 3.0% (w/v) and 12% for ENP at the same 

concentration.  

 

Based on the literature expose above, there are no studies that evaluate the influence of 

SiO2 NPs improving the rheological and filtration properties after temperature exposition. 

There is not phenomenological insight about the SiO2 NPs-polymer interaction and the 

effect on colloidal stability. Also, it is intended to evaluate two routes of processes for NPs 

obtention for medium and large-scale production forms with a view to a field application. In 

this way, the starting point is the Si11A NPs according to the results above, from now 

denoted SiA, and fumed silica NPs, SiC. Herein, this chapter aims to evaluate the effect of 

the SiC and SiA NPs on inhibiting polymer degradation, consequently improving the 



Chapter 3 69 

 

rheological and HPHT filtration properties in WBM colloidal stability. Finally, the WBM 

gravity stability and bridging properties were evaluated through filtration control using the 

permeability plugging tester (PPT). The SiO2 NPs-polymer interaction was analyzed 

through adsorption studies and aggregate size behavior, 

3.1. Experimental 

The effect of temperature exposition in WBM properties in the presence of SiO2 NPs was 

evaluated through rheological and HPHT filtration properties and bridging capacity, using 

filter and ceramic disks, after the WBM preparation and before hot rolling process (aging 

process). According to the results of section 2.2., the best optimal concentration of SiO2 

NPs was used to analyze the thermal stability of the WBM, 0.1wt.% NPs. Also, it is intended 

to evaluate two routes of processes for NPs obtention for medium and large-scale 

production forms with a view to a field application, synthesized (Si11A) and commercial 

(SiC) NPs. 

3.1.1. Materials 

Si11A NPs according to the performance observed in chapter 2, from now denoted SiA 

NPs, and fumed silica NPs, SiC NPs, were used. Detailed information about NPs and WBM 

employed can be found in Chapter 1. 

3.1.2. Methods 

following the procedure described in section 1.1.5. before and after thermal degradation 

(process described below).  

according to the filtration properties considering the HPHT filtration test (section 1.1.5) and 

pore plugging test (describe following). The SiO2 NPs-polymer and CaCO3-polymer 

interactions were evaluating through adsorptions isotherms and the polymer aggregation in 

the presence of NPs through the DLS technique.  

¶ Pore plugging tester (PPT).  

Drilling fluids were evaluated in the PPT (OFITE, United States) using a ceramic disk with 

a mean pore throat of 20 um (OFITE, United States). The filtration cell was loaded with a 

volume of 300 mL of drilling fluid and heated to 77°C with the pressurized system at 100 
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psi. Upon reaching the test temperature, the cell was pressurized to 1100 psi to maintain a 

delta pressure of 1000 psi. Once the pressure of interest was obtained, 30 seconds are 

counted from the opening, and the filtration volume was measured corresponding to the 

spurt loss. Finally, the filtration volume is quantified every 10 minutes, and the total volume 

is reported at 30 min. The total filtration volume (ὠ) was calculated as follows: 

ὠ ὠ ςz ὠ                       (3.1) 

where, ὠ is the spurt loss (mL) and ὠ  is the filtration volume at 30 min (mL).  

¶ Aging Process 

All drilling fluid samples were thermally degraded using a roller oven (OFITE, United States) 

at 77 °C for 16 h. After aging, the basic, rheological, and filtration properties were 

determined using the same procedure used for the fresh drilling fluids. 

¶ Polymers adsorption test  

The adsorption tests were performed in batchïmode experiments by fixing the amount of 

SiO2 NPs and CaCO3 of 0.1 wt% (1000 mg. L-1) and varying the concentration of polymer 

(100 to 2500 mg. L-1) according to the procedure described by Guzman et al. [21] at 25°C. 

Initially, in the drilling operations, the polymers are hydrated. Subsequently, the other 

additives are added; this procedure was replicated in the laboratory. Additionally, the NPs 

were incorporated after the hydration of xanthan gum. Hence, the same route was followed 

by the addition of the materials to the adsorption process. The polymer was stirred and 

stabilized according to the procedure discussed above. After that, the materials were added 

and stirred slowly for 48 h, a time necessary for reaching the adsorption thermodynamic 

equilibrium and guarantee the adsorbate-adsorbent interaction. First, the materials 

containing adsorbed polymer were separated from the solution by centrifugation for 2 h at 

4500 rpm using a centrifuge (Z306 Hermle Universal Centrifuge, Labnet, United States) 

and dried at atmospheric conditions. The amount adsorbed (ὔ ) was determined by mass 

balance using TGA under air atmosphere with a temperature ramp from 20 to 800°C at a 

fixed heating rate of 20°C.min-1 and airflow of 100 mL. min-1.  

¶ Adsorption Isotherms.  

Some different types of adsorption isotherms have been reported in the literature, e.g., 

Langmuir [22], Freundlich [23], Solid-Liquid equilibrium model (SLE) [24, 25], among others. 

According to the study by Giraldo et al. [26], Langmuir and Freundlich's model provides 
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limited insight on the adsorption mechanism and behavior due to the ability to self-assembly 

of the polymers. Therefore, the present study employed the SLE model to describe the 

interactions between polymer - NPs that have been reported successfully by Giraldo et al. 

[26] with RMS<10%. 

Solid-Liquid equilibrium model. This adsorption isotherm model describes the behavior 

of self-associative molecules onto a solid surface and is expressed as follows: 

ὅ Ὡὼὴ
ȟ
          (3.2) 

 
Where, Ὄ (mg. g-1) is Henry's law constant, which is related to the adsorption affinity, the 

strength of polymer interactions onto the NPs. Higher Henry parameter, the higher the 

affinity; K (g. g-1) is an indicator of the polymer self-association once the primary sites are 

occupied. ὔ ȟ  (mg. g-1) are the maximum adsorption capacity of NPs (mg. g-1). The other 

parameters are defined as follows: 

‪          (3.3) 

 

‚ ȟᶻ

ȟ
         (3.4) 

¶ Aggregate behavior of the SiO2 NPs-polymer system.  

