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The rheological and fluid loss properties of drilling fluids are crucial to the success of any 

oilfield drilling operation. Among the additives that are used to control these properties, 

nanoparticles are showing great promise for use in drilling fluid formulations. Additionally, 

nanoparticles can be used to scavenge and mitigate the noxious effects of hydrogen sulfide 

(H2S), which is usually encountered during oilfield drilling operations. In this regard, nano-

additives with high affinity for H2S are in increasing demand. In this work, zeolitic 

imidazolate framework-67 (ZIF-67), CuMgFe-layered triple hydroxide (LTH), and their 

nanocomposites were synthesized and utilized as nano-additives to formulate water-based 

drilling fluids (WBMs). The crystallinity, functional groups, textural properties, and 

thermal stability of the synthesized pristine nanoparticles and their nanocomposites were 

characterized using XRD, FTIR, BET, and TGA techniques, respectively. Based on the 

results obtained, the inclusion of the nano-additives into the drilling fluids significantly 

boosted the H2S scavenging performance when benchmarked with the base WBM 

formulation. The breakthrough and saturation times of the base drilling fluid were 34.5 and 

325 min, respectively, corresponding to 52.3 and 294.6 mg H2S/L mud. However, the 

amounts of H2S scavenged by the drilling fluids containing ZIF-67, CuMgFe-LTH, and 

CuMgFe-LTH/ZIF-67 at the breakthrough time were 117.2, 216.3, and 140.8 mg/g, 



xvii 

respectively. At saturation, the amounts of H2S scavenged by the above nano-WBMs 

reached 163.6, 268.0, and 184.8 mg/g, respectively. Additionally, the nano-additives 

improved the viscosity, yield points, and gel strengths of the base WBM. Interestingly, all 

the nano-WBMs exhibited acceptable filtration loss properties and desirable non-

Newtonian behavior (i.e., pseudo-plasticity) as the base-WBM, which confirms that their 

addition to the formulation did not adversely affect the mud rheology. Further, rheological 

modelling revealed that the Herschel-Bulkley model best describes the rheology of all 

drilling fluids. The findings in this work demonstrate that the synthesized pristine 

nanomaterials and their nanocomposites are promising, effective, and suitable for the 

removal of H2S and improving the rheology of aqueous drilling fluids. 
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 ملخص الرسالة 

 إدريسو  مصطفى :الكاملالاسم 
  

  LTHو    ZIF-67من المواد النانوية    H2Sالتحقيق في الريولوجيا، وفقدان الترشيح وأداء الكسح    عنوان الرسالة:
   لتطبيقات حفر حقول النفط

  
   ماجستير الهندسة الكيميائية التخصص:

  
  2023ديسمبر  :تاريخ الدرجة العلمية

  

تعتبر الخصائص الريولوجية وفقدان السوائل لسوائل الحفر حاسمة لنجاح أي عملية حفر في حقول النفط. من بين المواد المضافة  

المستخدمة للتحكم في هذه الخصائص ، تظهر الجسيمات النانوية وعدا كبيرا للاستخدام في تركيبات سوائل الحفر. بالإضافة إلى  

والتخفيف من حدتها ، والتي  S) 2hydrogen sulfide (Hت النانوية للبحث عن الآثار الضارة ل  ذلك ، يمكن استخدام الجسيما

.  S2Hفي هذا الصدد ، يزداد الطلب على إضافات النانو ذات التقارب العالي ل   تتم مواجهتها عادة أثناء عمليات حفر حقول النفط.

تصنيع   تم   ، العمل  هذا  ZIF-imidazole framework-zeolitic  ،layered triple -CuMgFe) 67- (67في 

hydroxide (LTH)    نانوية لصياغة تم تمييز التبلور والمجموعات   .WBMs، ومركباتها النانوية واستخدامها كإضافات 

  XRDالوظيفية والخصائص التركيبية والاستقرار الحراري للجسيمات النانوية البكر المركبة ومركباتها النانوية باستخدام تقنيات  

بناء على النتائج التي تم الحصول عليها ، فإن إدراج الإضافات النانوية في سوائل   ، على التوالي.  TGAو    BETو    FTIRو  

كسح   أداء  كبير  بشكل  بتركيبة    S2Hالحفر عزز  قياسه  الحفر   الأساسية.  WBMعند  لسائل  والتشبع  الاختراق  أوقات  كانت 

التي تم   S2Hومع ذلك ، فإن كميات  . S / L2mg H 294.6و  52.3، على التوالي ، المقابلة ل  min 325و  34.5الأساسي 

في وقت   LTH / ZIF-CuMgFe-67و    LTH-CuMgFeو    ZIF-67كسبها بواسطة سوائل الحفر التي تحتوي على  

التي تم كسبها بواسطة    S2Hعند التشبع ، وصلت كميات   على التوالي.  mg / g  140.8و    216.3و    117.2الاختراق كانت  

WBMs-nano    184.8و    268.0و    163.6المذكورة أعلاه إلى  mg / g  .بالإضافة إلى ذلك ، حسنت الإضافات   على التوالي

قاعدة   الهلام في  أظهرت    WBMs-nano. ومن المثير للاهتمام ، أن جميع  WBMالنانوية اللزوجة ونقاط الخضوع وقوة 

، مما يؤكد أن إضافتها   WBMخصائص فقدان ترشيح مقبولة وسلوك غير نيوتوني مرغوب فيه (أي اللدونة الزائفة) مثل قاعدة  

  Bulkley-Herschelإلى التركيبة لم تؤثر سلبا على ريولوجيا الطين. علاوة على ذلك ، كشفت النمذجة الريولوجية أن نموذج  

يصف بشكل أفضل ريولوجيا جميع سوائل الحفر. توضح النتائج في هذا العمل أن المواد النانوية البكر المركبة ومركباتها النانوية 

وتحسين ريولوجيا سوائل الحفر المائية.  S2Hواعدة وفعالة ومناسبة لإزالة 
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1 CHAPTER 1 

INTRODUCTION 

1.1 Background 

Natural gas and crude oil have played pivotal roles in driving the progress of our 

civilization and fostering industrial advancement. Serving as the primary energy source 

and essential feedstock for petrochemical and related industries, these resources have been 

instrumental in catalyzing technological, social, and economic growth in numerous nations 

[1]. In the exploration and extraction of these valuable resources, a crucial and primary 

undertaking involves creating horizontal or vertical wellbores using specialized drilling 

equipment. This process is essential as it allows access from the surface to the subsurface 

hydrocarbon reservoirs, where these precious resources are confined and waiting to be 

tapped into [2,3]. To achieve this and ensure smooth and economical drilling operations, a 

special type of non-Newtonian fluid, known as drilling fluid or drilling mud, is always 

utilized [4]. Drilling fluids are a critical element and a basic requirement for the success of 

any hydrocarbon drilling operation. They are designed and optimized to ensure safety and 

perform an array of crucial functions. The drilling fluid employed ought to have suitable 

fluid properties for a productive drilling operation [5]. The fluid must be able to perform 

functions such as control subsurface pressures, transport, and prevent sagging of drill 

cuttings, enhance heat dissipation and lubrication of the drill string and bit, minimize 

formation damage, transmit hydraulic energy to downhole apparatuses, maintain wellbore 

integrity, seal permeable formations, and provide satisfactory data for formation 

evaluation[6–8].  
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Unfortunately, there have been some issues or challenges that hinder this process and the 

health and safety of drilling crew and infrastructure during oil and gas exploration. Most 

issues related to drilling fluids can be primarily traced back to the harmful consequences 

caused by the infiltration of certain contaminants into the mud system. One of the primary 

contaminants frequently encountered while drilling subterranean formations are acidic 

compounds particularly, gaseous hydrogen sulfide (H2S) [9–11]. This gas infiltrates into 

drilling mud from different origins, such as hydrocarbon reservoirs and sulfide formations, 

along with H2S produced by sulfate reducing bacteria (SRB) present in the fluid. Drilling 

into hydrocarbon formations that contain H2S can cause significant corrosion of the drilling 

equipment, resulting in operational difficulties and substantive economic losses [12]. 

Likewise, when this gas mixes with the drilling fluid and reaches the surface, it poses 

severe health and safety risks to the working personnel. Unfortunately, the prevalence of 

H2S in wells, particularly in older oil fields, is steadily escalating globally [13]. 

Consequently, it is becoming increasingly crucial to implement actions aimed at 

controlling and averting contamination to guarantee sustainable drilling operations.  

H2S is naturally found in a considerable number of hydrocarbon reservoirs and has 

generated there through a variety of biological and geological factors [14–16]. Notably, 

sulfur compounds make up approximately 1% of the dry weight of biological organisms. 

These sulfur compounds include amino acids such as cysteine and methionine, iron-sulfur 

clusters found in metalloproteins, coenzymes like coenzyme A, thiamine, and biotin, as 

well as bridging ligands such as cytochrome c oxidase [17,18]. Furthermore, Sulfur-

bearing lipids such as Sulfoquinovosyl diacylglycerols contribute to the sulfur content 

present in cell wall and photosynthetic membranes. This indicates that during the 
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decomposition of biological biomasses, the process can generate some H2S [17,18]. 

Additionally, the retrieval of sour gases containing as much as 94% H2S suggests that a 

significant quantity of H2S might have come from sulfate minerals, specifically within 

carbonate reservoirs [19].  

The presence of H2S causes sour corrosion, which poses the greatest threat to steel 

structures, leading to the formation of iron sulfide scales [20]. The resulting iron sulfide, 

which is also corrosive in nature, further attaches to steel surfaces as a hard layer and can 

cause pitting corrosion, reducing the equipment's lifespan. Additionally, the iron sulfide 

scales could potentially sag, causing the sticking of drill strings, and clogging of production 

pipelines [21,22]. 

Additionally, H2S acts as a catalyst that triggers the generation of hydrogen ions. This, in 

turn, leads to the failure of metals through either hydrogen embrittlement or stress cracking 

[16]. The generated hydrogen ions become trapped and accumulate in gaps located along 

the grain boundaries of pipes, causing a buildup of pressure until it surpasses the tensile 

strength of the pipe. As a result, cracks begin to appear because of the pressure building 

over time [23,24]. A visual illustration of the corrosive effects of H2S on metallic drilling 

pipes is depicted in Figure 1-1. 

Besides, the transfer of H2S to the drilling fluid triggers several effects on the mud, leading 

to decreased viscosity, increased fluid loss, and changes in fluid density [25]. These 

changes can lead to the problem of a well kick. Furthermore, the decrease in pH caused by 

H2S makes the mud more corrosive to metal [26,27]. Also, it is important to note that when 

the pressure is low, typically around 350 to 400 psi, H2S undergoes a transition from a gas 

to a liquid phase. Consequently, in the event of a kick involving H2S, the H2S remains in 
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its liquid phase until it nears the surface, at which point it rapidly converts into a gaseous 

phase, resulting in a significant and sudden expansion in volume [24,25]. This situation 

presents difficult well control challenge. 

 
Figure 1-1: Effect of H2S on steel structures [28]. 

H2S is widely recognized as a cellular toxin, functioning as both an asphyxiant and an 

irritating agent. It interacts with cytochrome c oxidase, disrupting the metabolism and 

activity of the cellular mitochondrial and consequently resulting in dysfunction of the 

central nervous and respiratory systems [29]. Its health consequences vary depending on 

the exposed concentrations and duration of exposure. Table 1-1 highlights the effects of 

H2S exposure at various levels. To abate the exposure of H2S, strict regulations and 

guidelines have been prescribed. The Occupational Safety and Health Administration 

(OSHA) defines a maximum limit of 20 ppm of H2S for short-term exposure, while the 

National Institute for Occupational Safety and Health (NIOSH) recommends an exposure 

threshold of 10 ppm for a duration of 10 min and classifies 100 ppm as immediately 

dangerous to life or health for workers. At higher concentrations, H2S becomes lethal, with 

concentrations of 500 ppm leading to sudden death [30]. However, a concerning issue is 

that the odor associated with H2S becomes undetectable at these higher concentrations. The 
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human nose can only detect or perceive this odor at small concentrations below one ppm 

[31]. In essence, exposure to higher concentrations of H2S can be extremely detrimental, 

as it cannot be detected, necessitating the use of appropriate H2S detectors. Undetected 

exposure to a concentration of 100 ppm can result in various severe health effects, 

including olfactory paralysis, loss of balance, memory impairment, unconsciousness, 

tremors, and convulsions [32,33]. Due to these harmful effects and detrimental 

consequences, H2S is rightly considered a highly dangerous gas and its exposure must be 

effectively mitigated.  

Table 1-1: Health effect of H2S exposure [29,34]. 

H2S Concentration 
(ppm) 

Clinical effect of H2S 

0.13 – 0.15 Odour threshold 
4.6 - 10 Fatigue, headache, nausea, eye irritation 

100 Eye and throat irritation, dyspnea, olfactory paralysis 

200-300 
Olfactory paralysis, pulmonary edema, throat, and lung 
irritation 

500-700 
Cerebral edema, pulmonary edema, loss of consciousness, 
permanent loss of memory, death with few hours of exposure 

1000-2000 
Respiratory paralysis, asphyxia with cardiac arrest, sudden 
death 

1.2 Significance of this research 

The presence of H2S is highly undesirable and poses significant challenges in the petroleum 

industry. It is corrosive to metallic infrastructure and detrimental to the health and safety 

of rig personnel. The hazardous nature of H2S, along with its economic impact on drilling 

operations, makes it crucial to mitigate its exposure. Various techniques have been adopted 

to address these H2S-related dilemmas. However, the approaches adopted have certain 

limitations, such as H2S low reactivity and removal capacity, relatively expensive, and not 

entirely environmentally benign. 
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Despite the extensive research studies, there is a noticeable lack of published literature on 

the synthesis and application of layered triple hydroxides (LTH) and metal-organic 

frameworks (MOF), particularly zeolitic imidazole framework (ZIF-67), and their 

respective nanocomposites for H2S scavenging. Therefore, this research aims to address 

this gap by focusing on the synthesis of ZIF-67, LTH, and their respective nanocomposites 

for the purpose of removing H2S. Additionally, the present study will investigate the impact 

of these nanomaterials on the rheological and filtration properties to ascertain their 

potential for drilling fluid applications. 

1.3 Research objectives 

This research work seeks to investigate the H2S scavenging performance, rheological and 

filtration properties of ZIF-67, LTH and their respective nanocomposites in an aqueous 

drilling fluid formulations. The specific objectives are as follows: 

i. Synthesize pristine and nanocomposites of ZIF-67 and LTH. 

ii. Characterize the synthesized nanomaterials using FT-IR, XRD, TGA, and N2 

adsorption/desorption isotherms. 

iii. Formulate and characterize the rheological parameters of water-based drilling 

fluids. 

iv. Evaluate the H2S scavenging performance of the water-based drilling fluids 

comprising synthesized nanomaterials. 

v. Investigate the effects of the synthesized nanoparticles on rheological and fluid loss 

properties of the formulated drilling fluids.  
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2 CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Background 

This chapter provides an overview of drilling fluids, encompassing their distinct types and 

properties. Furthermore, it highlights on the rheological properties of these fluids, delving 

into their behavior and flow characteristics. Additionally, it explores the current literature 

on the techniques and nanomaterials that have been employed for effectively eliminating 

H2S during oil and gas drilling operations and enhancing rheology. 

2.2 Drilling fluid classifications and composition 

In 1913, the utilization of drilling mud was first introduced as a means to manage 

subsurface pressures while drilling [35]. The process of extracting crude oil and natural gas 

from reservoirs typically entails the creation of either vertical or horizontal telescopic holes 

connecting the earth surface to the hydrocarbon reservoir, which may lie several kilometers 

below surface [36]. This is accomplished using a drilling bit attached to a lengthy string of 

drill pipe, which effectively crushes rocks into tiny pieces. To facilitate this operation, 

drilling fluid is circulated through the drill pipe from the surface to the bit face, where it 

carries the resulting rock fragments back up to the surface. On the surface, specialized 

machinery is employed to extract the cuttings from the drilling fluid. Afterwards, using 

strong pumps, the cleaned drilling fluid is reintroduced back into the wellbore for 

recirculation [3]. The schematic representation of this process is illustrated in Figure 2-1.  

Besides the management of subsurface pressures, drilling fluids aids in stabilizing the 

exposed rock, guarding against the intrusion of unwanted substances into subsurface 
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formations and hydrocarbon fluids, providing buoyancy, inhibiting the dispersion of shale, 

and effectively cooling and lubricating the drill bits [4,37–39]. 

 
Figure 2-1: Schematic illustration of drilling fluid circulation system. 

Consequently, it is essential to meticulously design these fluids to ensure optimal 

performance, even in challenging conditions. Additionally, it is imperative to guarantee 

that they do not cause any harm to the formations being drilled which could impede the 

drilling operations. 

Drilling fluid is composed of a base fluid, to which various active and inactive chemical 

additives are introduced with the aim of attaining the preferred rheological characteristics 

[40]. The base fluid utilized determines the type of drilling fluids. The categorization of 

drilling fluids primarily consists of three (3) classes namely oil-based drilling fluids 

(OBM), water-based drilling fluids (WBM), and synthetic-based drilling fluids (SBM) 

[41]. Water-based fluids are highly prevalent and are viewed as more cost-effective 

compared to oil-based or synthetic-based alternatives [42]. They are employed in the 

drilling of around 80 – 90% of hydrocarbon formations and reservoirs. The base fluid used 
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in water-based drilling fluid can be seawater, saturated brine, fresh water, or a formate 

brine [43].  

However, it is infrequent for oil-based and synthetic drilling fluids to be recommended for 

drilling operations due to environmental apprehensions. These fluids typically contain 

mineral oils, conventional diesel, or linear olefins and paraffins, which are toxic and 

extremely hazardous to the environment and more costly than the base fluids used in water-

based drilling fluids [44,45]. Among the crucial stages in the life cycle of an oil field, 

drilling stands out as the most pivotal. A notable aspect of this process is the careful 

consideration of the drilling fluid, which falls within the purview of petroleum economics 

and risk management. For this study, a water-based mud using distilled water as the base 

fluid is employed. 

Apart from the primary fluid, water-based drilling fluids also consist predominantly of 

clay, polymers, and weighting agents [41]. In addition to these materials, water-based mud 

may be made to incorporate various additional materials such as shale stabilizers, pH 

control agents, corrosion inhibitors, and acidic gas scavengers [46,47] . To maintain and 

enhance desirable drilling fluid properties, clays such as bentonite have traditionally served 

as a fundamental element in water-based drilling fluids formulations. Bentonite clay is used 

in about 80% of water-based drilling fluids [48]. This clay has the ability to expand when 

it encounters water, thanks to its associative and electrostatic interactions (i.e., edge-to-

edge, face-to-face and edge-to-face) [49]. Moreover, the ability of its c-axis to 

accommodate and take up water in its layered structure enables it water update and 

expansion. This swelling characteristic of bentonite makes it an ideal choice to improve 

viscosity in drilling fluids and helps in the formation of thin and less permeable filter layers 
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thereby preventing formation damages [50]. Further, bentonite clay helps to prevent 

circulation losses and water seepage into permeable formations [51]. It should be 

emphasized, however, that an excessive amount of bentonite in drilling fluid can lead to 

negative consequences, including pipe sticking, reduced rate of penetration (ROP), and 

increased energy requirements for circulation. In contrast, insufficient bentonite fails to 

uphold the necessary rheological properties essential for efficient drilling, potentially 

causing sagging [49,51].  

In addition to clays, polymers find applications for the enhancement of the rheological 

characteristics of drilling fluids. These polymers play a vital role in managing and 

augmenting the rheological properties, filtration efficiency, wellbore stability, and shale 

inhibition [52,53]. The interaction between water and shale results in the swelling of shale, 

which subsequently causes wellbore instability issues such as tight holes, shale dispersion, 

and bit balling [50]. Water-based drilling fluids use polymers to hinder shale swelling and 

fluid loss [54]. They achieve this by creating a protective coating around the shale through 

a thin layer of polymer, thereby preventing water from infiltrating the formation [50]. Also, 

polymers are used to boost the properties of simple systems such as clay-based muds and 

to avert bentonite flocculation [55]. These drilling fluids employ several types of polymers 

to effectively control rheological properties and to avoid loss of fluid into the formations. 

Several types of polymers are utilized in water-based drilling fluids, such as starch, 

polyacrylates, xanthan gum, amphoteric cellulose, hydrolyzed polyacrylamide, partially 

hydrolyzed polyacrylamide, polyacrylamide, polyanionic cellulose, and carboxymethyl 

cellulose [56,57]. This study focuses on enhancing the rheology of drilling fluid 

formulation through the inclusion of starch and xanthan gum. Starch is selected for its 
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capacity to improve temperature stability, moderately increase viscosity, and efficiently 

control fluid loss [58]. Moreover, starch offers the benefits of being readily available, cost-

effective, and highly biodegradable [59,60]. Likewise, akin to starch, Xanthan gum is a 

high-molecular weight biopolymer that offers versatile control over the flow properties of 

substances. It is considered safe for use in environmentally sensitive areas and applications. 

The main purpose of xanthan gum is to increase the viscosity and flow resistance of 

cuttings, allowing for better transport and suspension [61]. It works effectively in a wide 

range of water-based drilling fluids, from those with low solids content to heavily weighted 

formulations. One of its advantages is providing an improved rheological profile, featuring 

elevated viscosity at low shear rates and significant shear-thinning characteristics with a 

low flow index [62]. This unique combination allows xanthan gum to maintain high 

effective viscosity, ensuring proper cleaning of the well and keeping cuttings suspended 

[63]. 

A primary objective of drilling mud is to manage the fluid pressure in the geological 

formation and safeguard the well stability. This can be effectively accomplished by 

introducing weighting agents into the mud, which raises its hydrostatic pressure above that 

of the formation pressure [64]. These weighting agents can be any substance denser than 

water, effectively increasing the drilling fluid density while leaving its essential properties 

unchanged. Besides factors like chemical inertness and specific gravity, the choice of a 

weighting agent is also influenced by considerations such as its availability in sufficient 

quantities. Various weighting agents are employed in the formulation of drilling fluids to 

enhance their density. These agents include barite, dolomite, micromax, ilmenite, calcite, 

and hematite [65,66]. This research employs calcite (CaCO3) as a weighting agent, which 
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serves as both an acid-soluble bridging and weighting component to manage fluid loss and 

achieve the desired density [67,68]. It finds applicability in a wide range of drilling fluids, 

including conventional oil-based fluids. Moreover, acting as a bridging agent, calcite 

remains essentially inert and highly insoluble, thereby exerting minimal impact on fluid 

properties.  

2.3 Rheology of water-based drilling fluids 

Rheology is an aspect of physics that deals with the study of the flow of material (i.e., 

solids or fluids), their deformations, and the relationship between them [69]. All water-

based drilling fluids display non-Newtonian characteristics; thus, they do not adhere to a 

straightforward relationship between the shear rate and the shear stress. As a result, 

different non-Newtonian models are employed to interpret the rheology of drilling fluids 

[70]. The Herschel-Bulkley and the Bingham plastic model are the two primary models 

extensively employed for elucidating the rheological characteristics of drilling fluids [71]. 

The rheological parameters that explain the non-Newtonian behavior of drilling fluids are 

the plastic viscosity, yield point, apparent viscosity, gel strength, and the dimensionless 

flow index [72,73]. The yield point signifies the minimal stress or force needed to initiate 

flow and is crucial in evaluating the drilling fluid cuttings transport and hole cleaning 

performance. The plastic viscosity characterizes the fluid resistance to flow during drilling, 

and a lower value indicates a smoother drilling process. Similarly, the apparent viscosity 

represents the effective viscosity during drilling, and a lower value usually signifies a 

smoother process. The gel strength, on the other hand, measures the strength of the 3D 

network structure that forms after circulation is interrupted. The flow behavior index 

provides information about the characteristics of drilling fluid. For instance, when n=1, the 
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fluid exhibits Newtonian behavior, while n<1 indicates shear thinning or pseudoplasticity, 

and n>1 signifies shear thickening or dilatant behavior. Understanding these model 

parameters offers valuable insights into the rheological properties, helps in selecting the 

appropriate drilling fluid, and gives an indication of the energy required for circulation 

[71]. In the case of water-based muds, properties like plastic viscosity, yield point, apparent 

viscosity, and gel strength hold significant importance for drilling fluids. The properties 

primarily depend on how the different drilling fluid particles associate and interact with 

each other. The shear rate-share stress curve for typical rheological models is depicted in 

Figure 2-2. 

 

Figure 2-2: Shear rate-share stress curve for typical rheological models [74]. 

The study of rheology is crucial for comprehending the effectiveness of water-based muds 

in drilling operations. To assess the suitability of experimental data, four widely recognized 

rheological models (Bingham, Power law, Herschel-Bulkley, and Sisko models) have been 

chosen [71]. This selection is necessary as no single rheological model can precisely and 

adequately describe or predict the relationship between the shear stress-shear rate data of 

all drilling fluids across all ranges of the shear rate. The Bingham model demonstrates that 

a certain minimum stress threshold is necessary to initiate flow, and once this stress is 
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reached and applied, materials behave like a Newtonian fluid. However, the model only 

fits experimental data best at low shear rates. The power law model establishes a power 

relationship between the shear rate and the shear stress. It offers better predictions for 

drilling fluids compared to the Bingham model, but it may deviate for low shear rates since 

it lacks consideration of the initial yield stress. In contrast, the Herschel-Buckley model 

can adequately describe both yield stress and non-Newtonian behavior of fluids across a 

wide range of shear rates. Consequently, it can more accurately predict the behavior of 

drilling fluids compared to other models as it combines the strengths of the Bingham and 

Power Law models while addressing the weaknesses of the latter. The Sisko model, 

involving three parameters, provides a generalized power-law relationship between shear 

stress and shear rate, encompassing Newtonian behavior as well. This model holds 

significant importance as it adequately describes non-Newtonian fluids, particularly in the 

crucial range of shear rates. Its appropriateness has been extended to explain the 

pseudoplastic behavior of non-Newtonian fluids [55,75]. 

2.4 Nanoparticles in drilling fluids 

Nanoparticles (NPs) have recently made significant strides in the field of oil and drilling 

industries, particularly in drilling fluid technology. These nano-scale particles offer 

exceptional traits like high thermal conductivity and a wide surface area, which address 

various challenges encountered in drilling fluid applications. The benefits of integrating 

NPs into drilling fluids are manifold; they mitigate formation damage, reduce overall 

drilling fluid expenses, control fluid loss and mud cake formation, eliminate hazardous 

materials, enhance heat transfer and lubrication, and improve key rheological properties 

such as viscosity [76,77]. The use of nanoparticles in nano-based drilling fluids introduces 
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remarkable enhancements beyond their base materials. These enhancements may include 

bolstered stability against sagging, thanks to the superior attributes exhibited by these NPs. 

Nanotechnology has surged to the forefront of research and has already exerted a 

substantial impact on technological advancements across diverse industries. The 

exceptional physico-chemical characteristics of NPs, resulting from their minuscule size 

and extraordinarily high surface-to-volume ratio, set them apart from macro and micro-

sized materials. It is these distinct properties that render NPs the most promising candidates 

for crafting intelligent drilling fluids. These fluids can be tailored to possess specific 

properties that align with the demanding conditions of upstream downhole environments. 

2.4.1 Significance of nanoparticles in drilling fluids 

In recent times, numerous research studies have been dedicated to incorporating different 

nanoparticles into water-based drilling fluids [3,60,70]. This integration aims to enhance 

the properties of these fluids. These improvements cover a range of aspects, including 

better rheological characteristics, improved thermal and electrical conductivity, and more 

effective control over fluid loss [42]. Traditional drilling muds often experience a decline 

in their rheological properties when exposed to elevated temperature and pressure 

conditions. This reduction leads to a decrease in drilling efficiency due to the loss of mud 

filtrate volume. To address this issue, nanoparticles like metal oxides, polymers and other 

nanomaterials are introduced. These nanoparticles contribute to improved heat transfer by 

enhancing thermal conductivity and filling pore formations to reduce the volume of mud 

filtrate [68,78].  

Moreover, nanoparticles often offer enhancements to the physiochemical, electrical, and 

thermal properties of drilling fluids, thereby further improving their rheology. It is 
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important to note that altering the size distribution and concentrations of nanoparticles 

plays a crucial role in modifying these rheological properties [79]. In comparison to bulk 

phase materials, nanoparticles bring about significant improvements in various drilling 

fluid properties. These enhancements encompass rheology, fluid loss control, wellbore 

stability, wellbore strengthening, suspension of cuttings, and thermal characteristics. The 

improved rheological properties of nanoparticles are achieved through factors such as their 

concentration, inherent properties, and the continuous phase of the drilling fluid. 

Nanoparticles also find application in ensuring the stability of the wellbore when facing 

challenges like sloughing, swelling, and formations with abnormal pressure. By entering 

shale pores, nanoparticles function as bridging and wellbore strengthening agents [80]. 

Furthermore, the inclusion of nanoparticles enhances the heat conductivity and dissipation 

within drilling fluids. The substantial heat generated during the drilling process, combined 

with friction between the bit and rock surfaces, tends to degrade the performance of drilling 

fluids. To combat this, metal oxide nanoparticles, known for their high thermal 

conductivity, are introduced. These nanoparticles facilitate efficient heat transfer and 

cooling. Their unique random Brownian motion at the nano-scale further boosts thermal 

conductivity. Notably, elevated temperatures amplify thermal conductivity in drilling 

fluids enriched with nanoparticles, resulting in faster cooling when the fluid moves upward. 

The concentration of nanoparticles is directly proportional to the enhancement of thermal 

properties. Notably, nanoparticles in the nano-sized range surpass their micro-sized 

counterparts in terms of enhancing thermal conductivity. Additionally, nanoparticles 

increase the annular viscosity of drilling muds, thereby enhancing the lifting capacity by 

intensifying the drag force on drilled cuttings [81].  
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2.4.2 Effect of nanoparticles on rheology 

Managing the rheological properties of drilling fluid is of utmost importance for upstream 

and deep subterranean operations particularly under high-pressure and high-temperature 

conditions. These properties play a critical role in evaluating both the hydraulics of the 

wellbore and the effectiveness of the mud system [4,82]. Key rheological characteristics of 

drilling mud, such as apparent viscosity, plastic viscosity, yield point, and gel strength, 

hold significant relevance in this context. Recent studies underscore the potential of 

incorporating different nanoparticles into the drilling mud as a means to alter and augment 

these rheological properties. This addition has a notable impact on improving the plastic 

and apparent viscosity, all the while maintaining the integrity of the yield point and gel 

strength. For example, Ismail et al. [41], conducted a study to examine and compare how 

nano and micro-sized materials impact the rheological properties of water-based drilling 

fluids. They investigated the suitability of nano-silica, multi-walled carbon nanotubes 

(MWCNT), as well as two distinct size distributions of glass beads (90-150 µm and 250-

425 µm). The results indicated that the nanomaterials, specifically MWCNT and silica, 

displayed a superior coefficient of friction (COF) compared to the larger micro-sized glass 

beads. Moreover, both nano-silica and MWCNT demonstrated better control over 

viscosity, even though they exhibited a similar trend of the yield point when compared to 

the micro-sized glass beads [41]. 

In another study conducted by Bayat et al. [83], the influence of SiO2 and TiO2 

nanoparticles on the rheological and filtration characteristics of a water-based polymeric 

drilling fluid was investigated at three distinct temperatures (25, 50, and 75 ℃). Initially, 

there was a noticeable decline in performance within the range of 0-0.1 wt.% nanoparticle 
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concentrations for both types of nanoparticles at the three temperatures. This decline was 

attributed to the reduction in mechanical friction between the components of the drilling 

mud in the presence of nanoparticles at lower concentrations. Subsequently, as the 

nanoparticle concentration increased from 0.1 to 0.5 wt.%, there was a notable increase in 

the PV of the base mud. Furthermore, the results obtained from yield point measurements 

indicated that muds containing nanoparticles displayed greater resistance to temperature 

variations when compared to the base mud. This enhanced performance was attributed to 

the higher thermal conductivity of the nanoparticles, which improved heat dissipation. As 

a consequence of the enhanced thermal properties of the nano-mud, the effect of 

temperature fluctuations on the gel strength was mitigated. At each of the tested 

temperatures, the gel strength exhibited improvement in the presence of nanoparticles [83].  

Perween et al. [84] introduced BiFeO3 NPs as an additive to water-based mud, in 

conjunction with bentonite and other polymeric additives. This incorporation of BiFeO3 

resulted in notable improvements in key properties, including apparent viscosity, plastic 

viscosity, yield point, and even the API fluid loss. The results further revealed that as the 

concentration of BiFeO3 increased from 0 - 0.30 w/v%, a substantial 25% increase in AV, 

PV, and YP, respectively was observed. Moreover, they observed a significant 35% 

reduction in API filtrate loss at a temperature of 20 °C, prior to hot rolling. Interestingly, 

even after subjecting the BiFeO3-mud to hot rolling at 110 °C, these properties remained 

relatively stable which demonstrated the enduring efficacy of the NPs in preserving the 

desired drilling fluid characteristics. Generally, the combination of NPs with bentonite 

platelets conferred enhanced thermal stability to the drilling fluid. Oseh et al.[85], 

introduced a novel surfactant-modified nanohydroxyapatite (Nano-HAp) as an additive to 
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enhance the rheological properties and salt resistance of water-based drilling fluids. The 

nano-HAp simultaneously improved fluid rheology and bolstered the base mud resistance 

to salt cation contamination. At 298 K, the nano-HAp increased viscosity by 78.6%, and at 

353 K, it achieved a remarkable 79.2% increase in the viscosity. These results suggest that 

the inclusion of nano-HAp in the drilling fluid not only enhances viscosity but also has a 

positive impact on the thermal conductivity of the drilling fluid since the vast change in 

temperature did not have any appreciable effect on the viscosity.  

Some researchers have also studied the effect of nanocomposites on the properties of 

drilling fluids. For example, Kalhori et al. [86], investigated the effect of 

CeVO4/Al2O3/rGO nanocomposite on rheological properties and thermal conductivity of 

water-based drilling fluid. A three and two-fold increase in the PV is observed with the 

incorporation of CeVO4/Al2O3 and CeVO4/Al2O3/rGO nanocomposite respectively within 

the concentration range of 0.1 to 0.5wt%. In all drilling fluid formulation prepared, the 

shear thinning behavior was exhibited even with the nano-mud, which also exhibited good 

thermal conductivities. A summary of various nanomaterials incorporated into drilling 

fluids is presented in Table 2-1. 

2.4.3 Effects of nanoparticles on filtration loss  

Effective control of filtration is a crucial factor in enhancing the performance of drilling 

mud [56,87]. This is especially vital when dealing with demanding reservoirs, which could 

potentially result in significant loss of mud and intrusion of fluids. One innovative 

approach to tackle this challenge involves the incorporation of nanoparticles into the mud. 

By doing so, the loss of fluid is ceased, and thin filtration cake forms which improves 

drilling operation and prevent sticking of drill strings [59,88]. The formation of thin filter 
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layers is pivotal in preventing the invasion of fluids into the formation pores (see Figure 

2-3). However, it is important to note that the concentration of nanoparticles must be 

managed with precision to prevent agglomeration which increases the permeability and 

porosity of the filter layer. A careful control is necessary to avert filtration problems 

stemming from the clumping of nanoparticles.  

 

Figure 2-3: Filtration loss prevention by NPs and bulk materials [81]. 

Incorporation of NPs has been pivotal towards the mitigating and control of filtration loss 

and general fluid properties. For instance, Ahasan et al. [89], explored the impact of ZnO 

NPs on fluid loss in water-based drilling fluid under API low-pressure low-temperature 

(LPLT) conditions. They found that the addition of NPs did not significantly affect the 

volume of lost fluid. However, as the concentration of NPs increased, the thickness of the 

mud cake steadily decreased. At a 1.0wt% concentration of ZnO NPs, the mud cake 

reached its lowest thickness of 0.9/32 inch, representing a 55% reduction compared to the 

base mud. These reductions provide convincing evidence of a well-established connection 

between nanoparticles and drilling fluid additives within the mud cake, effectively sealing 

the pores of the filter cake (see Figure 2-4). 
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Figure 2-4: (a) Effect of ZnO NPs on the filter cake thickness and (b) formed cakes at 
different ZnO NPs concentration after 30 min LTLP API filter test [89]. 

 

The thickness of the mud cake is linked to how much fluid infiltrates the formation while 

drilling. When the mud cake on the wellbore wall is thick, it indicates that a significant 

amount of liquid and solid particles has infiltrated the formation near the wellbore. This 

thick mud cake creates a pressure difference between the mud column and the formation, 

leading to differential pipe sticking [78,90]. Therefore, it is preferable to have a thin and 

slippery mud cake during drilling operations. As shown in Figure 2-4, the thickness of the 

developed mud cakes clearly shows that incorporating NPs into the drilling fluid reduced 

the mud cake thickness across all NPs concentrations which is preferable for well 

development. 

Also, Alam et al. [91], conducted a study to investigate the impact of Fe2O3 NPs on the 

filtration and rheological properties of low-solid non-dispersed drilling mud (LSND), both 

in field and laboratory-LSND. When the NPs were introduced into the laboratory- LSND 

mud, an improvement in fluid loss across all concentrations of NPs was observed. 

Specifically, at 0.5 wt.% NPs concentration, the filtrate volume significantly decreased by 

23.75% relative to the base laboratory-LSND. However, at 1.0 and 3.0 wt.% NPs 

(a) (b) 
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concentration, the filtrate volume increased. Conversely, at 0.1 wt.% NPs concentration, a 

40% reduction in the fluid loss was obtained in the field-LSND relative to the base mud. 

This suggests a substantial influence of NPs on fluid loss control, particularly at relatively 

lower concentrations. In essence, the active plugging of nanopores seems to occur due to 

the adequate dispersion of NPs at lower concentrations. At higher concentrations, on the 

other hand, agglomerated NPs deposit below the primary filter layers, forming a permeable 

layer, leading to increased fluid loss. Additionally, the presence of NPs in the drilling fluid 

resulted in a reduction in filter cake layer thickness at all NPs concentrations. The thinnest 

filter cake thickness for the laboratory-LSND mud was 0.75/32 inch at 0.5 wt.% NPs 

concentration, which is a significant 70 % reduction in thickness compared to the base mud 

filter layer. At NPs concentration of 0.1 wt.%, thickness of the field-LSND mud was found 

to have decreased by 47 % (0.80/32 inch) when compared to the base mud (see Figure 2-

5). A summary of various nanomaterials incorporated into drilling fluids is presented in 

Table 2-1. 