The mean aggregate size of the polymer can be affected by the addition of SiO2 NPs. 

Measurements were carried out through the DLS technique at 25 °C for a xanthan gum 

solution at a fixed concentration of 500 mg. L-1 (representative concentration of WBM) and 

with the addition of 0.1 wt.% SiA and SiC NPs. More details about particle size evaluation 

can be found in section 1.1.3.  

3.2. Results 

3.2.1. Effect of thermal degradation 

¶ Rheological properties 

Figure 3-1 shows the PV and YP for the WBM in the absence and presence of 0.1 wt.% of 

SiA and SiC NPs before and after thermal degradation.  PV was increased by 11 and 13% 

due to the addition of 0.1 wt% SiA and SiC NPs, respectively, for the fresh drilling fluid. 
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WBM without NPs lost 8.3% of the PV value after the thermal exposition indicating that the 

gel structure was devitalized. Hence, the degraded sample with SiC NPs presented PV 

conservation by 25% higher than aged drilling fluid without NPs. However, SiA NPs in the 

aged drilling fluids did not show preservation (See Figure 3-1.a). 

Regarding YP values, the fresh samples increased by 15% with the SiC NPs and any 

change for the SiA NPs. Aged drilling fluid without NPs reduced 16% of its YP value. The 

aging process broke the gel structure for all samples. However, WBM with SiC NPs, the 

aging resulted in an increase in the YP by 19% regarding the aged WBM without NPs, 

which confirmed the minor gel structure reduction. Contrary to the WBM with SiA NPs, after 

the thermal exposition, YP was reduced by 28%, even lower than the WBM without NPs 

(See Figure 3-1.b). This behavior could affect the carrying capacity of the drilling fluid. 

 An increment in PV and YP due to SiC NPs addition allows the WBM to improve the clean 

well and keep in suspension the solid particles or consider a possible decrease in the 

viscosifying additives, e.g., xanthan gum. Additionally, after the aging process, the 

preservation of PV and YP indicates a minor loss of gel structure, less chain polymer 

breaking, increases the valuable fluid life, and decreases the polymer amount during the 

drilling operation. 

Figure 3-1:   Plastic viscosity (VP) and b) yield point (YP) measured at 77°C of the BFWBM 
with and without the synthesized and fumed SiO2 NPs before (B.R) and after (A.R) aging 
process at 77°C for 16 h. 
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Figure 3-2 shows the gel strength at 10 s, 10 m, and 30 m of WBM with 0.1 wt.% of SiA 

and SiC NPs before and after the thermal degradation. Rheological measurements 

revealed that the gel strength increased for the fresh drilling fluids by 25, 20, and 20%, 

respectively, with the addition of 0.1 wt% SiA NPs; whereas SiC NPs increased by 50, 40, 

and 40% for the exact times (see Figure 3-2.a). At ultra-low velocity, the WBM has its 

highest yield stress values. Under static conditions, WBM develops a gel structure that aids 

the solid particle suspension, this behavior more remarkable for the SiC NPs. Also, the gel 

strength of drilling fluids with SiO2 NPs showed the highest increase at the first 10 seconds; 

rapidly, the polymer built a structural network in static conditions. Aged drilling fluid without 

NPs lost the 15, 20, and 20% of its 10s, 10min, and 30min gel strength measurements, 

respectively. Thermal degradation devitalized the mud gel structure in all rheological 

parameters. However, the WBM with SiC NPs helped preserve this property with an 

increment of 33, 25, 25% for the 10s, 10m, and 30m, respectively, compared with the aged 

drilling fluid without NPs. Newly, the first 10 seconds presented the most significant 

increase.Regarding SiA had a negative behavior reducing the gel strength; this could affect 

the solid particle suspension and promote the precipitation (see Figure 3-2.b). The 

evaluated time, 10s, 10m, and 30m, were improved notoriously for the addition of SiC NPs, 

forming a more robust network between chain polymers.  

As discussed in Chapter 2, the NPs favor the electrostatic forces present in the drilling fluid. 

At static conditions, the attraction forces are strengthened, and at dynamic conditions, the 

electrostatic repulsion, a task that is verified when the WBM has not been subjected to 

temperature exposure. However, for the degraded fluid, the SiA NPs failed to preserve the 

polymer gel structure, the breaking of the polymer chains is not inhibited. This parameter is 

essential when using a drilling fluid in the field, where the drilling fluid undergoes 

degradation during the drilling process. 

Figure 3-2:   Gel strength measured at 60°C of the WBM with and without the synthesized 
and fumed SiO2 NPs a) before (B.R) and b) after (A.R) aging process at 77°C for 16 h. 
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The effect of 0.1 wt.% SiA and SiC NPs on the viscosity as a function of the shear rate in 

the WBM before (Figure 3-3.a) and after (Figure 3-3.b) thermal exposure is presented in 

Figure 3-3. WBM samples exhibited shear thinning behavior, the viscosity decreases by 

increasing the shear rate [27]. For fresh drilling fluids in the presence of NPs (Figure 3-3.a), 

the viscosity increased at low shear rate values (< 200 s-1) by 22.5 and 55.0% for the SiA 

and SiC NPs, respectively. At high shear rates (> 200 s-1), the viscosity increased by 7.0 

and 15.0% for the same order of NPs compared with the WBM without NPs. After thermal 

exposure (Figure 3-3.b), WBM in the absence of NPs reduced its viscosity by 22.5 and 

11.0% at low and high shear rates, respectively. Once again, WBM lost the viscosity 

properties due to exposure to high-temperature conditions. However, the addition of SiA 

and SiC NPs afforded an excellent resistance in this regard, and the increase in viscosity 

at < 200 s-1 was 58.0%. At > 200 s-1, drilling fluid presented better performance with an 

increment of 21.0 and 14.0% for the WBM with SiA and SiC NPs, respectively. WBM 

exposed at temperature would result in the degradation of the polymer. The temperature 

and thermal degradation lead to loss of molecular weight and breakdown of polymer chains 

reducing the steric stabilization [19]. The degradation caused the loss of properties and 

effectiveness of polymers. Still, NPs did not suffer the same degradation. WBM would 

preserve these under degradative environments. 

Figure 3-3:   Viscosity of drilling fluids as a function of the shear rate in the absence and 
presence of 0.1 wt% SiA and SiC NPs at 77 ºC (a) before and (b) after the aging process.  



Chapter 3 75 

 

 

 

The effect of the NPs at a fixed dosage of  0.1 wt.% at 60 ºC in the shear stress is shown 

in Figure 3-4. As discussed above, it can be seen that the addition of SiO2 NPs increased 

the shear stress at all shear rates when compared to the fresh base fluid without NPs 

(Figure 3-4.a). Nevertheless, SiC NPs caused the highest upward shift of the rheogram up 

to +50.0% for shear rates between 500 and 1000 s-1 than the WBM, whereas SiA NPs 

increased +20.0%. After thermal degradation (Figure 3-4.b), WBM without NPs showed a 

reduction of the shear stress between 12.0 and 18.0% for low and high shear rates, 

respectively. On the other hand, WBM containing NPs exhibited good conservation of the 

properties exhibited an increased. SiA NPs presented the highest preservation of the 

rheological behavior with an increase by 21.0 and 39.0% at a low and high shear rate, 

respectively. For both systems, the shear stress of the WBM with NPs was over WBM 

without NPs; this could reduce the pumping of the mud and reduce the energy required to 

circulate it in the well. The adsorbed polymer must be situated onto the particle surface so 

that the chains cannot desorb or move out due to an external process. Free or desorbed 

polymer chains could suffer degradation [28]. 

 

Figure 3-4:   Shear stress of drilling fluids as a function of the shear rate in the absence 
and presence of 0.1 wt% SiA and SiC NPs at 77 ºC. (a) before and (b) after the aging 
process.  
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The parameters of the Bingham Plastic (BP) and HerschelīBulkley (HB) models are shown 

in Table 3-1. The HB model had the best fit according to the values of the statistical 

parameters, including the correlation coefficient (R2), with values > 0.99 and the root mean 

square error (RMS), close to 1.0 %. The addition of 0.1 wt% SiC NPs improved the 

rheological structure of the fresh drilling fluid, increasing 66.5 and 8.3% and reducing 8% 

in the yield point (†),  consistency factor (ὑ), and the flow behavior index (ὲ); whereas SiA 

NPs only represented a significative change in the † with an increase of 56.3%. Although 

factors ὑ and ὲ did not change substantially with the thermal rolling process in the drilling 

fluid samples, the † dramatically changed. Drilling fluid without NPs after thermal 

degradation reduced 46.0% the †, this indicates the lots of carrying capacity of solid 

particles. However, the addition of 0.1 wt% of SiA and SiC NPs into the drilling fluid allowed 

it to be 89.5 and 68.4%, respectively. Once again, the addition of NPs conserves the 

rheological parameters after the aging process. 

 

Higher † and ὑ leads to drilling fluid higher viscosity and carrying capacity; this results in 

better bottom hole cleaning and more efficiency during drilling. Moreover, lower ὲ generates 

higher shear-thinning behavior (lower viscosity at higher shear rates and higher viscosity at 

lower shear rates), which improves the hydraulic efficiency of the fluid. At high shear rates, 

the NPs could be dispersed (repulsive forces), and the viscosity is reduced. In contrast, at 

low shear rates, the NPs could be agglomerate (attractive forces), and the viscosity of the 

fluid would be increased [19]. 
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Table 3-1:  The yield point, plastic viscosity, flow consistency index, flow behavior index, 
mean squared error, and the root mean square error treated as Bingham-plastic and 
HerschelïBulkley models the WBM that contain 0.1 wt% SiA and SiC NPs at 60 ºC. 

 
After the thermal rolling 

process 

Before the thermal rolling 

process 

 SiO2 NPs concentration (wt.%) 

Model 0.0  0.1SiA 0.1SiC 0.0 0.1SiA 0.1SiC 

BP 

Ⱳ▫ ■╫  █◄ϳ  3.63 4.62 6.14 8.63 4.62 4.69 

Ⱨ▬ ╬╟ 0.12 0.12 0.13 0.37 0.12 0.12 

╡  0.9720 0.9770 0.9715 0.9740 0.9770 0.9744 

╡╜╢ 0.1330 0.1221 0.1412 0.2100 0.1221 0.1364 

HB 

Ⱳ▫ ■╫█Ȣ  █◄  1.76 2.75 2.93 0.95 2.75 2.55 

╚ ■╫█Ȣ  █◄▼▪  0.65 0.63 1.05 0.61 0.63 0.62 

▪ 0.72 0.73 0.66 0.71 0.73 0.71 

╡  0.9992 0.9996 0.9998 0.9997 0.9996 0.9997 

╡╜╢ 0.0284 0.0235 0.0097 0.1282 0.0237 0.0276 

 