Figure 2-5: (a) Impact of NPs on filtration volume reduction and (b) filter cake thickness for 
under API LPLT test [91]. 

(a) (b) 
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Table 2-1: Summary of various nanomaterials utilized to enhance the rheological, filtration, thermal and electrical properties of drilling 
fluids. 

Type of Nanoparticle 
Fluid 
type 

Properties 
Tested 

Experimental 
conditions 

Findings Ref. 

MWCNT 
Nanosilica 
Glass beads 

WBM 
PV, AV, YP, GS 
Filtration 
Properties 

LPLT 

 NPs generally enhanced the rheological properties of 
the base fluid.  

 GB increased the FC thickness, whereas the MWCNT 
and NS showed negligible effects on the FC thickness.  

 MWCNT exhibited better control of FL than the other 
NPs and the base fluid. 
 

[41] 

SiO2 
TiO2 

Polymeric -
WBM 

PV, AV, YP, GS 
Filtration 
Properties 

LPLT 

 NPs exhibited appreciable control on the rheological 
properties.  

 SiO2 and TiO2 NPs enhanced the filtration loss and 
reduced the fluid loss volume in the polymeric WBM 
at all applied temperatures.  

 NPs-WBMs exhibited greater resistance to 
temperature variations. 
 

[83] 

Nanohydroxyapatite 
(Nano-HAp) 

WBM 

Rheology 
Filtration 
Properties 
Salt tolerance 

LPLT 
HPHT 

 Nano-Hap enhanced the rheological, filtration, and 
resistance to salt (Ca2+ and Na+) contamination.  

[85] 

CeVO4/Al2O3/rGO 
Bentonite-
WBM 

Rheological 
properties 
Filtration 
properties 
Thermal 
conductivity 

LPLT 

 CeVO4/Al2O3/rGO significantly decreased fluid loss 
and filter cake thickness in water-based drilling fluid.  

 The NPs improve the rheological properties of water-
based drilling fluid. 

 CeVO4/Al2O3/rGO slightly enhanced the thermal 
conductivity at 80 °C. 
 

[86] 

Fe2O3 

Low solid 
non-dispersed 
water base 
mud (LSND) 

Rheological 
properties 
Filtration 
properties 

LPLT 

 The addition of NPs significantly enhanced the 
filtration properties and reduced the FL and FCT for 
both lab and field LSND.  

 NPs had a greater effect on the GS of the field-LSND 
than the lab-LSND.  

 At 0.1 wt.%, NPs reduced the filtrate volume and 
cake thickness of the filed-LSND by 40% and 47%, 
respectively.  

 The NPs generally enhanced the rheological 
parameters of the LSND muds. 

 

[91] 
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Type of Nanoparticle Fluid type 
Properties 

Tested 
Experimental 

conditions 
Findings Ref. 

Mn3O4 WBDM 

PV, AV, YP, GS 
Filtration 
Properties 
H2s Removal 
Corrosion 
Resistance 

LPLT 

 Mn3O4 enhanced the H2S scavenging efficacy of the 
base mud (BM) by a remarkable 706.6%, surpassing 
the performance of triazine and Sourscav commercial 
scavengers by four to five-fold.  

 Mn3O4 reduced fluid loss volume, suggesting 
accelerated plugging and reduced formation damage.  

 Mn3O4 exhibited noncorrosive properties and an 
almost negligible corrosion rate. 

[92] 

ZnO 
KMnO4 
Cu(NO3)2.3H2O 

WBDM 

PV, AV, YP, GS 
Filtration 
Properties 
H2s Removal 

LPLT 

 At saturation, ZnO removed 35.1 mg/g H2S, 
Cu(NO3)2.3H2O removed 146.8 mg/g H2S, and 
KMnO4 removed 307.5 mg/g H2S.  

 KMnO4 resulted in a 20% increase in AV, a 33% 
increase in PV, and a 10% increase in YP.  

 Both ZnO and Cu(NO3)2.3H2O exhibited nearly 
identical rheological characteristics to the base mud, 
with no significant impact on the base mud's 
properties.  

[12] 

Hydrophobic Zn NPs 
 

Invert 
Emulsion 
Diesel-Based 
Drilling Mud 
(IEDBM) 

Plastic viscosity 
(PV) 
H2s Removal 
Rheological 
model 

LPLT 

 At saturation, the NPs-IEDBM demonstrated a 
noteworthy capacity for scavenging H2S, with a 
capacity as high as 4465 mg H2S per liter of mud.  

 Additionally, the IEDBM-NPs demonstrated 
favorable characteristics of shear thinning, and this 
behavior aligns well with the Casson and Herschel-
Bulkley models. 

[93] 

Steel-waste NPs WBDM 

PV, AV, YP, GS 
Filtration 
Properties 
H2s Removal 

LPLT 

 SW-NPs significantly improved the H2S scavenging 
capacity by almost 503% at 3.0 g SW compared to the 
BM.  

 Addition of SW-NPs improved the rheological 
parameters.  

 At 1 g, the steel waste reduced the FL by 32%. 

[11] 

Waste-Steel NPs WBDM 

PV, YP, GS 
Filtration 
Properties 
H2s Removal 
Corrosion test 

LPLT 

 WS-NPs enhanced the H2S scavenging capacity more 
than BM by 61%.  

 WS-NPs led to an increase of 16% in PV, a 9% 
increase in YP, and about a 15% improvement in the 
GS.  

 WS-NPs led to a 25% reduction in the volume of 
filtrate. 

 WS-NPs improved the corrosive resistance of the 
WBDM and did not exhibit any corrosive effects. 

[94] 



25 

Type of Nanoparticle Fluid type 
Properties 

Tested 
Experimental 

conditions 
Findings Ref. 

SiO2/Kcl/xanthan NC WBDF 

PV, AV, YP, GS 
Filtration 
Properties 
Shale Swelling 

LPLT 
HPHT 

 Rheological properties improved with the addition of 
SiO2/Kcl/xanthan NC.  

 At 4000 ppm NC, the fluid loss volume was reduced 
by 90.13% and 90.71% under LTLP and HPHT 
conditions, respectively.  

 Shale swelling also decreased by 41 and 52.2% under 
LTLP and HPHT conditions, respectively. 

[95] 

Polymer grafted silica  WBDF 
PV, AV, YP, GS 
Filtration Loss 

LPLT 
HPHT 

 Incorporation of NCs led to enhancements in 
rheological characteristics and the reduction in FL 
volume was observed under both LPLT and HPHT 
conditions. 

[96] 

ZnO 
TiO2 
Functionalized-
MWCNT 

Bentonite-
WBDM 

PV, AV, YP, GS 
Filtration Loss 

LPLT 
HPHT 

 NPs led to enhancements in the rheological 
characteristics of the water-based drilling fluid. 

 f-MWCNTs yielded superior rheological performance 
and the most substantial decrease in the filtrate 
volume of the drilling fluid. 

[97] 

ZrO2 

Non-
Damaging 
Drilling Fluid 
(NDDF) 

PV, AV, YP, GS 
Filtration Loss 
 

LPLT 
HPHT 

 The rheological properties were improved by ZrO2 
NPs.  

 At 100 psi and 200 psi differential pressures, ZrO2 
NPs reduced the FL volume. 

[98] 

MnO WBDF 

PV, AV, YP, GS 
Filtration Loss 
Electrical 
Conductivity 

LPLT 

 NPs improved the rheological properties of WBDF 
before and after hot rolling at 100°C. 

 NPs effectively reduce both LPLT and HPHT filtrate 
loss of drilling fluid before and after hot rolling at 
100℃.  

 NPs-WBDF increased the electrical conductivity to a 
small extent under LPLT and HPHT conditions. 

[99] 

Fe3O4 
Bentonite-
WBM 

PV, AV, YP, GS 
Filtration Loss 
Cuttings 
Carrying 
Efficiency 

LPLT 

 Fe3O4 NPs gave better rheology and filtration 
performance under non-saline conditions than under 
saline conditions.  

 Fe3O4 NPs. showed a higher cutting capacity index 
than that of conventional drilling fluids, which 
suggests that it could be used to improve the transport 
of cutting particles. 

[100] 
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Type of Nanoparticle Fluid 
type 

Properties 
Tested 

Experimental 
conditions 

Findings Ref. 

Glucopyranose 
modified graphene. 
(Glu-Gr) 

WBDF 

PV, AV, YP, GS 
Filtration Loss 
Shale Dispersion 
Linear Swelling 
Test 

LPLT 

 Glu-Gr NPs showed improved rheological properties, 
even after hot rolling, and a high degree of thermal 
stability.  

 Glu-Gr NPs showed a lower loss of fluid and had a 
high recovery rate of the dispersion in comparison 
with the conventional drilling fluid. 

 At 0.85 wt.%, the Glu-Gr remarkably improved the 
shale recovery by up to 90%.  

 The swelling test substantiates better welling control 
by Glu-Gr as compared to Kcl. 

[101] 

GO-ZnO WBDM 
PV, AV, YP, GS 
Filtration Loss 
H2s Removal 

LPLT 
HPHT 

 GO-ZnO significantly enhanced the rheological 
properties of the base mud.  

 Filtration rate was reduced by 57% at 0.3 wt.% GO-
ZnO concentration.  

 GO-ZnO removed 100% H2S (800 ppm) in 15 min 
and exhibited a better H2S removal rate than bulk-
ZnO, which removed only 2.02% H2S after 60 min. 

[102] 

TiO2 WBDM 
PV, AV, YP, GS 
Filtration Loss 

HPHT  

 TiO2 NPs improved the filtration loss characteristics, 
thermal stability and rheological properties of mud 
systems were improved.  

 TiO2 NPs imparted resistance to the thermal 
degradation of the rheological properties and the 
filtration properties of drilling fluids. 

[103] 

Fe2O3 
SiO2 

WBDF 

PV, AV, YP, GS 
Filtration Loss 
Rheological 
Modelling 

LPLT 

 Fe2O3 improved the fluid loss property of the drilling 
fluid compared to the base mud. Adding SiO2 led to 
an increase in the filtrate volume and filter cake 
thickness.  

 At 0.5 wt.%, Fe2O3 reduces the filter cake 
permeability by 76.4%.  

 Herschel-Bulkley model best described the behavior 
of both Fe2O3 and SiO2 drilling fluids. 

 Fe2O3 improved the rheological characteristics of 
drilling fluids whereas SiO2 NPs have a negative 
impact on the rheology. 

[104] 
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Type of Nanoparticle 
Fluid 
type 

Properties 
Tested 

Experimental 
conditions 

Findings Ref. 

TiO2 
Al2O3 
SiO2 

WBDF 
PV, AV, YP, GS 
Filtration Loss 

LPLT 

 NPs significantly improved the rheological and 
hydraulic properties of the water-based muds at 
relatively lower concentrations within the range of 0.1 
to 0.3 wt.%.  

 SiO2 and TiO2 NPs reduced the filtrate volume and 
thickness of the filter cakes whereas the addition of 
Al2O3 did not show any positive effect on the filtration 
loss. 

[105] 

MgO 
TiO2 
GO 

WBM 

PV, AV, YP, GS 
Filtration Loss 
Clay Yield 
Rheological 
Modelling 

LPLT 

 MgO was found to be the best material to improve 
filtration, followed by graphene and TiO2. The 
behavior of all the NPs-WBM and the base mud 
follows the Herschel-Bulkley Model.  

 Cake thickness is increased when nanomaterials are 
added at different concentrations. 

[106] 

Al2O3 
CuO 
Copper (Cu) 

WBDNF 

PV, AV, YP, GS 
Specific Heat 
Capacity 
Thermal 
Conductivity 
Filtration Loss 

LPLT 
HPHT 

 Cu produced the least filtrate volume, followed by 
CuO, Al2O3, and base fluid. Filtrate volume decreased 
with the increasing concentration of NPs. 

 At 0.9 wt.%, Cu NPs enhanced the heat capacity and 
thermal conductivity by 15.6% and 12%, respectively.  

 NPs significantly enhanced the rheological properties 
of nanofluids compared to the base drilling fluid. The 
addition of NPs resulted in reduced fluid loss and 
formation damage. 

[107] 

SiO2 
CNT 
ZnO 
CNT-SiO2 hybrid 

WBDF 
Thermal 
Conductivity 
PV, AV, YP, GS 

LPLT 
HPHT 

 

 At 2 wt.% NPs concentration, SiO2, CNT, and ZnO 
improved the thermal conductivity of the base fluid by 
16.9, 12.5, and 22%, respectively.  

 NPs generally improved the rheological properties of 
the base fluid; however, the highest improvement was 
obtained from silica NPs. 

[79] 

ZnO-Am1 WBM 
PV, AV, YP, GS 
Filtration Loss 
Shale Swelling 

LPLT 

 ZnO-Am improved the filtration and rheological 
properties of the drilling fluid under both HPHT and 
LPLT conditions.  

 ZnO-Am displayed minimal effect on the prevention 
of shale swelling. 

[108] 

 
1 Acrylamide 
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Type of Nanoparticle 
Fluid 
type 

Properties 
Tested 

Experimental 
conditions 

Findings Ref. 

Micro fibrillated 
cellulose (MFC) 
Cellulose nanocrystals 
(CNC) 
 

Bentonite-
WBM 

PV, AV, YP, GS 
Filtration Loss 

LPLT 
HPHT 

 

 MFC and CNCs increased the rheological properties 
of BT-WDFs.  

 CNC polymer films remarkably reduced the fluid loss 
volume and the thickness of the filter cake better than 
the MFC. 

[109] 

Fe3O4/PSSS2  
Bentonite 
WBM 

Salt Tolerance 
PV, AV, YP, GS 
Filtration Loss 
Rheological 
Model 

HPHT 
LPLT 

 Fe3O4/PSSS can effectively improve Kcl tolerance.  
 At 0.1 wt.%, Fe3O4/PSSS exhibited superior filtration 

properties yielding less filtration loss and a 
substantially thinner filter cake.  

 The Bingham and Herschel-Bulkley models 
performed the best in predicting the rheological 
properties of Fe3O4/PSSS-WBDF. 

[110] 

BiFeO3 WBM 
PV, AV, YP, GS 
Filtration Loss 

LPLT 

 BiFeO3 enhances the rheological parameters of water-
based mud.  

 NWBM demonstrates thermal stability, with no 
significant mud characteristic reduction after hot 
rolling at 110 °C.  

 BiFeO3 reduces filtration loss both before and after 
hot rolling. 

[84] 

ZnTiO3 WBM 
PV, AV, YP, GS 
Filtration Loss 
Kcl Inhibition 

LPLT 

 ZnTiO3 improved the general rheological properties of 
the drilling fluid even with the addition of salt (Kcl).  

 At 1 wt.%, ZnTiO3 NPs reduced fluid loss volume by 
approximately 7.7%. 

[111] 

 
2poly (sodium p-styrene sulfonate) 
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2.5   Methods of H2S removal from drilling fluid 

Sulphur compounds exhibit potent toxicity and corrosive properties, significantly 

impacting the well-being of workers, the environment, productivity, and the longevity of 

drilling equipment. The oil and gas industry commonly faces sulphury pollutants like 

hydrogen sulfide (H2S), thiophenes, mercaptans, and polysulphides, which are the most 

frequently encountered [112]. H2S exhibits a colorless appearance and possesses toxic, 

corrosive properties. It is recognized as a major environmental pollutant, emitting a foul 

odor reminiscent of rotten eggs. Additionally, it readily dissolves in various substances 

such as oil, water, alcohol, and most solvents [113]. Inhaling H2S gas can lead to a range 

of health problems, including respiratory failure, lung collapse, unconsciousness, and 

potentially fatal consequences [114]. The presences H2S is critical in the upstream 

production of oil and gas, where it can naturally form on-site from reservoir biomass and 

sulfate-containing minerals through processes like microbial sulfate reduction (MSR) and 

thermochemical sulfate reduction (TSR) catalyzed by anhydrites. Additionally, the 

utilization of various technologies in the extraction of oil and gas, particularly from 

unconventional sources, plays a crucial role in either promoting or delaying the formation 

of hydrogen sulfide (H2S). Notably, three methods that is; steam-assisted gravity drainage 

(SAGD), waterflooding for enhanced oil recovery, and hydraulic fracturing utilized in oil 

sands and shale oil or gas extraction, hold the capability to transform the sulfur content 

inherent in petroleum into H2S or introduce an excess of H2S as a byproduct of the 

production process [19,115]. 

H2S exhibits different chemical forms depending on the pH of its surroundings. These 

forms are hydrogen sulfide (H2S), bisulfide (HS-), and sulfide (S2-) [116]. The prevalence 
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of each form changes with the pH of the medium. Figure 2-6 provides a visual 

representation of this relationship. When the pH is below 7, the covalent H2S form is 

dominant. As the pH rises within the range of 7 to 12, the bisulfide (HS-) form becomes 

more prevalent. Further, the sulfide (S2-) form predominates above pH of 12. This 

phenomenon shows how the chemical behavior of H2S is highly influenced by the acidity 

or alkalinity of its surroundings.  

 
Figure 2-6: Effect of pH on the species distribution of hydrogen sulfide 

 in aqueous solution [117]. 

 

The existence of hydrogen sulfide (H2S) within oil and gas reservoirs poses significant 

risks to both drilling equipment and the well-being of personnel involved. Consequently, 

it becomes paramount to address the presence of H2S directly at the source by 

implementing in-situ removal techniques from the drilling fluids. By doing so, not only 

can the integrity of the drilling equipment be preserved, but the well-being of personnel 

can also be safeguarded, creating a safer and more efficient drilling operation [9,25].  
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A widely suggested technique for eliminating H2S involves raising the pH of the drilling 

fluid to consistently remain above 10 in a sour environment [118]. By doing so, a 

significant portion of the sulfide transforms into ionic sulfide form instead of covalent H2S 

form. This shift from covalent to ionic sulfide reduces the vapor pressure of the gas, 

effectively controlling its release and mitigating potential issues. Moreover, it is essential 

to consistently keep the pH level above 10 in order to maintain the drilling fluid alkalinity 

during drilling operations. This is crucial to counteract the corrosive impact of H2S and 

other acidic gases that may be encountered while drilling hydrocarbon reservoirs. This 

approach is vital for reducing the corrosion of drilling equipment. However, it is important 

to note that failure to sustain the pH through ongoing treatments or encountering a 

substantial influx of H2S can lead to a decrease in pH, triggering a reversible reaction and 

the regeneration of H2S. Besides this phenomenon, temperature fluctuations may also cause 

reversibility of H2S. Although raising the pH level is advised to mitigate issues caused by 

H2S, it is ineffective to be adopted as the sole approach to abate these effects of H2S [119].  