SiO2 NPs into the WBM significantly impacted the rheology, even higher after the 

temperature exposure. The rheology alteration was notorious in the results with the 

increase of the YP, PV, Gel strength, ὑ, and the reduction of ὲ. Also, SiO2 NPs, especially 

SiC NPs, reduce degradation and increase the WBM thermal resistance. Some authors 

suggested that NPs interact with the solid particle as the bentonite and impact the bentonite 

net surface charge. This charge alteration promotes the association through edge-to-face 

(E-F) and edge-to-edge (E-F); these types of association promotes the gel-like structure 

and form a 3-D structure called house of cards, increasing the viscosity and yield stress of 

the fluids [29, 30]. However, in a WBM, the addition of CaCO3, which is a weighting and 

bridging material, did not alter the WBM rheological properties [31, 32]. SiO2 NPs act as a 

dispersing agent, allowing a good dispersion, where repulsion forces between NPs and 

CaCO3 play a significant role due to the electronegativity of both. In this way, the 

aggregation was avoided, obtaining a good dispersion of the particles. This concept only 

represented the fluid integrity and not the rheology increment [31, 32]. Moreover, SiO2 NPs 

could interact with the polymer and increase SiO2 NPsïpolymer attraction, causing an 
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enhanced viscosity and gel structure strengthening. The anionic surface of the NPs can 

build a microstructure with stronger attractive forces, which increased the resistance of 

polymers to move when shear stress is applied and improved the wellbore cleaning 

efficiency [5]. 

Such interaction had been reported to increase the polymer thermal stability with little 

impact on the polymer rheological properties. Generally, NPs may work as points between 

the polymer chains, which support the strengthening of the viscoelastic structure of the 

WBM [33, 34]. It is well-documented that the polymer solution rheological properties are 

dependent on the chemical structure, composition, conformation, and interactions between 

them and the solvent [35-37]. Indeed, the NPs could change the polymer conformation, 

resulting in an improvement of rheological behavior. Therefore, understanding the polymer 

chemical nature and its interaction with the SiO2 NPs surface is paramount for 

understanding the adsorption mechanism. 

  

¶ Filtration properties 

Table 3-2 shows the filtration volume, filter cake thickness, and permeability obtained in the 

HPHT filtration test for the WBM in the presence and absence of 0.1 wt.% SiA and SiC 

NPs. The SiA and SiC NPs exhibited the exact behavior of reducing the filtration volume, 

filter cake thickness, and permeability up to +11, 66, and 71% compared with the fresh 

WBM in the absence of NPs. After thermal degradation, the higher reduction of filtration 

volume, filter cake thickness, and permeability were obtained for the Si11C NPs with values 

of 17.6, 31.7, and 31.9%, respectively, due to the inhibition of the viscosity degradation of 

the polymer after the temperature exposure.  

 

Table 3-2:   Filtration volume, mudcake thickness, and mudcake permeability calculated 
from Darcy's Law of the mudcake and respective reduction of the filtration test obtained 
under HPHT conditions WBM in the presence and absence of 0.1 wt.% SiA and SiC NPs. 

 
Before the thermal rolling 

process 
After the thermal rolling process 

 SiO2 NPs concentration (wt.%) 

 0.0 0.1 SiA 0.1 SiC 0.0 0.1 SiA 0.1 SiC 

╥█ (mL) 18 16 15.6 17 15 14 

▐□╬ (mm) 0,200 0,067 0,061 0,303 0,220 0,207 
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╚□╬ (µD) 0,1861 0,0551 0,0534 0,2666 0,1706 0,1816 

 

PPT tests were carried out to measure the plugging capability of the SiO2 NPs before and 

after the thermal degradation. The spurt loss, filtration volume at 30 min, and total filtration 

volume are shown in Table 3-3. The WBM without NPs did not have an optimized bridging 

or filtration volume control; a large volume was obtained, making the effect of SiO2 NPs 

more evident. The addition of 0.1 wt.% SiA and SiC NPs reduced the spurt loss and total 

filtration volume by 14 and 50%, respectively, compared with the fresh WBM without NPs. 

Both NPs had similar behavior because the viscosity does not increase too much when the 

fluid is new. 

After the thermal degradation, the WBM without NPs increased the spurt loss and filtration 

volume, indicating that WBM did not plug the pores (diameter 20 µm) of the ceramic disks. 

At high temperatures and mechanical degradation, polymers are not thermally stable, which 

might be the reason for high spurt loss and filtration volume values. The fluid lost the 

colloidal stability, and the solid particles are precipitated [31]. However, this situation was 

avoided by the SiC NPs addition. Spurt loss and total filtration volume were reduced by 66 

and 49%, respectively. Spurt loss less than 2mL is expected [38]; as shown in Table 3-3, 

the SiC NPs were the only ones that accomplished. Particularly in the PPT test, the 

pressure exerted on the fluid is contrary to the HPHT test. That is, gravitational phenomena 

are more noticeable. In this way, the correct suspension of the particles in the fluid plays a 

very important role. The breaking of the polymer chains reduces the colloidal stability of the 

suspension, the particles aggregate and due to gravitational effects are deposited, the 

bridging capacity of the fluid is reduced, allowing high filtration rates. The filtration volume 

differences volume between the SiA and SiC NPs after thermal degradation were related 

to their different pore plugging ability due to the xanthan gum affinity, where SiC NPs 

presented the highest affinity. The physicochemical mechanism occurs when the NPs 

promote the repulsion forces caused by the negative charge surface [29]. Hydrophilic NPs 

showed a high performance in WBM; NPs were stable in aqueous solution and did not 

aggregate themselves even acted as dispersing agents. 

Table 3-3:    Spurt loss, filtration volume at 30 min, and total filtration volume of the filtration 
test obtained under HPHT conditions of the WBM in the presence and absence of 0.1 wt.% 
SiA and SiC NPs. 

 Before the thermal rolling process After the thermal rolling process 
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 SiO2 NPs concentration (wt. %) 

 0.0  0.1 SiA  0.1 SiC  0.0  0.1 SiA  0.1 SiC  

Spurt loss (mL) 3.5 3 3 7.5 5.5 2.5 

Filtration 

volume ï 30 

min (mL) 

12.5 5.5 6 14.5 13 8 

Total filtration 

volume (mL) 
28.5 14 15 36.5 31.5 18.5 

3.2.2. Adsorption isotherms 

Effective steric stabilization is when several conditions are considered. High surface area 

and affinity between molecules to ensure high solid particle coverage. Suitable solvent to 

improve the repulsive forces between the solid particle coverage by the polymer. Low free 

polymer concentration to avoid the depletion attractions [1].  

 

Figure 3-5 showed the adsorption isotherms when the SiA, SiC NPs, and CaCO3 

concentrations were fixed in solutions varying the xanthan gum concentration. Isotherms 

obtained for NPs corresponded to Type I, according to IUPAC [39]. Hence, the polymer 

concentration polymer rises, aggregate size increase [33]. The attractive forces became 

stronger. Auto-associative activity is due to the polymer functional groups, resulting in a 

reduction of the SiO2 Nps-polymer interactions capacity and the amount absorbed. The 

systems adsorbed reached the available surface area saturation rapidly, so the graph 

resulted in a plateau for high polymer concentrations.  

 

For CaCO3, according to the IUPAC classification, it corresponds to type III [39]. Xanthan 

gum has approximately the same affinity for CaCO3 and itself or is slightly more affinity to 

xanthan gum molecules. CaCO3 is a micrometric material; its surface area is smaller; 

therefore, few functional groups are exposed on the surface to interact with xanthan gum. 

Once the polymer accomplishes to adsorb onto CaCO3, given their self-associative nature, 

they form several layers of polymer on the CaCO3 surface, physisorption, or multilayer 

adsorption; the polymer also acts as a free site for another polymer molecule to adsorb. 

This adsorption mechanism is characterized by low adsorption energy, low stability that can 

be easily removed [26, 40]. Strong repulsions are obtained with high polymer surface 
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coverage. At low adsorption, bridging interactions might otherwise result. The adsorbing 

polymer needs to show a plateau region in the adsorption isotherm [1]. Based on molecular 

dynamic simulation results, the xanthan gum interacts the most with NPs, followed by the 

CaCO3. Additionally, the xanthan gum molecules approach each other closer when a solid 

surface such as CaCO3 is presented [32].  

 

The SLE model described in the right way the experimental results with values of RMS% < 

10%, see Table 3-4. The Ὄ parameter defines the affinity between adsorbate and absorbent 

and is related to the curve slope monolayer adsorptions. The ὑ parameter is associated 

with the adsorbate-absorbent aggregation degree, how many molecules are located in the 

multilayer. The system with the lowest Ὄ and ὑ parameters has the highest affinity and 

lowest self-aggregation. Therefore, it can be observed that the Ὄ and ὑ parameters for the 

SiC NPs corresponded to the lowest values, compared with the SiA NPs and CaCO3. SiC 

NPs surface had a great affinity with the polymer molecules and a low polymer self-

association in the surrounding surface. The SiC Nps-xanthan gum interactions are stronger 

than the interactions between the SiA NPs and CaCO3 with the polymer. Additionally, the 

ὔ ȟ  Corresponding to SiC NPs is greater than SiA NPs due to the higher surface area 

presented by NPs (see section 1.2.1.). The greater the surface area, the greater the active 

sites or functional groups interact with the polymer [41]. The adsorption that occurs in the 

SiO2 NPs-polymer occurs mainly due to silanol functional groups, the -OH groups, the free 

radicals in the xanthan gum, and the carboxylic groups -COOH [37]. According to the FTIR 

spectrum of the SiC NPs, this material presented a more significant presence of -OH groups 

on the surface; this could explain why affinity is more pronounced for the SiC NPs-polymer 

interaction. Although the amount adsorbed for CaCO3 is higher according to the SLE model, 

this amount corresponds to layers of polymer molecules that can be easily removed.   

 

Figure 3-5: Adsorption isotherms of xanthan gum onto SiA, SiC NPs, and CaCO3 particles 
(1000 mg. L-1) obtained varying the initial polymer concentration (100-2500 mg. L-1) and a 
fixed temperature of 25°C. 
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Table 3-4: Estimated SLE model parameters for polymer adsorption onto SiA, SiC NPs, 
and CaCO3 particles (1000 mg. L-1) obtained varying the initial polymer concentration (100-
2000 mg. L-1) and a fixed temperature of 25°C.  

 

Adsorbent 
(wt.%) 

╗ □▌Ȣ▌  ╚ ● ▌Ȣ▌  ╝╪▀▼ȟ□ □▌Ȣ▌  RMS% 

0.1 SiA 5.13 9.8 189.24 10.16 

0.1 SiC 2.91 6.8 195.32 9.23 

0.1 CaCO3 130.30 29.24 803.87 4.88 

 
 

3.2.3. The aggregate size of the SiO2 NPs-polymer system.  

Figure 3-6 show the PSD of xanthan gum at 500 mg. L-1 in the presence of SiO2 NPs fresh 

and degraded. Silanol groups on the surface of the SiO2 NPs can interact through hydrogen 

bonding with the carboxylic groups (COOH) on the xanthan gum polymer chains [37]. At 

high pH, the silanol groups become ionized. In this way, the repulsion forces to be strong 

compared with the attraction forces between themselves. 