Recently, in oil and gas drilling operations, highly active chemical compounds or 

nanomaterials have been used as additives in the formulation of drilling fluid specifically 

to react with H2S and abate the harsh effects of this corrosive gas. These compounds could 

either be in the liquid or solid phase, possess suitable chemical properties and high 

reactivity that improve the H2S removal performance when added into drilling fluid 

formulations [12]. Generally, liquid scavengers occupy less space and weigh less compared 

to solid scavengers. Nevertheless, their ability to eliminate H2S from the gas stream is 

notably diminished. In contrast, solid scavengers excel in efficiently extracting H2S from 

gas streams, minimizing its presence to trace amounts [120]. More precisely, nano-scale 
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solid scavengers exhibit a higher surface area, which results in an increased number of sites 

available for H2S removal. Moreover, nanomaterials serve as excellent H2S adsorbents, and 

their smaller size also improves the rheology and fluid loss of drilling fluid [112]. The 

subsequent sections will present and discuss the different materials employed for the 

purpose of scavenging H2S. 

2.5.1 Application of metal-based scavengers  

Metal-based scavengers, which encompasses metal salts, metal oxides, metal nitrates, 

metal carbonates, metal carboxylates, and organo-metallic compounds or chelates, are 

considered particularly advantageous for scavenging H2S in drilling fluid due to their 

affordability, effectiveness, suitability for elevated temperature conditions, and safety. 

Moreover, when most metal-based scavengers react with H2S, they form thermally stable 

and irreversible sulfide products, further enhancing their reliability for drilling fluid 

applications. Alkali metals like sodium (Na), lithium (Li), and potassium (K) on the other 

hand, provide defense against corrosion from H2S by generating a shielding layer on the 

surfaces of the drill string, as opposed to solely eliminating the H2S from the system [121]. 

Transition metals such as copper (Cu), zinc (Zn), and iron (Fe) compounds have been 

commonly employed for H2S removal [11]. The reactions between copper compounds and 

H2S are generally rapid, resulting in the formation of stable, insoluble solid sulfide products 

such as CuS or Cu2S, which remains unaffected by pH fluctuations [122]. Nonetheless, an 

inherent drawback of copper compounds is their tendency to promote equipment corrosion 

due to the spontaneous electrodeposition of copper on to steel. Scavenger based on Zinc 

exhibit similar reactivity toward H2S but do not induce any corrosive effects or damage, 

unlike copper compounds [123]. Zinc compounds possess amphoteric properties, meaning 
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they can function as either acids or bases based on the pH of the fluids. The major limitation 

of Zinc based scavengers is the likelihood to dissolve under highly alkaline conditions 

releasing free zinc ions which to some extent may augment H2S removal performance. 

However, at pH levels exceeding 11, there is potential for the formation of zincate ions 

(Zn(OH)4
2−) which could adversely impact the rheological properties of the mud, 

potentially compromising drilling performance [25]. Scavengers based on iron have gained 

notable appeal due to the fact that iron is not considered an environmentally undesirable 

element, and it carries significantly lower toxicity compared to zinc. Besides, Fe based 

scavengers exhibit rapid reaction with H2S and are remarkably effective at relative low pH. 

Generally, the utilization of soluble metal scavengers is unacceptable due to the formation 

gelatinous metal hydroxides because of the precipitation reaction of soluble metal at pH 

greater than 7 [124].  The use of insoluble metal scavenger is desirable for high 

performance toward H2S removal. Despite that, additional variables like temperature, pH, 

the metal oxidation state, and the duration of the interaction with H2S should be 

meticulously considered [122]. 

2.5.2 Application of oxidant-based scavengers  

Oxidizing agents like potassium permanganate, potassium thiosulfate, hydrogen peroxide, 

and calcium hypochlorite have been employed for scavenging H2S from drilling fluids. 

These agents convert or oxidize H2S into less harmful sulfur compounds, such as sulfate 

ions or elemental sulfur. Potassium permanganate (KMnO4) demonstrates its capability to 

oxidize hydrogen sulfide into harmless sulfur compounds. The combined action of KMnO4 

and the in-situ generated MnO2 leads to a significant improvement in the H2S scavenging 

ability of KMnO4. The practical application of this scavenger in drilling fluids is 
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experimentally confirmed to have favorable rheological effects on the fluids [12]. 

Hydrogen peroxide (H2O2) finds application in eliminating H2S to yield elemental sulfur. 

Nevertheless, its reactive properties render it unsuitable for drilling fluids applications. 

Being a non-selective reactant, hydrogen peroxide quickly dissipates as it reacts with other 

drilling fluid components. Consequently, achieving a controllable H2S scavenging process 

becomes challenging [26,27].  

2.5.3 Application of Amine-based scavengers 

This category of materials finds extensive application in sour gas sweetening and drilling 

fluid formulations [125]. Specifically, alkanolamines such as monoethanolamine (MEA), 

diethanolamine (DEA), triethanolamine (TEA), diglycolamine (DGA), N-

methyldiethanolamine (MDEA), diisopropylamine (DIPA), and 2-amino-2-methyl-1-

propanol (AMP) are the widely employed amines [126,127]. Amine is characterized as 

being cost-effective, regenerative, and safe. Nevertheless, it tends to induce a rise in the 

fluid pH, leading to an increased risk of scale formation or corrosion. Furthermore, the 

reaction of H2S with amine-based compounds may produce corrosive byproducts which 

might further impede the effectiveness of the scavenger. Additionally, amines are not 

thermally stable and may break down at elevated temperatures, usually above 150 ℃, or 

when utilized continuously for extended periods in the circulation of drilling fluids in very 

deep formation. 

2.5.4 Application of Triazine-based scavengers 

Scavengers based on triazine exhibit high effectiveness, rapid reactivity with H2S and are 

less expensive. The structures of triazine-based products exhibit diversity contingent upon 

their initial components. The interaction between triazine and H2S produces byproducts 



35 

that are less harmful and readily biodegradable. Despite these advantages, the use of 

triazine faces certain challenges, such as scaling and fouling caused by the formation of 

insoluble and amorphous dithazine formation, as well as an increase in fluid pH that 

promotes corrosion. Moreover, the emergence of scales initiates the adhesion of drill 

strings, profoundly impacting circulation and possibly culminating in the costly 

replacement of drilling units. Also, triazine is non-thermally stable, making it unsuitable 

for upstream H2S scavenging [128–130]. 

2.5.5 Application of other types of scavengers 

The employment of aldehydes extends to the removal of sour gas in drilling operations and 

the processing of surface facilities, showing enhanced efficacy in surface cleaning and 

sweetening procedures. Nevertheless, their utilization is limited due to their expensive 

nature and involvement in intricate reactions, which give rise to health concerns. For 

example, formaldehyde, one of the aldehydes, is acknowledged as a carcinogenic 

substance. The most frequently used aldehydes include formaldehyde, acrolein, glyoxal, 

and glutaraldehyde. Both formaldehyde and acrolein are toxic [131,132].  

2.5.6 Application of layered triple hydroxide (LTH) 

Emerging advancements in materials science have led to the development of hierarchical 

nanomaterials with distinct and attractive properties. A prominent example of such 

materials is layered double or triple hydroxides (LDH and LTH), which are two-

dimensional anionic clays represented by the formula [M1-x
2+Mx

3+(OH)2] (An−)x/n-mH2O. 

Here, M2+ and M3+ refer to divalent and trivalent cations, respectively, An− stands for the 

interlayer anion, and x represents the molar ratio of M3+/(M2+ + M3+), falling between 0.2 

and 0.33 [133,134].  
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Diverse LDHs can be easily synthesized by altering the chemical precursors and their 

proportions. By substituting M2+ with M3+, the layers acquire a positive charge, which is 

balanced by interlayer anions. LDHs boast exceptional qualities such as substantial surface 

area, remarkable adsorption capacity, layered structure, and anion exchange capability 

[135]. Consequently, due to these outstanding attributes and their cost-effectiveness, LDHs 

find applications in various domains. They are widely used in energy storage systems like 

supercapacitors, act as catalysts, employed as additives in polymers to enhance mechanical 

and thermal properties, adsorbents, electrochemical sensors, and even serve as 

photocatalysts to combat environmental pollutants, among numerous other applications 

[135,136].  

The structural integrity of LDHs is upheld by hydrogen bonding and electrostatic 

interactions between the layers [137]. Furthermore, LDH adaptability is augmented by their 

adjustable internal architecture, resistance to thermal changes, high structural positive 

charge density, and notable redox activity, endowing them with remarkable versatility 

[138]. The chemical structure of layered triple hydroxide is illustrated in Figure 2-7. 

 
Figure 2-7: Chemical structure of layered triple hydroxides [139]. 
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LDH appears to be a viable candidate based on its chemical and physical properties for the 

scavenging of H2S in drilling fluids. Unfortunately, the H2S removal capability of LTH has 

solely been examined in gaseous streams. For example, Zhao et al. [140] investigated the 

efficiency of Mg-Al-LDH in removing H2S from a gas stream. The results indicated that 

Mg-Al-LDH shows great promise for H2S removal, achieving a breakthrough time of 300 

min [140]. Also, Lee et al.[141], conducted a dynamic breakthrough experiment to 

investigate the effectiveness of Co-Fe-LDH in removing H2S from a high-humidity gas 

stream. The study examined different molar ratios of Co/Fe and observed a correlation 

between the crystallinity of the synthesized LTH and the performance of H2S removal. 

Specifically, Co/Fe ratios of 1:1 to 1:3 exhibited lower crystallinity, while the crystallinity 

increased for the 2:1 and 3:1 ratio. Notably, the LTH sample with 3:1 ratio showed a more 

prominent presence of the 11.6° (003) phase (i.e., higher crystallinity) and demonstrated 

the highest yield and breakthrough capacity, indicating that a higher 003 phase may 

enhance H2S uptake. The experiment achieved a maximum H2S removal capacity of 0.209 

g H2S/g at a molar ratio of 3:1 and a pH of 10 at room temperature. Furthermore, the 

adsorption capacity of CoFe-LDH (0.209 g H2S/g) was found to be 1.53 times greater than 

that of Co-hydroxide and 8.5 times greater than that of Fe-hydroxide. These results clearly 

indicate that the synergistic effect of Co-Fe double hydroxide significantly improves the 

adsorption capacity as depicted in Figure 2-8 [141].  
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Figure 2-8: Comparison of H2S removal capacity of Fe(OH)3, Co(OH)2, and CoFe-LDH at pH 
of 10, Co/Fe ratio of 3:1, 60 ℃, gas flow rate of 0.3 L/min, and humidity level of 0% [141]. 

 

Another report by, Lee et al. [142], studied the removal of H2S using ZnFe-LDH at room 

temperature. They found also that the formation of the bimetallic Zn-Fe-LDH 

synergistically improved the H2S removal capacity compared to pristine Zn and Fe- 

hydroxides (see Figure 2-9). The synergy of zinc (Zn) and iron (Fe) led to an augmentation 

in the adsorption capability for H2S, consequently exerting a favorable influence on both 

the physical morphology and surface composition of the resultant adsorbent material [142].  
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Figure 2-9: H2S removal capacity at breakthrough of various adsorbents [142]. 

 

2.5.7 Application of Metal-Organic Framework (MOF) 

MOFs encompass an extensive collection of crystalline substances with exceptionally high 

porosity, achieving levels of up to 90% in terms of unoccupied space, and featuring 

incredibly large inner surface areas that surpass 6,000 m²/g [143]. These exceptional 

attributes, along with the substantial diversity found in their organic and inorganic 

constituents, have generated significant recognition regarding the potential uses of MOFs. 

Among their notable traits is their varied and aesthetically pleasing architectures, 

frequently drawing inspiration from minerals found in nature such as zeolites [144].  

In recent times, considerable attention has been directed towards metal-organic 

frameworks (MOFs) owing to their distinctive open crystalline arrangement, unique 

morphological attributes boasting substantial surface areas, precisely defined pores, and 

adaptable functionality [145,146]. These structures, which amalgamate inorganic and 

organic components into a three-dimensional matrix, are fashioned by linking metal ions 

with organic connectors. Among the diverse array of MOFs, the zeolite imidazolate 
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frameworks (ZIFs) have been the subject of extensive investigation [147,148], due to their 

versatile applications. These frameworks are fashioned through the combination of an 

imidazole-based ligand (Im) with transition metal cations such as Co, Zn, and Ni [149]. 

Inside the ZIFs, the transition metals are interlinked by an imidazole ligand, resulting in an 

M-Im-M angle of 145°, and their morphology closely resembles that of traditional zeolites 

mineral [150]. 

Over 150 ZIF structures have been reported thus far [151,152]. One standout among these 

is ZIF-67, which forms through the self-assembly of Co2+ ions and 2-methylimidazole 

(Hmim) organic linker. This results in a robust structure characterized by cubic crystal 

symmetry, with unit cell dimensions a=b=c=16.9589Å [153]. Notably, recent efforts have 

focused on synthesizing ZIF-67 and its derivatives with customizable porosity and 

morphology. Approaches such as the solvothermal, surfactant-assisted, sol-gel, 

microwave, and ultrasound-assisted methods have emerged for this purpose [154]. 

The remarkable physical and chemical characteristics of ZIF-67, along with its versatile 

synthesis methods, position it as an excellent candidate for H2S removal. Notably, 

investigations into the H2S removal capacity of metal-organic frameworks (MOFs) have 

been primarily focused on gaseous streams. In a groundbreaking contribution by Hamon 

et al. [155], the first instance of MOF application in H2S capture was introduced. 

Specifically, their study featured MOF materials known as MIL-47 (M = VIV) and MIL-53 

(M = Al3+, Cr3+, Fe3+), revealing their significant capability in H2S removal [155]. 

In a subsequent work, Liu et al. [156] explored the selective separation of acidic gases, 

including H2S and CO2, utilizing various MOF-based nanomaterials such as MOF-5, MOF-
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74 (Mg, Zn), ZIF-8, UiO-66, UiO-66 (NH2), MIL-101(Cr), M-BTC (Cu, Fe, Ce), and Cu-

BDC (ted)0.5. The outcomes of their study unveiled that a majority of these MOF materials 

exhibited exceptional one-time high capacity and selectivity towards H2S, as illustrated in 

Figure 2-10 [156]. 

 

Figure 2-10: H2S uptake capacity of various MOFs at ambient conditions. Solid column 
data shows absorption on original MOF adsorbents, and the stripe column shows 

absorption on regenerated adsorbents [156]. 

 

In a similar vein, the research conducted by Allan et al. [157] introduced a Ni(II)-based 

MOF known as Ni-CPO. This MOF was constructed using Ni(II)−oxygen octahedra 

connected by 2,5-dihydroxyterepththalic acid. Notably, the adsorption of H2S was 

investigated, revealing remarkably high uptakes of H2S (12 mmol/g at 298 K and 1 bar)  

[157]. Additionally, Gupta et al. [158] explored the efficacy of H2S removal using different 

copper-based MOFs featuring various organic linkers. This investigation aimed to address 

H2S gas removal at room temperature. Notably, column studies were employed to calculate 

the H2S adsorption capacity of these MOFs, resulting in the following order: 105.6 mg/g 
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(CuBDC) > 27.1 mg/g (CuBTC) > 1.3 mg/g (CuBDC-N) under dry conditions as depicted 

in Figure 2-11 [158]. 

 

Figure 2-11: H2S breakthrough curves of Cu-MOFs [158] 

 

Table 2-2: Summary of H2S scavenger used in drilling fluids. 

Material Dose 
H2S breakthrough 

capacity (mg/g) 
H2S saturation 
capacity (mg/g) 

references 

ZnO 
0.1wt.% 

5.5 35.1 
[12] Cu(NO3)2.3H2O 15.8 146.8 

KMnO4 125.3 307.5 
Triazine 

1.0 g 
 

- 217* 
[25] 

 
Mono ethylene 
amine (MEA) 

- 270* 

Triazine 
1.0 g 

 

- 235.5* [11] 
 
 

Iron-gluconate - 194.8* 
Steel waste - 172.8* 

*(mg/L) 
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3 CHAPTER 3 

MATERIALS AND METHODS 

 

3.1 Background 

This chapter provides an overview of the synthesis procedure for the scavenger 

nanoparticles. Additionally, the chapter presents the characterization techniques employed 

to thoroughly analyze the properties of the synthesized nanoparticles. A detailed 

description of the formulation steps for the drilling fluid, as well as the measurement of its 

rheological properties is provided. Furthermore, the chapter delves into the investigation 

of the H2S scavenging capacities of the nanoparticles, offering a step-by-step account of 

the study. 

3.2 Materials  

All chemicals and additives used in water-based drilling fluid formulation and synthesis of 

the scavenger nanoparticles were analytical grade materials with high purity. Cobalt nitrate 

hexahydrate [Co(NO3)2.6H2O, purity≥98%, MW=291.0347 g/mol, Sigma-Aldrich], 

Copper nitrate hexahydrate [Cu(NO3)2.6H2O, purity≥98%, MW=241.6 g/mol, Sigma-

Aldrich], Magnesium nitrate hexahydrate [Mg(NO3)2.6H2O, purity≥99%, MW=256.4065 

g/mol, Sigma-Aldrich], Iron(III) nitrate nonahydrate [Fe(NO3)3.9H2O, MW= 404 g/mol, 

purity≥98%, Sigma-Aldrich], Sodium Hydroxide [NaOH, purity≥99%, MW= 39.99711 

g/mol, Sigma-Aldrich], Sodium Carbonate [ Na2CO3, purity≥99.5%, MW= 105.98844 

g/mol, Sigma-Aldrich], Potassium Hydroxide [KOH, purity≥99.99%, MW=56.11g/mol, 

sigma-Aldrich], Calcium Carbonate [CaCO3, purity≥98.5%, MW=100.09 g/mol, Sigma-

Aldrich], Ammonium Hydroxide [NH4(OH), 28-30% NH3, MW= 78.002 g/mol, Sigma-
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Aldrich], Starch [(C6H10O5)n, Millipore], Bentonite [Sigma-Aldrich], and 2-

methylimidazole [C4H6N2, purity≥99%, MW= 82.10 g/mol, Sigma-Aldrich] were used. 

The materials and additives used for preparation of drilling fluids are listed in Table 3-1. 

All the chemicals and additives were used as received without any further purification.  

Table 3-1: Composition of the 9 ppg WBM. 

Steps 
Mixing 

time (min) 
Mixing 

rate (rpm) 
Additives Function Quantities 

1 - - Distilled water Base fluid 350.0 mL 
2 30 2400 Bentonite viscofier 20.0 g 
3 30 2400 Xanthan Gum fluid-loss control 0.2/0.4 g 
4 30 2400 Starch fluid-loss control  6.0/10 g 
5 10 2400 KOH pH control 0.5 g 
6 20 2400 CaCO3 weighting agent 30.0 g 
7 20 1200 ZIF-67/LTH H2S scavenger 0-1wt.% 

 

3.3 Methods  

3.3.1 Synthesis of ZIF-67 
ZIF-67 nanoparticles were synthesized according to the method reported previously by 

[159,160] with slight modifications. Briefly, 0.11 mols of Co(NO3)2.6H2O was completely 

dissolved in 80 ml distilled water under magnetic stirring for 10 min. In another volumetric 

flask, 0.22 mols of 2-methylimidazole was completely dissolved in 200 ml of aqueous 

NH4OH solution. The 2-methylimidazole solution is then quickly poured into the Cobalt 

nitrate solution and the resulting purple suspension is continuously stirred for 30 min. The 

purple suspension formed is centrifuged at 10000 rpm and washed with distilled water until 

a pH of supernatant of 7. The obtained ZIF-67 nanoparticles are dried overnight at 60 ℃. 