NPs avoid polymer aggregation, and this did not coil. After the aging process, the polymer 

aggregate size without NPs was drastically reduced by 51%. Polymer degradation broke 

the chain polymer and lost the ability to aggregate itself [42]. Results indicate that the 
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polymer solution in SiC NPs conserved the aggregate size reduced only 22% from the 

polymer solution without NPs. Polymer breaking was inhibited, and this was corroborated 

with the preservation of the viscosity properties discussed above. In contrast, SiA NPs 

reduced the aggregate size by 32%, and the viscosity was reduced. Long and flexible 

chains allow increasing the space between NPs and solid particles, favoring greater 

electrostatic repulsion. 

Figure 3-6: PSD of xanthan gum at 500 mg. L-1 in the presence of SiO2 NPs fresh and 
degraded. 

 

Table 3-5: Mean aggregate size of xanthan gum at 500 mg. L-1 in the presence of SiO2 NPs 
fresh and degraded. 

Xanthan gum ï SiO2 NPs 

(0.1 wt.%) 

Mean aggregate size (nm) 

Fresh Degraded 

- 42289 21297 

SiA 42289 28638 

SiC 40436 31484 

 

3.3. Partial conclusions 

Rheological and filtration properties before and after hot rolling process were determined. 

Adsorptions isotherms and aggregation behaviour defined the SiO2 NPs-polymer and 

CaCO3-polymer interaction. SiO2 NPs act as a dispersing agent, allowing a good 
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dispersion, where repulsion forces between NPs and CaCO3 play a significant role due to 

the electronegativity of both. In this way, the aggregation was avoided, obtaining a good 

dispersion of the particles. This concept only represented the fluid integrity and not the 

rheology increment. Moreover, SiO2 NPs could interact with the polymer and increase SiO2 

NPsïpolymer attraction, causing an enhanced viscosity and gel structure strengthening. 

The isotherms of the SiO2 NPs-Polymer is a Type I according to the IUPAC and the SLE 

model showed high affinity towards the experimental results. The system CaCO3 ï polymer 

suggested a Type II, lower affinity. The SiC NPs had the highest capacities of filtration 

volume and filter cake thickness control after the aging process. SiA NPs did not have 

substantial effects on the reduction after degradation. The SiC NPs presented the highest 

adsorption capacity due to the quantity of -OH groups in the NPs surface and build a 

microstructure with stronger attractive forces, which increased the resistance of polymers 

under temperature exposition and reduce the lost of the colloidal stability, and the solid 

particles precipitation. The SiO2 NPs-polymer interaction through the adsorption process 

leads to the chain polymer hindering some polymer functional groups that would be 

disabled to react with the oxygen in dry air. As result, it was found that NPs play a more 

important role thermal stability of the WBM inhibiting the polymer chain breaking and 

conserve the steric repulsion force. The SiC NPs evaluated in this study improve the 

efficiency of the WBM in terms of thermal degradation, reducing the filtration volume, the 

filter cake thickness, and permeability represent a viable alternative to expanding the range 

of conditions for the use of NPs in the field application.  
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4. Effect of SiO2 NPs on external filter cake 
morphology of colloidal suspensions 

The solid phase particles of the WBM, CaCO3, block the pores, forming the wellbore wall 

filter cake [1-3]. The filter cake is divided into two sections. In the internal filter cake, smaller 

particles invaded into porous media and blocked the pore throats near-wellbore. The larger 

size is retained on the porous rock surface and with smaller particles and polymers buildup 

the external filter cake [4]. Thin, flexible, and low permeable filter cake formed on the wall 

is desired to reduce and prevent the formation damage of solid and mud filtrate invasion, 

water phase trap, avoid pipe sticking, improve the well logging answer, and the wellbore 

strengthening [5-7].  

The deposition of particles is controlled by hydrodynamic forces, while surface forces 

control the detachment. Once the particles are deposited, drag, permeate, lift, buoyancy, 

and electrostatic forces act. Electrostatic and permeate flux forces adhere the particle to 

the surface and depend on the size, shape, and zeta potential of the particle and fluid 

properties such as pH and ion strength. Whereas the drag, lift, and gravitational forces 

constantly erode the filter cake surface, producing surface roughness [4, 8, 9]. The colloidal 

suspension stability has a significant effect on filtration. The filtrate of the flocculated 

suspension (lower colloidal stability ï particles aggregation) is higher than dispersed drilling 

fluids. Thicker filter cakes are obtained in lower colloidal suspension stability, higher 

permeability [8].  

According to WBM design, filtration control additives (i.e., starch, polyanionic cellulose, etc.) 

and sized CaCO3 help reduce the mud filtrate invasion formation [10]. Theoretically, the 

larger particles are deposit first in the external filter cake, and then smaller particles are 

deposited over the surface [8, 11, 12]. However, the CaCO3 micrometric particle size could 

not seal the pores, aggregate, and lost colloidal stability [4].  With the recent development 
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in nanotechnology, NPs improve the drilling fluid properties [13-15]. Filtration [16-20] and 

rheological [21-23] properties have been most studied. NPs could reduce the solid particle 

and mud filtrate invasion and inhibit the formation damage. NPs can form a better filter cake 

since the first minutes of the drilling operation and develop a thinner and low-permeable 

filter cake [24, 25]. Barry et al. [26] founded that the filter cake permeability, filtration volume, 

and structure are influenced by the interaction of the intercalated clay NPs (ICH) and the 

clays under HTHP conditions. ICH added exhibit rigid networks and low permeability filter 

cakes due to the strong network with the clays. Mahmoud et al.  [27] evaluated the influence 

of ferric oxide (Fe2O3) NPs on the filter cake characteristics. The authors found that the filter 

cake density increases as the NPs concentration increase. NPs changed the filter cake 

structure, reducing the spaces and generating a smoother surface. Despite the studies 

presented above by scanning electron microscopy (SEM) image [7, 20, 27, 28], and 

computed tomography (CT) [27], most of the studies are analyzed descriptively and not 

define the interaction mechanism of SiO2 NPs-drilling fluid components and changes in the 

internal structure of the filter cake. No research involves a very high-resolution type 

of scanning microscopy to evaluate the topography. 

The porous structure, particles, pore size distribution, and texture of filter cake are some of 

the most critical factors that define the degree of particle packing. Instead, we focused this 

chapter on studying the effect of SiO2 NPs in the filtration and the buildup mechanisms of 

the external filter cake of WBM through SEM and atomic force microscopy (AFM) image 

processing. Particle and pore size distribution, porosity, and physical properties of the 

external filter cake were studied to determine the electrochemical interactions of the SiO2 

NPs-WBM components. The image processing presented in this work contributes to a 

better phenomenological understanding of the filter cake build-up mechanism in the 

presence of SiO2 NPs. In this sense, we obtained insights that clarified the synergy of the 

SiO2 NPs-CaCO3, the morphological structure, surface roughness, and its impact on the 

filtration volume. 

4.1. Experimental 

Morphology structure of filter cake and mechanism of deposition were evaluated through 

the analysis of the colloidal suspension stability and their filtration process in presence of 

SiO2 NPs. The objective was analyzed the aggregate size, porosity, thickness, and 

roughness surface filter cake. 

https://en.wikipedia.org/wiki/Scanning_probe_microscopy
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4.1.1. Material 

The filter cakes used were obtained from the PPT filtration test, according to the procedure 

explained in section 3.1.2. According to the colloidal suspension thermal stability results in 

the presence of NPs and the processes of NPs fabrication thinking in a field application, 

the filter cake obtained for the SiC NPs was evaluated, see chapter 3. SiC NPs will be called 

SIO2 NPs from now on until the end of the thesis. 

4.1.2. Methods 

¶ SEM analysis 

The filter cake morphology was characterized using an SEM (JSM7401, JEOL, Japan). Tiny 

pieces (about 15 mm x 15 mm) of the filter cake were prepared. The SEM observation was 

carried at magnification 300X and 200X for the top and cross-sectional views, respectively. 

Additionally, different layers of filter cake were evaluated for the cross-sectional view. 

Photograms correspond to at least four or three images to ensure reproducibility. Finally, 

the particle size distribution was determined through image analysis using free software 

Image J employing 200 particles [29]. Also, the pore size distribution of filter mudcake was 

determined using the method developed by Rabbani et al. (2017). The methodology 

considered the darker spaces of the filter cake surface as pores where the mud filtrate 

flows. Using multi-level thresholding over gray-scale SEM image [30], detecting the image 

darkest portion [31]. Finally, energy dispersive spectroscopy (EDS) was used to analyze 

the bottom and surface filter cakes. Figure 4-1 summarizes the methodology employed to 

morphologically characterized the filter cakes. 

¶ AFM analysis 

Roughness surfaces of the filter cakes in the absence and presence of NPs were evaluated 

using AFM 5500 (Agilent Technologies, Chandler, AZ) equipment. The AFM images were 

taken in tapping mode; the acquisition speed was 0.2-0.3 lines per second, the resolution 

of the images is 512 points per line, the cantilever resonance frequency is 236 kHz, length 

5 µm, and width 5 µm. The AFM images were analyzed using Gwyddion software [32]. The 

surface roughness of the samples was analyzed through several parameters: mean 

roughness (Ra), mean square roughness (RMS), surface skewness (Rsk), and kurtosis 

coefficient (Rku). The parameters were calculated for each row according to the Gywddion 
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tool [33]. Figure 4-1 summarizes the methodology employed to morphologically 

characterized the filter cakes. 

Figure 4-1: Overview of the experimental analyses used in this study. 

 

4.2. Results 

4.2.1. SEM Analysis 

Figure 4-2 shows the SEM photographs of the top view of the filter cakes from WBM in the 

absence and presence of SiO2 NPs. Random deposition of angular solid particles formed 

the external filter cake with many spaces between the CaCO3, which are favorable for the 

invasion of the mud filtrate for the filter cake in the absence of NPs. NPs formed a denser 

filter cake surface, fewer pores, and thinner solid particles to obtain a more homogenous 

surface. The addition of NPs changed the external filter cake morphology, appears to be 

less porous and less permeable than the filter cake without NPs, as shown in Figure 4-3.b.  

 

According to the cross-section view, the larger particles are deposited in the bottom, then 

smaller particles as the external filter cake thickness are growing, as shown in Figure 4-3. 

The transition from larger to smaller particles is faster for the filter cake with SiO2 NPs (red 

line), and the filter cake presented a tighter structure. As particles are deposited, the filter 

cake thickness increase. If the porosity decreases, the permeate flux is decreasing allowing 

the transition from larger to smaller particles quickly. SiO2 NPs reduce the filter cake 

porosity since the first solid particles are deposited. Then, smaller and smaller particles are 
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deposited on the filter cake surface. Thus, it allowed the reduction of the filter cake thickness 

with SiO2 NPs by 8%.  