Finally, ZIF-67 nanoparticles were sieved with a 450-micron mesh and stored for 

subsequent use.  
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3.3.2 Synthesis of CuMgFe-LTH 
The CuMgFe-LTH was synthesized by co-precipitation followed by hydrothermal 

treatment at 150 ℃. Briefly, a 150 mL metallic solution containing 12.70 mmol 

Cu(NO3)2.6H2O, 6.35 mmol Mg(NO3)2.6H2O, and 6.35 mmol Fe(NO3)3.9H2O, and a 150 

mL alkali solution containing 50.78 mmol NaOH and 3.18 mmol Na2CO3, were prepared 

in separate volumetric flasks. The molar ratios of Cu2+/Mg2+ and (Cu2++Mg2+)/Fe3+ were 

maintained at 2/1 and 3/1, respectively. The two solutions were slowly added dropwise 

simultaneously into a beaker containing 100 mL distilled water, initially at a pH of 10, 

while continuously stirring with the aid of a magnetic stirrer. The pH of the mixture in the 

beaker was maintained between pH 9.5 - 11 during the addition of the metal and alkali 

solutions. After the complete addition of the above solutions, the reaction mixture was left 

to stir at room temperature for 30 min to aid in the formation of the triple hydroxide layers. 

The resulting product was transferred into an autoclave reactor for hydrothermal treatment 

at 150℃ for 24 h. The product obtained after the hydrothermal treatment was centrifuged 

at 6000 rpm and washed seven times with distilled water to get rid of impurities and 

unwanted ions. Finally, the synthesized CuMgFe-LTH was dried in an oven at 80 ℃.  

3.3.3 Synthesis of LTH/ZIF-67 nanocomposite 
Three (3) LTH/ZIF-67 nanocomposites with different weight ratios (i.e., 2/1, 1/1 and 1/2) 

were prepared as presented in Table 3-2. To prepare each nanocomposite, the desired mass 

of the LTH is first dispersed in an aqueous cobalt nitrate precursor solution of the required 

concentration by stirring for 10 min followed by ultra-sonication for 1 h (50% Amplitude, 

30 sec on, 3 sec off). Then 2-methylimidazole and NH4OH solution mixture of also the 

required concentration is poured into the LTH-Co solution and left to stir for 1 h. The 

obtained nanocomposite is then centrifuged at 6000 rpm, washed seven times with distilled 
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water to get rid of impurities, and dried at 80 ℃. Finally, nanocomposite is ground, sieved 

with a 450-micron mesh, and stored for subsequent use.  

Table 3-2: Weight ratio of ZIF-67 and LTH in the nanocomposites. 

Nanocomposite LZ1 LZ2 LZ3 
Weight ratio  

(LTH: ZIF-67) 
2:1 1:1 1:2 

 

3.3.4 Aqueous drilling fluid formulation 

The compositions, mixing sequence and mixing time of the water-based drilling fluid is 

illustrated in Table 3-1. The drilling mud formulations were prepared by adding various 

additives at required proportions to distilled water as the base fluid and mixed at 2400 rpm 

with the aid of a laboratory mixer. The additives were specifically used to control pH, 

viscosity, filtration loss, gel strength, and filter cake formation. Briefly, bentonite is first 

dispersed in the distilled water base fluid, then filtration loss agents (Xanthan Gum and 

Starch) are added. The pH control agent (KOH) is then added followed by weighting agent 

(Ca(CO3)). Finally, the H2S scavengers/synthesized nanoparticles were added at the 

specified concentrations. 

3.3.5 Breakthrough H2S study 

The H2S scavenging test were conducted based on previous report of [161] with slight 

modifications to determine the H2S scavenging capacities of the drilling fluid formulations. 

The tests were carried out at room temperature and atmospheric pressure. The schematic 

illustration of the setup is depicted in Figure 3-1. In each H2S scavenging test, 10.0 g each 

drilling fluid formulation of interest was placed in a bubble column. The inlet of the bubble 

column was connected to a cylinder that contained 100ppm of H2S which served as a 
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continuous H2S source. The outlet of the bubble column was connected to an H2S detector 

with a 0.1 ppm detection limit. A flowmeter was mounted to control the inlet gas flowrate 

at 100mL/min throughout the experiment. The outlet concentration of the H2S was 

continuously monitored and recorded until breakthrough and saturation time were reached 

for each drilling fluid sample. The amount of H2S scavenged at breakthrough and saturation 

time were calculated using equations 3-1 and 3-2 respectively. The condition for the 

breakthrough experiment is shown in Table 3-3. 

𝐵𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑚𝑔/𝐿) =
ொೡ ௣ಹమೄ ∫ (ଵ଴଴ି஼೚ೠ೟)ௗ௧

೟್
బ

௏௙
    (3-1) 

𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑚𝑔/𝐿)  =
ொೡ ௣ಹమೄ ∫ (ଵ଴଴ି஼೚ೠ೟)ௗ௧

೟ೞ
బ

௏௙
      (3-2) 

Where 𝑄௩ is the inlet volumetric gas flow rate (mL/min), ρH2S is density of H2S (1.391 

mg/ml), tb is the breakthrough time (min), ts is the saturation time (min), 𝑉 is the volume 

of scavenger (mL), f is conversion factor (106), and Cout is the outlet H2S concentrations 

(ppmv), respectively. 

 

Figure 3-1: Illustration of the H2S scavenging setup. 
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Table 3-3: Conditions for the H2S breakthrough studies 

Parameter Value 
Mass of WBM samples (g) 10  
H2S flowrate (mL/min) 100  
H2S breakthrough concentration (ppmv) 0.5  
H2S saturation concentration (ppmv) 100  
Minimum H2S detection limit (ppmv) 0.1  
Maximum H2S detection limit (ppmv) 100  
Temperature (°C) ⁓ 25  

 

3.3.6 Measurement of the rheological properties 

The rheological parameters such as the plastic viscosity (PV), apparent viscosity (AV), 

yield point (YP), 10-s/10-min gel strength (GS), were determined according to the 

American Petroleum Institute (API) standard operating procedure with the aid of a FANN 

viscometer (Model M3600, Grace Instrument) at 120 ℉ and atmospheric pressure. The 

Bingham plastic model was adopted to calculate the rheological parameters such as PV, 

AV and YP based on the dial readings measured at 600 rpm and 300 rpm using the 

equations (3-3), (3-4), and (3-5) given below. The 10-s and 10-min gel strengths were 

measured at a low shear rate of 3 rpm after subjecting the mud to static periods of 10s and 

10 min, respectively.  

𝑃𝑉(𝑐𝑃) =  ɸ଺଴଴௥௣௠ − ɸଷ଴଴௥௣௠       (3-3) 

𝑌𝑃 ቀ
ூ௕

ଵ଴଴ ௙௧మ
ቁ =  ɸଷ଴଴௥௣௠ − 𝑃𝑉       (3-4) 

𝐴𝑉(𝑐𝑃) =  
ɸలబబೝ೛೘

ଶ
         (3-5) 

Where ɸ଺଴଴௥௣௠ and ɸଷ଴଴௥௣௠ are dial reading at 600 rpm and 300 rpm, respectively. 
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3.3.7 Measurement of API low temperature-low pressure filtration loss 

The evaluation of the filtration loss volume and filter cake thickness for drilling fluid 

formulations was carried out using the API filter press under conditions of low temperature 

and low pressure. A schematic illustration of the API fluid loss set up is presented in Figure 

3-2. To conduct the experiment, a filtration cell equipped with a mesh having a pore size 

of 10 µm was loaded with 350 mL of the respective drilling fluid formulation. 

Subsequently, an applied differential pressure of 100 psi was exerted on the sample at 

ambient temperature over a duration of 30 min. The resulting filtrate volume was collected 

and recorded using a graduated cylinder. Additionally, an assessment of the thickness of 

the resultant filter cake was performed as part of the analysis using a graduated ruler. 

 

Figure 3-2: Schematic of the API filter press [162]. 
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3.4  Characterization of materials  

3.4.1 Powder X-Ray Diffraction Analysis (XRD) 

The crystal structure and phases of the synthesized nanoparticles were characterized by X-

ray diffraction (XRD). The XRD measurements were carried out using Cu Kα radiation at 

40 kV and 30 mA, scanning over a 2-theta range of 5–65°. 

3.4.2 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared (FTIR) spectroscopy was carried out to confirm the presence of 

functional groups and verify the formation of synthesized nanoparticles. The FT-IR spectra 

were measured by performing 32 scans across the wavenumber range of 400 to 4000 cm-1.  

3.4.3 Thermogravimetric Analysis (TGA)  

The TGA curves of the synthesized nanoparticles were measured to evaluate their thermal 

stability for drilling fluid application. This was carried out under inert nitrogen (N2) 

atmosphere at a heating rate of 10 ℃/min over the temperature range of 30 to 900 ℃. 

3.4.4 Nitrogen Adsorption-Desorption Isotherm 

The nitrogen (N2) adsorption/desorption isotherms of the synthesized nanoparticles were 

measured at a temperature of -196 ⁰C, covering a partial pressure(P/Po) range from 0 to 1. 

These isotherms were then analyzed using the Brunauer-Emmette-Teller (BET) equation. 

The purpose of this analysis is to determine the textural properties of the nanoparticles, 

including their specific surface area, pore volume, and pore size. By conducting the BET 

measurement, we aim to gain insights into the structural characteristics and porosity of the 

nanomaterials. 
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4 CHAPTER 4 

H2S SCAVENGING PERFORMANCE AND RHEOLOGICAL 

PROPERTIES OF ZIF-67 NANOPARTICLES IN WATER-BASED 

DRILLING FLUID 

4.1 Introduction  

Drilling fluids are multi-component systems that contain many additives carefully 

formulated to perform specific functions during drilling operations. Some of these 

functions include providing hydrostatic control, maintaining wellbore stability, minimizing 

the corrosion of handling equipment, controlling formation pressure, cooling, and 

lubricating the drilling bit, suspending, and circulating the drilling cuts, sealing the 

permeable well formations, and minimizing formation damage [163,164]. The choice and 

quantity of additives that make up drilling fluid are primarily vital to attain optimal 

rheological properties, fluid loss prevention, corrosion inhibition, and mitigation of sour 

gas exposure. There are three main types of drilling fluids that are currently being used, 

namely, water-based, oil-based, and synthetic-based muds [165,166]. Water based mud is 

generally preferred because it is relatively cheap, environmentally friendly, and has low 

toxicity [167,168]. Even though oil-based and synthetic-based muds might offer superior 

drilling performance, they are more expensive, difficult to handle, and environmentally 

unsafe due to the toxicity of the mineral oils and synthetic solvents used in their formulation 

[42,105]. 

In the drilling of subsurface formations, the presence of sulfhydryl compounds such as 

mercaptans, thiols, dithiol acids, etc., causes major operational issues [42]. Among the 

sulfhydryl compounds, H2S is one of the most encountered. H2S exists naturally in oil and 

gas reservoirs due to the biological decomposition of sulfate-containing organic matter or 
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minerals by the sulfate-reducing bacteria (SRB) under anaerobic conditions, and by the 

thermochemical reduction (TCR) of reservoir biomass or other sulfhydryl compounds 

catalysed by the presence of anhydrites [169,170]. In addition to drilling operations, 

technologies employed for enhancing oil and gas production and recovery, such as water 

flooding of low permeable reservoirs, also account for the generation of H2S [15]. Under 

such instances, SRB or other microbes from the surface penetrate, breed, colonise the 

reservoir and subsequently induce the  reduction of sulfate (SO4
2-) containing minerals and 

biomass thereby increasing H2S content [171].  

H2S is a colourless, flammable, and highly toxic gas with a distinct odour of rotten egg 

only detectable at low concentrations (0.01-1.5 ppm) [9,30]. The exposure to H2S poses 

substantial health and operational risks to drilling personnel, equipment, and the rheology 

of the drilling fluids. According to the Occupational Safety and Health Administration 

(OSHA) and the U.S. National Institute for Occupational Safety and Health (NIOSH), the 

maximum recommended or permissible H2S exposure limits within a 10 min period should 

be 50 ppm and 10 ppm, respectively [30]. Prolonged exposure, even at low H2S 

concentrations (<50 ppm), could cause serious adverse health effects such as respiratory 

disturbances, loss of consciousness, and eventually death. Also, the exposure of metallic 

structures to H2S induces pitting corrosion as a result of the formation of ferrous sulfide 

scale and free hydrogen ions [20]. The free hydrogen ions penetrate metallic structures 

causing hydrogen embrittlement, which might lead to further equipment failures [115]. 

Moreover, the presence of H2S in the drilling environment has significantly negative effects 

on the rheology of the utilized mud. The exposure of drilling mud to H2S could potentially 

lead to a decrease in mud viscosity, reduction of gel strength, and compromise wellbore 
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stability. H2S is both toxic and explosive, so protection measures must be taken to prevent 

its build-up [172]. Such H2S build-up will result in serious health, safety, and economic 

penalties, requiring the proper mitigation of this life-threatening gas during drilling 

operations.  

Several classes of materials have been studied and incorporated into drilling fluid 

formulations for H2S scavenging. These classes of materials generally remove H2S through 

chemical reactions or physical adsorptive mechanisms that capture H2S from sour streams, 

eliminating the health and operational risks resulting from the exposure to this lethal gas 

[16,172]. Materials such as transition metals, oxidizing agents, amines, aldehydes, and 

triazine have been widely studied [118,172,173]. These scavengers are available either in 

solid or liquid form. One of the key technical requirements is that incorporating an H2S 

scavenger into a drilling fluid should not adversely affect its rheological properties.  

Recently, metal organic frameworks (MOFs) have gained a great deal of interest for 

various applications in several fields, such as gas purification through the selective 

adsorption of impurities, separation processes, catalysis, chemical sensing, proton 

conduction, and drug delivery, among other emerging applications [174]. The interest in 

utilizing MOFs in these applications is fueled by the excellent properties these porous 

materials possess, such as large surface area, tunable pore size, surface functionalities, and 

good thermal stability [146,175]. MOFs are inorganic-organic hybrids with extremely high 

porosity and crystallinity. They are made up of networks of metal-ion anodes connected to 

polydentate organic ligands through coordinate bonds [149]. Although some MOFs have 

demonstrated superior performance towards the sorption of polar and non-polar gases 

under dry conditions, the structures of most MOFs tend to collapse in aqueous media due 
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to the weakening of their metal-organic ligand coordinate bonds [176]. This water-

instability limits the applications of MOFs in operations where aqueous media (such as 

drilling operations) are utilized/encountered.  

Recently, a new class of MOFs (i.e., zeolitic imidazolate frameworks (ZIFs)) has emerged 

as more water-stable materials with usually superior textural properties, tunability, and 

thermal/chemical stability, making them excellent candidates for many applications 

[147,148]. These ZIFs are composed of Co2+/Zn2+ and an imidazole ligand and shows a 

similar morphology as conventional zeolites, which gives them the first part of their name 

[150]. One of the most attractive ZIFs is ZIF-67, which possesses exceptional water 

stability, abundant coordinated open metal sites, ease of fabrication in aqueous media, high 

yield, and enormous potential for utilization in water phase applications [154].  

One of the attractive ZIF-67 applications is its utilization in the formulation of drilling 

muds as an H2S scavenger and, potentially, a rheological properties enhancer. However, 

there are no published studies in the literature on the inclusion of ZIF-67 or any other ZIF 

(or even any MOF) material in the formulation of any drilling fluid, to the best of our 

knowledge. Accordingly, the key aim of this study is to synthesize ZIF-67 NPs and include 

them in the formulation of water-based muds. After the synthesis of ZIF-67 NPs, they will 

undergo typical characterizations (i.e., X-ray diffraction (XRD), Fourier transform infrared 

spectroscopy (FT-IR), thermogravimetric analysis (TGA), and nitrogen 

adsorption/desorption measurements) to get insights into their crystallinity, thermal 

stability, and textural properties. Then, these ZIF-67 NPs will be incorporated into water-

based drilling formulations. The H2S scavenging performance of the prepared formulations 

will, then, be investigated. Additionally, the rheological properties (i.e., plastic viscosity, 
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apparent viscosity, yield point, gel strength, filtration loss) of the formulated water-based 

muds in the absence and the presence of different ZIF-67 contents will be thoroughly 

investigated. Furthermore, the obtained shear rate-shear stress data will be subjected to 

modelling in order to get numerical insights into the effect of the addition of ZIF-67 NPs 

into the water-based mud formulations on their flow behaviour. Finally, the drawn 

conclusions from this study and recommendations for future work will be provided.  

 

4.2   Results and discussion  

4.2.1 Characterization of ZIF-67 

The FT-IR analysis was conducted to determine the surface functional groups on the 

synthesized ZIF-67 NPs. Figure 4-1 depicts the FT-IR spectra of the ZIF-67 NPs. The 2-

methylimidazolate framework exhibited broad and strong absorption peaks between 1570 

cm-1–683 cm-1 that could be linked to the vibration and bending of the imidazole ring 

[177,178]. The peak appearing at 3630 cm−1 could be assigned to the O-H stretching 

vibration of moisture in the KBr deliquescence or the analysed ZIF-67 sample [179]. The 

peak at 2978 cm−1 could be assigned to the aromatic and aliphatic C–H stretching vibration 

of the methyl group in the imidazole ring [180]. Further, the peak at 1576 cm−1 is attributed 

to the presence of C=N stretching vibration in the imidazole ring [181]. The stretching and 

bending vibrations of the C–N in the aromatic imidazole ring is characterized by the peaks 

at 1146 and 995 cm−1, respectively [179]. The absorption peak located at 683 cm−1 is 

attributed to the aromatic sp2 C–H bending vibration [180]. The peak at 455-422 cm−1 is 

assigned to the Co-N bond stretching vibration of the ZIF-67 nanocrystals, which is in good 

agreement with the previous reports [181,182]. Therefore, FT-IR results confirm the 

formation of ZIF-67. 
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Figure 4-1: FT-IR spectra of the prepared ZIF-67.  

The crystal structure and phase composition of the synthesized ZIF-67 NPs were examined 

by XRD. As illustrated in Figure 4-2, the XRD pattern exhibited well-defined peaks at 2θ 

of 7.41, 10.44, 12.78, 14.76, 16.53, 18.09, 22.17, 24.54, 25.65, 26.70, 29.70, 30.63, 31.56, 

and 32.49⁰ which correspond to the (011), (002), (112), (022), (013), (222), (114), (233), 

(224), (134), (044), (334), (244), and (235) crystal planes, respectively. Notably, the 

intensities of the peaks at 2θ of 12.78 and 7.41 attributed to the (112) and (110) planes, 

respectively, are much stronger than other peaks, illustrating the favorable orientation of 

the (112) and (110) directions. Also, the sharp diffraction peaks indicate the high 

crystallinity and purity of the synthesized ZIF-67. Overall, the XRD pattern of ZIF-67 

agrees with the crystallographic structure described in previous reports [181,183], 

indicating that ZIF-67 was synthesized successfully. 
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Figure 4-2: XRD patterns of the prepared ZIF-67 NPs. 

 

The BET surface area, pore volume, and pore size of the synthesized ZIF-67 were analysed 

by the Nitrogen (N2) adsorption-desorption isotherm at 77 K. Figure 4-3 illustrates the 

nitrogen adsorption-desorption isotherm of ZIF-67 NPs. The isotherm shows a 

characteristic Type I adsorption behaviour, which is typical for microporous materials 

primarily due to the steep increase in the N2 adsorption on ZIF-67 at low relative pressure 

[184]. The BET surface area was calculated to be 1158 m2/g. The average pore size, 

specific pore volume, and average particle size based on the adsorption/desorption 

isotherm were estimated to be 1.71 nm, 0.495 cm³/g, and 20.7 nm, respectively. 
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Figure 4-3: The N2 adsorption/desorption isotherms on/from ZIF-67 NPs. 

 

Further, the thermal stability of the prepared ZIF-67 NPs was investigated by 

thermogravimetric analysis, and the result is depicted in Figure 4-4. The synthesized ZIF-

67 NPs show an initial weight loss of only ~20% up to a temperature of ~200 ℃, which 

corresponds to the removal of bound water moisture and other guest molecules [185]. No 

further weight loss was observed upon increasing the temperature up to about 500 ℃. 

Above 500 ℃, the framework of ZIF-67 collapses and the organic linker (i.e., 2-

methylimidazole) decomposes, resulting in about 34% weight loss. Nonetheless, the TGA 

result presented in Figure 4-4 indicates that the prepared ZIF-67 material is thermally stable 

up to ~500℃. This excellent thermal stability suggests its suitability for drilling 

applications and H2S scavenging since the maximum temperature encountered during 

drilling operations is below 500 ℃. 
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Figure 4-4: Stability of the prepared ZIF-67 NPs measured using TGA under N2 gas 

environment.  

 

4.2.2 Hydrogen sulfide removal  

The H2S scavenging performance of the base and the ZIF-67-containing drilling fluids 

were evaluated in a bubble column under continuous flow of the sour gas (100 ppmv H2S 

in methane). The obtained H2S breakthrough curves are depicted in Figure 4-5, and the 

corresponding calculated H2S scavenging capacities are given in Table 4-1. The selected 

formulations for the H2S scavenging test are the base mud without any scavenger, and the 

mud with 1 wt.% ZIF-67 NPs. The base drilling mud exhibited a very low scavenging 

capacity, whereas the ZIF-67-based mud showed a remarkable H2S scavenging 

performance. The breakthrough time of the base mud was 34.5 min, corresponding to 52.3 

mg H2S/L scavenging capacity. At saturation, the total amount of H2S scavenged by the 

base mud was 294.6 mg H2S/L. The observed scavenging capacities of the base mud could 

be attributed to the presence of free metal ions and the solubility of H2S in the fluid. As 

illustrated in Figure 4-5, the H2S scavenging capacities of the ZIF-67-based mud are 

~20% 

~34% 
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several folds higher than those of the base mud. Specifically, the breakthrough time of 842 

min, corresponding to 1259.8 mg H2S /L was recorded in the presence of ZIF-67 NPs. The 

saturation time and the H2S capacity scavenged at saturation were 1440 min and 1758.1 

mg H2S/L, respectively. 

 

Figure 4-5: H2S scavenging breakthrough curve using the base and ZIF-67 containing 
water-based drilling fluids. 

Hydrogen sulfide under aqueous conditions can exist as either H2S, HS- or S2- primarily 

depending on the pH of the medium [116,186]. The pH of the various drilling fluid 

formulations prepared was maintained within the range of 11-11.5. The dominant dissolved 

fraction of H2S present in the drilling muds upon the bubbling of the sour gas are HS- 

(≥95%) and S2-(≤5%) [186]. The H2S and this dissolved HS- fraction is actively scavenged 

by the uncoordinated open metal (Co(II)) sites and basic sites originating from the N-H 

group on the imidazole ring as depicted in Figure 4-6 [187,188]. Although, the removal of 

H2S from drilling fluid using some chemical additives has been reported in the published 

literature [9,12,16,25,122,123,173,189], there is a complete lack of studies on the 
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utilization of any ZIF or even any metal-organic framework (MOF) for this purpose, which 

highlights the novelty of the current study.  

  

 

Figure 4-6: Schematic representation of the structural information of ZIF-67 NPs (a-b) 
[190], and (c) possible mechanism of H2S Scavenging on ZIF-67 NPs.  

 

Table 4-1: Breakthrough time, breakthrough capacity, saturation time, saturation capacity 
of drilling muds. 

Parameters WBM WBM + 1 wt.% ZIF-67 
Breakthrough time (min) 34.5 842 
Saturation time (min) 325 1,440 
Breakthrough capacity 
(mg/g) 

- 117.19 

Saturation capacity (mg/g) - 163.55 
Breakthrough capacity 
(mg/L) 

52.3 1,259.8 

Saturation capacity (mg/L) 294.6 1,758.1 
Breakthrough capacity 
(g/barrel) 

8.3 200.3 

Saturation capacity 
(g/barrel) 

46.8 279.5 

 

As shown in Table 4-1 and Figure 4-5, the ZIF-67 NPs exhibited excellent H2S scavenging 

performance. However, besides the H2S scavenging performance, the addition of a 

scavenger should not compromise the mud flowability and rheology. To evaluate the 

(a) (b) 

(c) 
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impact of the ZIF-67 NPs on the rheological properties of the mud, a series of mud 

formulations with varying amounts of ZIF-67 (0, 0.05, 0.25, 0.5, 0.75, and 1 wt.%) were 

prepared. All the key rheological parameters were measured, including PV, YP, AV, and 

gel strengths (10 s and 10 min). These rheological properties depend primarily on the 

physical properties of the additives, their interactions within the base fluid, and their 

concentration [191]. The result and discussion of the effect of the ZIF-67 on the rheological 

parameters is discussed in subsequent sections. 

Table 4-2: Recommended rheological properties for WBM  [42,192,193]. 

Rheological Parameters Specifications 

Plastic viscosity (cP) 8-35 

Yield point (Ib/100 ft2) 5-50 

10 s gel point (Ib/100 ft2) <15 

10 min gel point (Ib/100 ft2)  < 35 

API fluid loss (mL) < 15 

 

4.2.3 Effect of ZIF-67 on the PV and AV 

Plastic viscosity (PV) is one of the key rheological parameters for evaluating the viscosity 

of drilling mud systems at an infinite shear rate based on the Bingham model [191]. It 

quantifies the flow resistance of drilling muds caused by mechanical friction between solid 

particles in the mud [89]. Higher magnitudes of PV indicate a correspondingly higher 

resistance and particulate friction within the drilling mud, which is uneconomical, increases 

the power required for circulation and decreases the rate of penetration (ROP). Conversely, 

PV values below the specified ranges are deleterious to fluid loss, increase sagging of 

cuttings, and reduce hole cleaning efficiency. For successful and continuous recirculation 

of drilling mud, the PV should be maintained within the specified range to maintain the 
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hydrostatic pressure, reduce energy requirements for pumping, prevent settling of cuttings, 

maintain wellbore stability, and enhance the drilling rate [192,194]. Figure 5-8 depicts the 

PV and AV of the WBM with different ZIF-67 contents. As seen in Figure 4-7, the plastic 

viscosity increases with increasing NPs concentration in the mud. The base mud had a PV 

of 15.56 cP. The incorporation of the NPs resulted in an increase in solid content and a 

gradual increase in friction between the mud particles, causing the observed increase in 

plastic viscosity. However, at 0.05 wt.% ZIF-67, the plastic viscosity drops slightly by 

1.29%. This slight reduction could be due to the initial disruption of the gel formation 

within the drilling mud [195]. Moreover, the ZIF-67 NPs at such a low concentration in 

the mud acts as a ball bearing between the larger particles present, thereby reducing inter-

particulate friction [105]. The highest plastic viscosity of 19.47 cP is measured at 1 wt.% 

ZIF-67. However, even at this ZIF-67 content, PV is still far from the maximum 

recommended limit, as shown in Table 4-2. 

The apparent viscosity (i.e., the ratio of shear strain to shear stress) is referred to as the 

effective viscosity of drilling mud when examined at a finite shear rate [194]. According 

to the Bingham model, it is one half of the dial reading at 600 rpm of shear strain. As 

depicted in Figure 4-7, the base mud had an apparent viscosity of 19.08 cP. Similarly, at 

0.05 wt.% ZIF-67, the apparent viscosity reduced marginally by about 1.52%, which is 

likely due to the decrease in particulate friction, ball bearing effect, and gel disruption. 

Subsequent increase in the NPs resulted in a steady increase in the apparent viscosity up to 

a maximum value of 26.71 cP at 0.75 wt.% ZIF-67 NPs in the mud. A reduction of the 

apparent viscosity by about 4.0% was observed upon the further increase of the ZIF-67 

NPs to 1 wt.%. Interestingly, the incorporation of the ZIF-67 NPs had no adverse effect on 
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the plastic and apparent viscosities of the drilling mud. All the measured viscosities for the 

ZIF-67 based muds are within the recommended range, as shown in Table 4-2. Moreover, 

the observed trends of the PV and AV agree with reports in the literature [89,191]. Usually, 

increasing the solid content would result in an increase in drilling mud viscosity, however, 

due to ionic and particulate interactions of the mud solids, and the physical properties of 

NPs such as particle size, density, and surface charge, this is not always the case as seen 

by the slight decrease of the AV at 1 wt.% NPs content [191]. 

 
Figure 4-7: Influence of ZIF-67 NPs on viscosity of the formulated WBM. 

 

4.2.4 Effect of ZIF-67 on the YP and Carrying Capacity  

The yield point of a drilling mud is a measure of the initial resistance of the drilling fluid 

to flow due to electrochemical interactions [191]. The YP provides a useful indication of 

the carrying capacity of drill cuttings to the surface by a given mud [196]. The magnitude 

of the YP indicates the ability of mud to suspend and circulate cuttings [195]. As such, an 

optimal YP within the recommended range is desirable in drilling muds. Relatively lower 

YP values lead to the sagging of weighing agents and cuttings, whereas excessively high 
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YP increases the power requirement for circulation and affects the rate of penetration 

(ROP) [197].  

The influence of ZIF-67 NPs on the yield point and carrying capacity is illustrated in Figure 

4-8. The base mud possesses a YP of 7.05 Ib/100 ft2 while the lowest and highest YP of 

6.85 and 17.61 Ib/100 ft2 were measured at 0.05 and 0.75 wt.% ZIF-67 NPs in the mud, 

respectively. The reduction in the YP of the base mud by 2.84% was observed with the 

addition of 0.05 wt.% ZIF-67 NPs to the base mud. The YP values increased progressively 

from 6.85 to 17.61 Ib/100 ft2 after increasing the ZIF-67 NPs concentration from 0.05 to 

0.75 wt.%. Subsequent increase in the ZIF-67 NPs concentration from 0.75 to 1 wt.% 

caused a reduction in YP by about 30% (it dropped to 12.33 Ib/100 ft2). The observed 

decrease in YP on addition of 1 wt.% ZIF-67 NPs can be attributed to the decrease in the 

total electrostatic potential of the drilling mud due to the agglomeration of ZIF-67 NPs 

[191]. However, the drop at 1 wt.% ZIF-67 NPs will not compromise the hole cleaning and 

wellbore stability of the ZIF-67-based mud since the result falls within the specified range 

shown in Table 4-2. Interestingly, the results have shown that ZIF-67 NPs can be utilized 

to improve the YP and enhance hole cleaning efficiency of water-based drilling fluids 

besides their primary role as H2S scavenger. 

Another important rheological property that is related to YP and PV, is the mud carrying 

capacity defined as the ratio of YP/PV. As depicted in Figure 4-8, the carrying capacity 

exhibited a similar trend as that observed for the yield point at various ZIF-67 NPs 

concentrations. This is usually the case since both parameters indicate the hole cleaning 

ability of drilling fluids. Interestingly, the addition of the ZIF-67 NPs resulted in an 

increase in the carrying capacity of the drilling fluid, which shows the multiple benefits of 



66 

incorporating ZIF-67 in drilling fluids (e.g., significant enhancement of H2S scavenging, 

enhanced yield point, and improved carrying capacity).  

 
Figure 4-8: Influence of ZIF-67 NPs on yield point and carrying capacity of the formulated 

WBM. 

 

4.2.5 Effect of ZIF-67 on the gel strength  

The gel strength is another vital rheological parameter that is correlated to the mud ability 

to suspend drill cutting and the mud solids under static conditions when there is a cease of 

mud circulation [172]. It is a measure of intraparticle electrochemical interactions in the 

drilling fluid under non-flow conditions measured at 10 s and 10 min, respectively [192]. 

This rheological parameter is important because the drilling mud must be able to suspend 

drill cuttings and maintain a stable wellhole, while also transporting the cuttings to the 

surface. An optimal gel strength value is always required to minimize the usually excessive 

circulation pressure required to restart drilling mud flow and prevent sagging of drill 

cuttings. The influence of ZIF-67 NPs on 10 s and 10 min gel strengths is depicted in Figure 

4-9. As illustrated in Figure 4-9, the gel strength increased upon the addition of ZIF-67 
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NPs to the base mud. The 10 min gel strength at all NPs concentrations is greater than the 

corresponding 10 s gel strength. The base mud had 10 s and 10 min gel strengths of 3.52 

and 18.19 Ib/100ft2, respectively. The 10 s and 10 min gel strength increased with 

increasing the ZIF-67 NPs concentration until they peaked at 0.75 wt.% ZIF-67 NPs 

concentration, with respective values of 13.50 and 41.87 Ib/100ft2. The 10 s and 10 min 

gel strengths, however, reduced to 8.02 and 32.68 Ib/100ft2 on the further increase of ZIF-

67 NPs to 1 wt.%. This occurrence is due to agglomeration at 1 wt.% ZIF-67 NPs 

concentration as discussed earlier. Similar trends of the 10 s and 10 min gel strength have 

been reported in literature in the presence of other NPs [89,191]. Notably, the observed 

increase of the gel strength (10 s and 10 min) over the range of 0.05 to 0.75 wt.% ZIF-67 

NPs concentration could be due to the strengthening of the gel structure and increase in 

electrostatic interactions within the mud upon addition of ZIF-67 NPs. 

 
Figure 4-9: Influence of ZIF-67 NPs on the 10 s and 10 min gel strengths of the formulated 

WBM.  
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4.2.6 Effect of ZIF-67 on the on the API filtration properties 

The filtration properties of drilling fluids, such as API fluid loss and API filter cake 

thickness, are vital parameters for the evaluation of wellbore stability of the utilized mud 

during drilling operations. The API fluid loss signifies the dischargeable filtrate volume of 

the drilling fluid when subjected to 100 psi pressure differential and ambient temperature 

conditions over a period of 30 min [198]. According to the API specifications, the fluid 

loss should not exceed the recommended value of 15 mL (Table 4-2). A high fluid loss 

volume will compromise the stability of drilling mud and cause excessive formation 

damage [42]. The filter cake is the deposited layer of the suspended drilling fluid solids 

during the API fluid loss test. The filter cake thickness measures the amount of solid 

deposited, which indicates the cake formation in the wellbore across permeable zones 

during drilling operations. To avoid formation instabilities, excessive fluid loss, and the 

sticking of drill string, an impermeable, strong, and thin filter cake is preferred 

[191,192,199]. The recommended thickness of filter cake is less than 3/32 inch. The 30 

min API fluid loss for the base mud and the mud at 1 wt.% ZIF-67 NPs concentration is 

illustrated in Figure 4-10. The base mud had a fluid loss volume of 12.8 mL, whereas the 

maximum concentration of ZIF-67 NPs in the base mud had a fluid loss volume of 14.8 

mL; the fluid loss in both cases is within the API recommended. Despite the slight increase 

in the fluid loss upon the addition of the maximum ZIF-67 content into the base drilling 

mud, the gained benefits from adding ZIF-67 in terms of the dramatic increase in the H2S 

scavenging capacity and the improvement of some rheological properties much overweigh 

the insignificant fluid loss.  
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Although the API fluid loss volume of drilling fluid is usually expected to reduce in the 

presence of NPs due to the increase in solid content of the mud, this is not always the case 

since the NPs size also plays a primary role in the permeability of the deposited solids. 

Moreover, agglomeration at high NPs concentrations could create layers of permeable cake 

that will increase the fluid loss volume [89,200]. The possible increase in the inter-particle 

spacing of the fluid loss control agent due to the presence of ZIF-67 NPs might have 

slightly decreased the close packing needed to form an impermeable cake [105]. 

Nonetheless, the API fluid loss volume in the presence of the ZIF-67 NPs is not 

significantly higher than in the case of the base mud and is still within the recommended 

API specifications as mentioned above.  

 
Figure 4-10: API fluid loss of the base and the 1 wt.% ZIF-67 mud formulations.  

  
Table 4-3 and Figure 4-11 (a-b) illustrate the filter cake thickness and the images of the 

filter cakes obtained with the base mud and the ZIF-67-based mud, respectively. As shown 

in Table 4-3, the base mud had a filter cake thickness of 3/32 inch while the 1 wt.% ZIF-

67-based mud had a filter cake thickness of 4/32 inch. The filter cake thickness increased 

with the addition of the ZIF-67 NPs. A similar result is also reported in the literature for 
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other nanomaterials. For instance, Mohanty et al. [191] reported on the application of 

zirconia-clay nanocomposite for improving the rheology of water-based mud. They found 

out that the addition of 0.3% of the nanocomposite resulted in a 11.39% (0.44 inch) increase 

in filter cake thickness when compared to that of the base mud (0.395 inch) without the 

zirconia-clay composite material [191]. In this study, the measured filter cake thickness 

corroborates the magnitudes of the fluid losses, respectively. This marginal increase in the 

filter cake thickness at the highest ZIF-67 dosage (i.e., 1 wt.%) used could be due to particle 

agglomeration. However, this increase in the filter cake is insignificant and did not 

adversely affect the fluid loss volume as discussed above. This is indicative that the ZIF-

67 NPs would not compromise wellbore stability during drilling operations and could be 

successfully incorporated into drilling fluids. 

 

Table 4-3: API filter cake thickness and lost volume. 

Formulation 
Cake Thickness Lost volume 

(mL) 1/32 inch (mm) 
WBM 3 2.38 12.8 
WBM + 1 wt.% ZIF-67 4 3.18 14.8 

  

  

Figure 4-11: Filter cake obtained from the API filter press after 30 min (a) without ZIF-67 
NPs and with (b) 1.0 wt.% ZIF-67 NPs. 

 

a b 
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4.3  Shear rate-shear stress curve and rheological modelling 

The shear rate-shear stress curve demonstrates the correlation between the shear stress and 

shear rate of a drilling fluid. The shear stress describes the force per unit area that the fluid 

experiences due to its motion, while the shear rate defines the rate at which each layer of 

the drilling fluid moves relative to another layer. By examining this curve, the behavior of 

fluid viscosity exhibited and the general rheological behavior (i.e., Newtonian, or non-

Newtonian) could be characterized. The shear rate-shear stress curve of the base mud and 

the scavenger containing mud at the various concentrations is illustrated in Figure 4-12.  