 

The thickness reduction and improvement of the filter cake morphology in the presence of 

NPs suggest two mechanisms of action. A stable colloidal suspension, solid particles 

dispersed in the fluid, allows an orderly deposition of particles on the porous medium. If the 

drilling fluid is flocculated or the CaCO3 is aggregate, an aggregates deposition and spaces 

will enable the mud filtrate invasion. The NPs favor the electrostatic repulsive forces in the 

colloidal suspension due to their surface charge and the distance between particles 

(Chapter 2). Additionally, the polymer adsorbed onto the particles, increasing steric 

repulsion forces (Chapter 3). Once CaCO3 is deposited due to the filtration process, the 

NPs reduce the filter cake porosity by occupying the spaces between CaCO3. The distance 

between the particles decreases, increasing the attractive forces. Through molecular 

simulation, these results were corroborated. The non-bonded interaction energy between 

the CaCO3 was 21 kcalĀmol-1, whereas, in the presence of the NPs, it is only 1.87x10-5 kcal 

Ā mol-1. Accordingly, the presence of the NPs almost diminishes the repulsive interaction 

energy between the CaCO3 [38]. Finally, the polymer also coverage the particles and 

reduce porosity (chapter 2). 
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Figure 4-2:   SEM photographs (X300-50 µm magnification) of the top surface view of the 
filter cake generated by the a) WBM and b) WBM with 0.1 wt.% SiO2 NPs. 

 

 

 

 

a) 

b) 
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Figure 4-3:   SEM photographs (X55-200 µm magnification) of the cross-section view of 
the filter cake generated by the a) WBM and b) WBM with 0.1 wt.% SiO2 NPs. 

  

 

According to the methodology, the filter cake cross-section was divided into four layers. 

Figure 4-4 to Figure 4-7 presents the SEM photograms, their corresponding processed 

images, and the particle and pore size distribution for each layer in the absence and 

presence of SiO2 NPs. Table 4-1 summarize filter cake layer properties from image 

processing analysis. Figure 4-4 shows layer one. Large particles and larger pore throat 

sizes predominate; during the first minutes of filtration, the large particles of the WBM 

formulation (mesh 200= 20 ï 30 µm) were deposited while fines particles pass through 

invaded the formation, thus the low presence of fine particles. The porosity of this layer is 

the highest among the other layer. However, the filter cake with SiO2 NPs showed a slight 

reduction. During the formation of layer one, the most significant volume of mud filtrate are 

present. However, SiO2 NPs control mud filtrate invasion, as was observed in the spurt loss 

reductions (chapter 3). The low standard deviation indicates that most particle size tends 

to close to their mean value and not random deposition of particles. 

The morphology for layer two is shown in Figure 4-5. This layer presented a higher degree 

of compaction compared to layer one. SiO2 NPs reduced the mean particle-sized deposited, 

the standard deviation, mean pore throat size, and porosity compared to filter cake without 

NPs. Whereas the filter cake without NPs showed similar characteristics to layer one. No 

definite transition from larger to smaller particles is observed. In contrast, the filter cake 

layer two with SiO2 NPs presented other deposition patterns.  

a

) 

b

) 
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Figure 4-6 and Figure 4-7 presented the layer three and four, respectively.  For filter cake 

with SiO2 NPs, the lower mean particle and pore throat size and porosity were reached 

since layer three. Layer four showed similar values. Whereas layers three and four without 

NPs, these parameters are still greater than those observed for filter cake with NP (see 

Figure 4-7.b). WBM without NPs needed an additional layer or more time to reach and low-

permeable and porosity filter cake. In layer four with SiO2 NPs predominates fines particles 

(mesh 600 and 1200= 7 y 10 µm). In contrast, the filter cake layer without  NPs still 

presented a larger particle size (between 20 ï 30 µm). The transition from large to smaller 

particles means pore throat size and porosity reduction. 

The recompilation of the pore size distribution for each filter cake layer as shown in Figure 

4-8, where the presence of NPs allowed a faster transition since layer two; layer three, and 

four presented similar distribution. Filter cake without NPs showed a gradual change, and 

the filter cake layer four must reach lower porosity. NPs allowed the particle packing, 

greater attraction forces, and plugged pores effectively with fines particles.  

As discussed above, large particles deposition at the filter cake base and subsequent fine 

particles deposition to the top [8]. The reduction of the permeate flux indicates the 

deposition of fine particles. Thus, the faster the filtration flux decreases, the quicker the 

presence of fine particles, and this behavior was observed for filter cake with NPs. A thinner 

and more compact filter cake was obtained. It results in less fluid filtration. It is necessary 

to form a low-permeable filter cake at the early time of drilling operation since it reduces 

fluid loss, and consequently, the thin filter cake can be created. According to the studies 

developed by Jiao et al. [8], this model of cake growth is with the mean particle size in the 

cake decreasing as the cake builds up, and this is according to the observed for the 

evaluation of each filter cake layer. 
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Figure 4-4:    SEM photographs (X200-100 µm magnification) and processed images of 
two different zones of the filter cake layer one and the average particle and pore size 
distribution (histogram and normal fitting) generated by the filter cake from the a) WBM 
and b) WBM with 0.1 wt.% SiO2 NPs. 

SEM photogram Binary segmentation 
Particle and pore size 

distribution 

   

   

   

   

 

 

a) 
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Figure 4-5:   SEM photographs (X200-100 µm magnification) and processed images of two 
different zones of the filter cake layer two and the average particle and pore size distribution 
(histogram and normal fitting) generated by the filter cake from the a) WBM and b) WBM 
with 0.1 wt.% SiO2 NPs. 
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Figure 4-6:    SEM photographs (X200-100 µm magnification) and processed images of 
two different zones of the filter cake layer three and the average particle and pore size 
distribution (histogram and normal fitting) generated by the filter cake from the a) WBM and 
b) WBM with 0.1 wt.% SiO2 NPs. 
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