 

Figure 4-12: Shear stress-shear rate curves of the base and the ZIF-67 water-based mud 
formulations. 

As depicted in Figure 4-12, the addition of ZIF-67 NPs resulted in a progressive increase 

in the shear stress of the drilling mud, which is primarily due to the increase in the solid 

content of the drilling mud. Interestingly, the drilling fluid formulation at all NPs 

concentrations, including the base mud, exhibited non-Newtonian shear thinning behavior, 

which is desired in drilling fluids [172]. This behavior enhances the mud flowability, 

reduces pressure or frictional losses during mud circulation, improves hole cleaning, 
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maintains wellbore stability, improves the rate of penetration (ROP), reduces differential 

sticking of drill string, and provides better drilling rates. The non-Newtonian shear thinning 

behavior has been also reported elsewhere for waxy crude oil [201] and crude oil nano 

emulsions [202–204].  

Table 4-4 and Figure 4-13 shows the results obtained from the rheological modelling of 

the base mud formulation and those containing various ZIF-67 contents. The rheological 

modelling was conducted using the five most utilized models to identify the one that best 

describes the general behavior of the formulated water-based drilling fluid. These utilized 

rheological models are the Newtonian (Eqn. 4-1), Bingham Eqn. 4-2), Herschel Buckley 

(Eqn. 4-3), Ostwald Power Law ( Eqn. 4-4), and Sisko Model ( Eqn. 4-5 ) [71,205]. 

𝜏 =  𝜇௉𝛾           (4-1) 

𝜏 =  𝜏௢ +  𝜇௉𝛾          (4-2) 

𝜏 =  𝜏௢ +  𝐾ு𝛾௡          (4-3) 

𝜏 =  𝐾௉𝛾௡           (4-4) 

𝜏 =  𝐾ଵ𝛾 +  𝐾ଶ𝛾௡          (4-5) 

Where, 𝜏 , 𝜇௉ and 𝛾   are the shear stress, viscosity, and shear rate, respectively. K1 is the 

coefficient of viscosity, K2, 𝐾ு and  𝐾௉ are the consistency coefficients of the Sisko, 

Herschel Buckley, and Ostwald Power Law models, respectively. n is the flow index of the 

fluid (i.e., n < 1 represents a pseudoplastic (shear thinning) fluid, n > 1 represents a dilatant 

(shear thickening) fluid, and n = 1 corresponds to a Newtonian fluid). 

 

As illustrated in Figure 4-13 (a), the fitting line of the Bingham model (R2=0.994) is fairly 

close to the measured experimental values of the base mud. However, the rheological 
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models that best track the measured values of the base mud are the Herschel Buckley 

(R2=0.999) and the Sisko model (R2=0.999) since they exhibit a higher coefficient of 

determination (i.e., R2) than the Bingham model. Similarly, the rheological models that 

best describe the various ZIF-67 mud formulations are the Herschel Buckley (R2 = 0.998-

0.999) and the Sisko model (R2 = 0.997-0.999) since they showed a higher R2 than the 

Bingham model, which had R2 ranging from 0.994 up to 0.997 (See Table 4-4 and Figure 

4-13(b-f)). Further, the flow index (n) values of the base mud according to the Herschel 

Buckley, Ostwald power law, and Sisko models were found to be less than 1, indicating a 

pseudoplastic behavior of the base drilling mud. On the other hand, the coefficient of 

viscosity (K1), which describes an important property that determines the drilling fluid 

ability to efficiently remove cuttings from the drilled wells, suspend and transport them to 

the surface, and maintain wellbore stability. According to the Sisko model (R2=0.999), the 

base mud had a coefficient of viscosity of 3.131 cP. Interestingly, the addition of ZIF-67 

NPs resulted in an increase in the coefficient of viscosity of the drilling mud, which 

indicates that the incorporation of ZIF-67 NPs could be used to enhance the performance 

of drilling fluids. Similarly, the values of the consistency coefficients (K2, 𝐾ு and  𝐾௉), 

which measure the average viscosity of non-Newtonian fluid, increased with increasing 

ZIF-67 NPs concentration, indicating that the incorporation of ZIF-67 NPs improved the 

average viscosity of the mud [206]. The trends and rheological behavior of the base mud 

are closely similar to the observed trends of the various ZIF-67 mud formulations, which 

shows that the addition of ZIF-67 NPs did not adversely affect the rheology of the base 

mud but rather improved it in some instances, as previously discussed. 
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Figure 4-13: Rheological modelling of the (a) the base mud, and the ZIF-67 NPs containing mud at (b) 0.05 wt.%, (c) 0.25 wt.%, (d) 0.50 
wt.%, (e) 0.75 wt.% and (f) 1.0 wt.% concentrations, respectively. 
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Table 4-4: Rheological parameters of water-based drilling fluids containing ZIF-67 NPs at different concentrations. 

ZIF-67 
(wt.%) 

Newtonian 
model 

Bingham 
model 

Herschel Buckley 
model 

Ostwald power law 
model 

Sisko 
model 

𝝁𝑷 R2 𝝁𝑷 𝝉𝒐 R2 𝝉𝒐 kH n R2 kP n R2 k2 k1 n R2 

0.00 0.043 0.919 0.036 5.161 0.994 3.965 0.101 0.850 0.999 0.430 0.653 0.979 0.031 3.131 0.156 0.999 

0.05 0.042 0.924 0.035 4.909 0.994 3.760 0.098 0.854 0.999 0.392 0.665 0.980 0.031 2.966 0.157 0.999 

0.25 0.048 0.884 0.038 6.846 0.994 5.449 0.117 0.838 1.000 0.731 0.588 0.969 0.033 4.437 0.136 1.000 

0.50 0.054 0.785 0.039 10.673 0.997 9.992 0.069 0.916 0.999 2.032 0.449 0.915 0.036 9.439 0.040 0.998 

0.75 0.063 0.711 0.042 14.836 0.994 13.679 0.101 0.875 0.998 4.340 0.357 0.902 0.039 12.796 0.048 0.997 

1.00 0.059 0.840 0.045 10.017 0.996 8.997 0.094 0.893 0.999 1.314 0.530 0.941 0.041 8.203 0.064 0.998 
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4.4    Summary  

The current study represents a pioneering investigation into the application of ZIFs (and 

MOFs, in general) in oilfield industries. The use of these attractive materials for enhancing 

the H2S scavenging performance of water-based (or even oil-based) fluids, or as a rheology 

modifier is still lacking in the published literature, to the best of our knowledge, 

highlighting the novelty of this study. The addition of ZIF-67 NPs to the WBM boosted 

the H2S scavenging capacity by many folds, demonstrating the efficacy of this attractive 

material in managing the risk of encountering H2S during drilling operations. In addition 

to the excellent H2S scavenging performance, the inclusion of ZIF-67 into the WBM 

formulations also enhanced some key rheological properties such as plastic viscosity, yield 

point, and the carrying capacity of the drilling cuttings. The desirable shear-thinning 

behavior observed for all the ZIF-67 containing formulations further supports the favorable 

effect of ZIF-67 addition on the rheology of the formulated WBMs. The modelling exercise 

revealed that the Herschel Buckley and Sisko models best fit all the shear stress-shear rate 

data; this finding is in line with the observed shear-thinning behavior of the formulated 

WBMs. The minimal increase in the filtrate volume and the filter cake thickness at the 

highest ZIF-67 dosage in the WBM formulation do not compromise the beneficial effects 

of ZIF-67 addition. The findings reported in this study suggest the commercial potential of 

utilizing ZIF-67 for mitigating the encountered H2S during oilfield operations and as NPs 

for enhancing the key rheological properties of drilling fluids.   
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5 CHAPTER 5 

 EFFECT OF CuMgFe-LAYERED TRIPLE HYDROXIDE ON 

RHEOLOGY, FILTRATION LOSS AND H2S SCAVENGING 

PERFORMNCE  

5.1 Introduction  

Hydrogen sulfide (H2S) is a known highly corrosive and toxic gaseous substance that is 

geologically generated in-situ in subterranean reservoirs [10,20]. The mechanism of 

subterranean H2S formation is either through anaerobic microbial degradation or thermal 

reduction of sulfate-containing biomass, minerals, and hydrocarbons [169,170]. 

Additionally, other technologies, such as water flooding of reservoirs for enhanced oil 

recovery, also generate H2S as a result of the proliferation of sulfate-reducing bacteria 

[15,171]. The presence of H2S in subterranean formations is associated with serious safety 

concerns during drilling and well development stages in the oil and gas industry. The 

exposure of drilling fluids to H2S during circulation leads to the release of this corrosive, 

toxic, and flammable gas to the surface, resulting in severe hazards to rig personnel and 

infrastructure [9,12]. 

The infiltration of H2S into the drilling fluids causes a decline in their pH, rendering the 

fluids more corrosive, altering their density, and therefore affecting their viscosity and gel 

strength. As a result, the overall performance of the drilling fluid is significantly 

diminished. Further, the presence of H2S poses significant risks to metallic drilling 

equipment, leading to detrimental consequences such as pitting corrosion, hydrogen 

embrittlement, and sulfide stress cracking. These corrosive effects not only compromise 

the structural integrity of the equipment but also result in substantial economic losses [115]. 

Equally concerning is the profound impact H2S can have on human health, ranging from 
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loss of consciousness to respiratory disorders, and even fatalities [207]. To effectively 

control and minimize the harmful effects of this gas, the Occupational Safety and Health 

Administration (OSHA) and the U.S. National Institute for Occupational Safety and Health 

(NIOSH) have established rigorous safety regulations. These specify maximum exposure 

limits of 50 parts per million (ppm) and 10 ppm, respectively, within a 10-min timeframe 

[30]. Accordingly, it is imperative to implement effective measures in the formulation of 

drilling fluids to minimize any potential exposure and mitigate the adverse consequences 

H2S may pose to oil and gas drilling operations. 

One approach for controlling the release of H2S during drilling operations is to keep the 

pH of the drilling fluid above 10. At this pH, H2S is mostly present in ionic sulfide forms 

(i.e., HS- and S2-) instead of the covalent H2S form. Converting H2S into these soluble (i.e., 

ionic) forms might minimize the release of H2S [119]. However, this approach is a double-

sided sword since these ions will recombine to form H2S at low pH. Thus, the sole elevation 

of the pH is not an effective method. Additionally, the solubility of HS- and S2- in the 

formulated mud is limited, making the eventual release of H2S inevitable. Besides, due to 

the accumulation of soluble sulfide, a slight drop in pH will result in the release of 

uncontrollable and unpredictable amounts of H2S [118]. Another approach, which involves 

the oxidation of sulfide ions to produce sulfur, has also been adopted to mitigate H2S 

exposure in drilling fluids [20]. Nonetheless, this method is undesirable since the sulfur 

product generated is itself difficult to remove from the aqueous drilling fluid and further 

adversely affects the rheological behaviors of the fluid. Moreover, this method is 

ineffective as it is unable to remove all the H2S completely and quickly in the drilling fluid 

[20].  
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Thus, a highly effective technique for scavenging H2S involves incorporating additives that 

can swiftly convert it into stable, non-reversible, and safe chemical products. For instance, 

additives such as amines, aldehydes, and transition metal compounds, among others, have 

been utilized in drilling fluid formulations to effectively capture H2S and mitigate its effects 

during drilling operations [16,118,122,173]. Soluble and insoluble metal-based scavengers 

are among the most commonly used because they are inexpensive, effective, and form 

stable insoluble metal sulfide upon reacting with H2S [20,118].  

The most widely used metals include alkali or transition metal carbonates, nitrates, oxides, 

and organic metal compounds, among others [16,119,208]. In recent years, layered double 

hydroxides (LDHs), alternatively referred to as hydrotalcites, have emerged as attractive 

materials for a wide range of applications due to their peculiar properties, such as low 

toxicity, lower cost, high chemical and thermal stability, and high sorption capacity 

[209,210]. For instance, LDHs have been utilized as drug carriers, flame retardants, 

catalysts, supercapacitors, and sorbents for various organic and inorganic pollutants 

[135,136]. They have the chemical formula of [M2+
1−xM3+

x(OH)2]x+[An−
x/n·yH2O]x−, where 

M2+ (e.g., Mg2+, Ca2+, Cu2+, Fe2+, etc.) and M3+ (e.g., Fe3+, Cr3+, Ga3+,  Al3+,  etc.) are the 

divalent and trivalent metals, An- (e.g., CO3
-2, NO3

-2, OH-, etc.) is the intercalated anion, 

and x is the molar ratio of M3+/(M2++M3+), which should be, preferably, within the range 

of 0.17 to 0.33 in order to obtain pure hydrotalcite phase [133,134]. The LDH structure 

consists of stacked, positively charged, brucite-like layers of divalent metal ions that are 

octahedrally coordinated to six hydroxyl groups, in which part of the divalent ions are 

replaced by trivalent ions [26]. The general crystallinity of LTH, and the intensity of the 

(003) crystal planes or facet has been reported to enhance the H2S removal of LTH. Lee et 
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al.[141], conducted a dynamic breakthrough experiment to investigate the effectiveness of 

Co-Fe-LDH in removing H2S from a high-humidity gas stream. The study examined 

different molar ratios of Co/Fe and observed a correlation between the crystallinity of the 

synthesized LDH and the performance of H2S removal. Specifically, Co/Fe ratios of 1:1 to 

1:3 exhibited lower crystallinity, while the crystallinity increased for the 2:1 and 3:1 ratio. 

Notably, the LDH sample with 3:1 ratio showed a more prominent presence of the 11.6° 

(003) phase (i.e., higher crystallinity) and demonstrated the highest breakthrough capacity, 

indicating that a higher intensity of 003 phase may enhance H2S uptake. Furthermore, the 

adsorption capacity of CoFe-LDH (0.209 g H2S/g) was found to be 1.53 times higher than 

that of Co-hydroxide and 8.5 times higher than that of Fe-hydroxide. These results clearly 

indicate that the synergistic effect of Co-Fe double hydroxide significantly improves the 

adsorption capacity [141].  

Despite the attractive characteristics of LDHs, including their potential effectiveness in 

H2S scavenging, their inclusion in drilling fluids has not been reported yet, to the best of 

our knowledge. Furthermore, the inclusion of a third metal in the LDH framework (forming 

a layered triple hydroxide) could result in a better-performing material.  

Hence, we report herein the fabrication of a layered triple hydroxide (LTH) composed of 

copper, magnesium, and iron. The formed tri-metallic nanosheets were characterized using 

Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), 

thermogravimetric analysis (TGA), and nitrogen adsorption isotherm in order to, 

respectively, evaluate its surface functionality, structure, thermal stability, and surface area. 

The synthesized CuMgFe-LTH was incorporated into an aqueous drilling fluid formulation 

to boost its H2S scavenging performance, which was evaluated using a breakthrough 
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experiment. Additionally, the influence of the CuMgFe-LTH on the rheology and filtration 

loss of the drilling fluid was investigated and discussed. 

 

5.2 Results and discussion 

5.2.1 XRD analysis 

The crystallographic structure of the CuMgFe-LTH is analyzed, and the pattern is depicted 

in Figure 5-1. It can be inferred that the synthesized CuMgFe-LTH is highly crystalline 

due to the existence of sharp, symmetric, and intense diffraction peaks. The XRD pattern 

exhibited diffraction peaks at 2θ= 11.43, 23.02, 34.09, 35.54, 38.97, 46.32, 48.32, 60.84, 

and 61.50° which can be indexed to the (003), (006), (009), (012), (015), (018), (110), and 

(113) crystal planes, respectively. The measured peaks match very well with those 

observed for carbonate-containing LTHs, suggesting the successful formation of a 

multilayer brucite-like nanosheet structure [211]. The mean inter-brucite layer distances of 

the (d003) reflection plane were calculated to be 0.782 nm, indicating the interlamination of 

CO3
2- and H2O molecules [212,213]. Also, the c parameter, which indicates the interlayer 

spacing of the sample, is calculated from the reflection at 2θ= 11.43° using this formula 

c=3(d003) and found to be 2.35 nm. The value of the c parameter strongly depends on the 

nature of the intercalating anion, which in this case indicates the presence of carbonate 

anions in the interlayer spaces [214,215]. The lattice parameter a, which indicates the 

average distance between the cations, is calculated from the diffraction peak originating at 

2θ= 60.82° using a=2(d110) [215], and found to be 0.305 nm. The peak positions and lattice 

parameter values obtained confirm the formation of the CuMgFe-LTH. 
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Figure 5-1: XRD pattern of the synthesized CuMgFe-LTH. 

 

5.2.2 FT-IR analysis 

The FT-IR spectra of the synthesized CuMgFe-LTH is presented in Figure 5-2. The spectra 

show the typical absorption bands associated with the LTH intercalated with CO3
2- anions 

[216,217]. The wide absorption band around 3447 cm−1 could be attributed to the O-H 

vibrational stretch of the water molecules present in the brucite layer [218]. The band at 

2982 cm-1 can be attributed to the strong O-H-O stretch of the hydrogen bonding in the 

interlayer space connected to the intercalated CO3
2-anion or water molecules [219]. The 

peak at 1645 cm−1 corresponds to the O-H bending vibration of the water molecules 

intercalated in the interlayer space. The absorption band characterizing the asymmetric 

vibration of the CO3
2- anion is located within the range of 1360 to 1072 cm−1 [220]. The 

bands in the region from 1000 to 500 cm−1 is related to the lattice vibrations of the 

condensed metal oxides M-O, M-O-M and O-M-O (M = Cu, Fe, and Mg) [221]. Overall, 
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the FT-IR spectra reveals the presence of CO3
2-, O-H, and metal ions, confirming the 

formation of CuMgFe-LTH. 

 
Figure 5-2: FT-IR spectra of the synthesized CuMgFe-LTH. 

 

5.2.3 Thermogravimetric analysis 

The thermal stability of the CuMgFe-LTH was investigated and the profiles obtained from 

the TGA are depicted in Figure 5-3, which shows several weight loss stages occurring 

between 33 and 902 ℃. The first stage, ranging from 33 to 85 ℃, is associated with the 

removal of physically bound water molecules from the external surface (0.5-1.5% weight 

loss). The second occurred between 105 and 195℃, this is primarily due to the loss of 

interlayer water molecules (1.75-6.34% weight loss). Between 207 and 500 ℃, the removal 

of the intercalated CO3
2- anions and the decomposition of the metal hydroxide layers take 

place, contributing to a weight loss of about 9%. Further, the weight loss of about 4.6% 

observed between 759 and 901 ℃ is as a result of the decomposition of any in-situ 
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generated or residual metal carbonate phases present [222]. Overall, the synthesized 

CuMgFe-LTH demonstrates excellent thermal stability across the entire temperature range 

from 33 to 902 ℃ making the material well suited for utilization in drilling fluid 

applications. 

 

Figure 5-3: Thermogravimetric profile of the synthesized CuMgFe-LTH. 

 

5.2.4 Textural properties 

The textural properties of the synthesized CuMgFe-LTH were evaluated using the N2 

adsorption-desorption isotherms analysis conducted at −196 ℃; the obtained isotherms are 

depicted in Figure 5-4 (a). The CuMgFe-LTH exhibited a type IV isotherm with a type-1 

hysteresis loop according to the IUPAC classifications [223]. This indicates the existence 

of uniform mesopores with slight micropores. The specific surface area, pore volume, and 

average pore size were determined to be 56.64 m2/g, 0.36 cm3/g, and 12.46 nm, 

respectively. Interestingly, the results of the BET analysis indicate that the CuMgFe-LTH 

is mesoporous and, thus, potentially has a high H2S scavenging capacity. Further, the pore 
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size distribution shown in Figure 5-4 (b) corroborates that most of the pores are within the 

mesoporous range (2-50 nm), with a narrow and monomodal distribution and an average 

pore size of 12.46 nm.  

 

Figure 5-4: (a) N2 adsorption-desorption isotherm, and (b) pore size distribution of the 
synthesized CuMgFe-LTH. 

 

5.2.5 Hydrogen sulfide removal  

Figure 5-5 depicts the H2S scavenging performance of the CuMgFe-LTH. The 

breakthrough time obtained for the aqueous drilling fluid formulation containing 1.0 wt.% 

CuMgFe-LTH (abbreviated as LTH-BM, hereafter) was about 1554.5 min (i.e., 25.9 h) 

which corresponds to an H2S removal capacity of 216.3 mg H2S/g scavenger. Up until the 

breakthrough time, the LTH-BM was capable of continuously removing all the H2S from 

the entering gas stream without any H2S leaving with the outlet gas stream. Beyond the 

breakthrough time, the H2S concentration in the gas effluent gradually increased up to the 

saturation time, at which the amount of H2S in the outlet stream is the same as that in the 

inlet stream. At saturation, most of the H2S scavenging sites on the CuMgFe-LTH are 
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utilized. The H2S scavenging capacity of the LTH-BM at the saturation time of 2659.5 min 

(i.e., 44.3 h) reached 268.0 mg H2S/g scavenger. Compared to the base mud without any 

scavenger (BM), which only reached breakthrough and saturation after 34.5 and 325 min, 

respectively, the LTH-BM exhibited a very remarkable H2S scavenging capacity, as seen 

in Figure 5-5. The plausible mechanisms of H2S removal by the LTH is either through 

anion exchange between the ionic sulfide species and the intercalated carbonate and 

hydroxyl groups within the LTH structure, or ionic reaction with metal hydroxide layers of 

the LTH. The reaction of the CuMgFe-LTH with H2S in the ionic form to produce insoluble 

metal sulfide and water might have occurred according to the plausible reaction mechanism 

(equation 5-1, 5-2, 5-3, and 5-4) shown below: 

𝐻ଶ𝑆(௚)  →  𝐻𝑆ି
(௔௤)  +  𝑆ଶି

(௔௤) (5-1) 

𝑀(𝑂𝐻)௫ (௦). + 𝑥𝐻𝑆ି
(௔௤)  →  𝑀𝑆௫(௦) + 𝑥𝐻ଶ𝑂 (5-2) 

𝐻ଶ𝑆 +  𝐶𝑂ଷ
ଶି

(௔௤)  
→  𝐻𝑆ି

(௦) + 𝐻𝐶𝑂ଷ
ି (5-3) 

𝐻ଶ𝑆 + 𝐻𝐶𝑂ଷ
ି

(௔௤)  
→  𝐻𝑆ି

(௦) + 2𝐻ଶ𝑂 + 𝐶𝑂ଶ (5-4) 

H2S gas in aqueous drilling fluid dissociates into ionic sulfide intermediates, HS- and S2-. 

The dissociated HS- immediately reacts with the divalent and trivalent metal hydroxides to 

produce metal sulfide (MSx), and water. Further, HS- and bicarbonate ion (HCO3
−) are 

formed via the reactions of H2S with carbonate ion present in the LTH. The H2S further 

reacts with the bicarbonate ion (HCO3
−) produced in the preceding reaction to form HS-, 

CO2 and water. The generation of HS- ion from the exchange reaction with carbonate 

further increases the removal performance of the metal hydroxide. 
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The LTH has exhibited better performance towards H2S removal, even better than other 

scavengers that have been reported. For instance, Onaizi et al. [12] reported the H2S 

scavenging performance of Cu(NO3)2.3H2O in an aqueous drilling fluid formulation. This 

material exhibited an H2S scavenging capacity of 15.8 and 146.8 mg/g at breakthrough and 

saturation, respectively [12]. Additionally, Wang et al. [224] prepared a series of porous 

Cu-based sorbents for H2S removal in dynamic conditions at ambient temperature [224]. 

The highest H2S scavenging capacity obtained was 147 mg/g. Accordingly, the LTH-

containing drilling fluid formulated in this study has superior H2S scavenging performance 

compared to previous literature.  

 

Figure 5-5: H2S scavenging performance of the BM and LTH-BM in a continuous 
breakthrough experiment. The LTH-BM formulation contains 1 wt.% CuMgFe-LTH NPs.  

 

5.2.6 Filtration properties  

API filter press tests were performed to get insights into the amount of filtrate that will be 

lost, and the thickness of the mud cake layer formed. The fluid loss property is an essential 

aspect of drilling fluid behaviour and has significant implications for wellbore stability and 
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overall fluid performance [199,225]. Figure 5-6 depicts the API LPLT fluid loss volumes 

of the BM and LTH-BM. The filtrate volume of the BM is about 12.8 mL, whereas 14.2 

mL was obtained for the LTH-containing formulation at 1.0 wt.%. The filtrate volume 

increased with the addition of the CuMgFe-LTH. Despite the increase, the obtained filtrate 

volume is still within the recommended range under LPLT conditions. 

Preferably, the filtrate volume should decrease when nanoparticles (NPs) are introduced 

due to the increase in solid content. Nevertheless, the particle size and degree of dispersion 

of the NPs play a primary role in the permeability of the deposited filter cake layer and 

therefore the fluid loss volume [226]. Further, agglomeration can influence the fluid loss 

volume by creating layers of permeable cake that can increase the filtrate volume [89,200]. 

This might have accounted for the observed 10.9% increase in the filtrate volume for the 

LTH-BM formulation. Despite this increase, the CuMgFe-LTH demonstrates potential for 

effectively controlling fluid loss since the filtrate volume remains below the recommended 

limit of 15 mL, indicating its ability to mitigate fluid loss. Moreover, the LTH-BM 

formulation offers an additional advantage by enhancing H2S scavenging performance. 

This makes CuMgFe-LTH an extremely favourable additive for drilling fluid applications. 

Interestingly, comparable results have been reported by other researchers working with 

other NPs. For instance, Bayat et al. [227] investigated the impact of SiO2, ZnO and TiO2 

NPs on the rheological properties of water-based drilling fluids. The inclusion of 0.05-0.50 

wt.% SiO2 in the drilling fluid was found to increase the fluid loss volume from 12.0 to 

13.1 mL and from 15.5 to 16.3 mL at 25 and 50 ℃, respectively. Also, Mahmoud et al. 

[228], studied the filtration properties of ferric oxide (Fe2O3) NPs and found that the 

filtration loss volume increased from 6.4 to 8.9 mL within the concentration range of 0.3-
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1.0 wt.%. Compared to the based mud, which had a filtrate volume of 7.7 mL, the fluid 

loss at 1.0 wt.% increased by 15.6% [228]. 

 
Figure 5-6: API LPLT filtrate loss of the BM and the LTH-BM formulations.  

 

Another key fluid loss property, which is the thickness of the filter cakes was also 

measured. The filter cake layer acts as a barrier, restricting further filtrate loss into the 

formation and helping to maintain wellbore integrity [229]. The thickness of the filter cake 

can be influenced by factors such as the mud properties, operating conditions, and 

formation properties [230,231]. A properly controlled filter cake thickness is crucial as it 

improves cutting transport and controls well pressure [90]. The thickness of the BM and 

LTH-BM filter cake layers is presented in Table 4-3, and their photos are shown in Figure 

5-7(a-b). The results obtained show that incorporation of the 1.0 wt.% CuMgFe-LTH in 

the BM formulation had no effect on the thickness of the filter cake layer. Additionally, 

physical inspection of the LTH-BM filter layer shows a smooth, thin, and lubricating 
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surface, as depicted in Figure 5-7; these textural characteristics are desirable in drilling 

operations [89].  

Table 5-1: API LPLT filter cake thickness. 

Formulation 
Cake Thickness 

FL (mL) 
1/32 inch (mm) 

BM 3 2.38 12.8 
LTH-BM  3 2.38 14.2 

  

  

Figure 5-7: Photos of the API LPLT filter cake of (a) BM and (b) LTH-BM formulations. 

 

5.2.7 Effect of CuMgFe-LTH on the rheological properties 

Plastic viscosity (PV) is a key rheological property of drilling fluids that determines their 

resistance to flow due to mechanical friction measured at an infinite shear rate [78,191]. 

This property holds a significant importance as it directly impacts drilling fluid 

performance and wellbore stability. Further, it influences cutting transport by preventing 

sagging and maintaining effective hole cleaning [42,194]. Another important rheological 

property (i.e., the apparent viscosity (AV)) describes the resistance to flow when evaluated 

under a finite shear rate [194]. It differs from plastic viscosity in that it accounts for both 

internal friction and the effect of shear rate. In drilling fluid applications, the apparent 

viscosity of the drilling mud is crucial for assessing its flow behaviour, pumpability, and 

a b 
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overall performance. It also provides valuable information about the fluid ability to 

circulate, transport cuttings, and maintain the desired flow properties. 

The changes of the PV and AV with increasing CuMgFe-LTH content is presented in 

Figure 5-8. As displayed in Figure 5-8, the values of the AV are greater than the PV for all 

the formulations prepared. Further, the AV increases gradually from 18.98 to 22.21 cP with 

the increase of CuMgFe-LTH content from 0.05 to 1.0 wt.%. Similarly, the PV increases 

from 14.94 to 17.12 cP within the range of 0.25 to 1.0 wt.%. This general increase in 

viscosity is as a result of the increase in solid content [232]. However, the PV is observed 

to reduce by about 2.5 and 3.8% at 0.05 and 0.25 wt.%, respectively, when compared to 

the base mud. Compared to the literature, similar trends have been observed with other NPs 

added to aqueous drilling fluid formulations. For instance, Bayat et al. [83] observed a 

declining trend of the PV upon the addition of up to 0.1 wt.% TiO2 and SiO2 NPs to the 

base mud at various temperatures [83]. Additionally, Smith et al. [76] reported a similar 

decreasing trend of both PV and AV with aluminum oxide and silica NPs within the range 

of 0 to 0.5 wt.% contents [76]. Dejtaradon et al. [232] investigated the impact of ZnO and 

CuO NPs on the rheological properties of water-based drilling fluids and observed an initial 

decreasing trend in both PV and AV upon the addition of CuO and ZnO NPs [232].  

The primary reason for the observed reduction in PV and/or AV is the possible decrease in 

inter-particle friction resulting from charge compensation, which increases the repulsive 

forces between drilling fluid particles. The increase in repulsive forces leads to an increase 

in inter-particle distance, which in turn results in a reduction in the mud viscosity 

[105,233]. Further, the CuMgFe-LTH at such lower concentrations could serve as a ball-
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bearing between the larger drilling fluid particles, thereby reducing the inter-particle 

friction, and hence the fluid viscosity [42]. 

 
Figure 5-8: The effect of CuMgFe-LTH on PV and AV. 

 

Figure 5-9 depicts the influence of CuMgFe-LTH on the yield point (YP) and carrying 

capacity. The YP of a water-based drilling fluid measures the minimum shear stress 

required to initiate flow [191]. It represents the ability of the fluid to resist initial flow under 

applied stress due to electrochemical interactions between the mud constituents [191]. In 

aqueous mud formulations, this property is primarily influenced by the presence of 

colloidal solids like bentonite and starch, which can form a three-dimensional network 

within the fluid and contribute to the internal strength and ability of the fluid to withstand 

shear stress. When the applied shear stress exceeds the yield point, the intermolecular 

forces holding the network together are overcome, and the fluid begins to flow [234]. The 

YP is a crucial parameter because it directly affects the ability of the drilling fluid to 

suspend cuttings [194]. Similarly, the carrying capacity, another important rheological 
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property, also measures the ability to effectively transport and suspend drilled cuttings from 

the bottom of the wellbore to the surface during the drilling process [235,236]. It is 

influenced by factors such as viscosity, yield stress, fluid density, and solid content [237]. 

A relatively high drilling fluid density can provide better buoyancy for the cuttings, 

facilitating their upward movement. Similarly, optimized fluid viscosity and yield stress 

are advantageous for better carrying capacity [237]. 

As presented in Figure 5-9, the YP and carrying capacity of the formulated water-based 

drilling muds increase upon the addition of the CuMgFe-LTH. However, unlike the initial 

drop observed for the drilling fluid viscosity, the YP and carrying capacity gradually 

increase with increasing CuMgFe-LTH content. The YP and carrying capacity increased 

by about 8.2 and 11.1%, respectively, with the addition of 0.05 wt.% CuMgFe-LTH. The 

CuMgFe-LTH was found to be good for increasing the yield point and carrying capacity 

and further exhibited better dispersion without any form of agglomeration. This increase 

in these rheological properties indicates that the CuMgFe-LTH can improve the hole 

cleaning performance of the drilling fluid. The observed trend could be attributed to the 

increase in electrostatic interaction between the drilling fluid particles [238]. Further, the 

increase in PV discussed earlier as a result of the increase in solid contents is likely to 

contribute to the increase in carrying capacity.  
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Figure 5-9: The effect of CuMgFe-LTH on YP and carrying capacity. 

 

Another key rheological property of drilling fluids is their gel strength, which indicates the 

ability of the fluid to develop and maintain a gel-like structure when at rest or when 

subjected to completely static conditions [191]. This thixotropic property of drilling fluids 

helps in preventing the settling of cuttings when circulation is paused, ensuring their 

suspension, and preventing their accumulation at the bottom of the wellbore [37]. The gel 

strength of the drilling fluid also contributes to wellbore stability by providing support to 

the walls, minimizing fluid invasion into the formation, and reducing the risk of differential 

sticking [239,240].  

Figure 5-10 presents the influence of the CuMgFe-LTH on the gel strength of the 

formulated water-based muds. The recommended range for the 10 s and 10 min gel strength 

(GS) should be less than 15 and 35 Ib/100 ft2, respectively [42]. As demonstrated in Figure 

5-10, the base mud and LTH-containing formulations satisfied this requirement at all the 

added weight ratios. Further, the 10 s GS is smaller than the 10 min GS, indicating the 

influence of drilling fluid static periods on its rheological property. The 10 min GS is 



95 

measured after a 10 min static period within which the CuMgFe-LTH and other drilling 

fluid additives rearranged in such a manner that the free energy is minimized through 

electrostatic surface charge compensation [84]. This arrangement results in the formation 

of a stronger gel structure compared to the 10 s static time, thus giving a higher GS. 

Additionally, increasing the CuMgFe-LTH concentration resulted in an increase in both 10 

s and 10 min GS. Generally, nanoparticles in drilling fluids or other aqueous dispersions 

usually possess surface charges [238,241]. As the concentration of NPs in the fluid rises, 

both the zeta potential and surface charge of the particles increase [241]. This phenomenon 

leads to a higher abundance of colloidal and surface-charged particles in the fluid, thereby 

strengthening the gel strength. Hence, a major reason for the increase in the GS upon the 

addition of the CuMgFe-LTH could be attributed to the positively charged layers of the 

CuMgFe-LTH, which might have strengthened the gel structure and network of drilling 

fluid additives through electrostatic interactions [84]. Interestingly, similar findings have 

also been reported in the published literature using other NPs [242,243]. 

 
Figure 5-10: The effect of CuMgFe-LTH on the 10-s and 10-min gel strengths.  
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5.2.8 Rheological modelling of the WBMs 

To identify the rheological model(s) that best describes the flow behavior of water-based 

drilling fluid formulations, rheological modelling was performed using the Newtonian, 

Bingham plastic, Herschel-Bulkley, Power-law, and Sisko model [82]. Table 4 depicts the 

predicted model parameters of the drilling fluid formulations. Based on the obtained value 

of the R2, the Herschel-Bulkley model is the most suitable one for describing the behavior 

of all the prepared formulations since its R2 is the closest to unity. A typical shear rate-

shear stress data fitting example is presented in Figure 5-11 for the BM and LTH-BM 

formulations. Additionally, the dimensionless flow index (n) obtained using the Herschel 

Buckley, Ostwald power law, and Sisko models for the base mud and CuMgFe-LTH 

formulations is less than 1, suggesting that they all behave like pseudoplastic or shear-

thinning fluids. Further, the dimensionless flow index shows a decreasing trend with 

increasing CuMgFe-LTH content. This is in line with the findings reported in the literature 

using other NPs [88,244,245]. Certainly, this decreasing trend is desired since lower values 

of the dimensionless flow index is an indication of a proper hole cleaning [244]. 

Intriguingly, the introduction of CuMgFe-LTH resulted in an increase in the coefficient of 

viscosity of the drilling mud, indicating that CuMgFe-LTH may be employed to improve 

the capacity to remove cuttings from drilled wells, suspend and transport them to the 

surface, and preserve wellbore stability [246].  
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Figure 5-11: Shear rate-shear stress curve of the (a) BM and (b) LTH-BM and their regression using Newtonian, Bingham plastic, 
Herschel-Bulkley, Power-law, and Sisko model. 
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Table 5-2: Rheological parameters of the formulated BM and the LTH-containing samples. 

LTH 
(wt.%) 

Newtonian 
model 

Bingham 
model 

Herschel Buckley 
model 

Ostwald power law 
model 

Sisko 
model 

𝝁𝑷 R2 𝝁𝑷 𝝉𝒐 R2 𝝉𝒐 kH n R2 kP n R2 k2 k1 n R2 

BM 0.0430 0.9190 0.0357 5.1611 0.9942 3.9650 0.1013 0.8504 0.9994 0.4295 0.6533 0.9788 0.0309 3.1306 0.1561 0.9991 

0.05 0.0431 0.9045 0.0351 5.6005 0.9935 4.3447 0.1057 0.8421 0.9994 0.5171 0.6253 0.9749 0.0302 3.4787 0.1489 0.9989 

0.25 0.0439 0.8979 0.0355 5.9058 0.9933 4.5945 0.1102 0.8379 0.9996 0.5704 0.6134 0.9733 0.0305 3.7114 0.1454 0.9989 

0.50 0.0486 0.8960 0.0392 6.5859 0.9928 5.0848 0.1261 0.8328 0.9995 0.6530 0.6082 0.9735 0.0334 4.0657 0.1508 0.9990 

0.75 0.0500 0.8835 0.0398 7.1566 0.9920 5.5558 0.1344 0.8257 0.9993 0.7731 0.5867 0.9703 0.0337 4.4895 0.1459 0.9986 

1.00 0.0508 0.8890 0.0407 7.1066 0.9926 5.5560 0.1302 0.8333 0.9994 0.7316 0.5975 0.9708 0.0348 4.5101 0.1424 0.9986 
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5.3 Summary  

The application of CuMgFe-LTH as a drilling fluid additive has not been reported 

elsewhere, to the best of our knowledge, demonstrating the novel contribution of this study. 

CuMgFe-LTH has proved to be an attractive additive for significantly boosting the H2S 

scavenging performance of WBMs. The inclusion of this material into a water-based 

drilling mud formulation could provide several folds enhancement (exceeding nine (9) 

times) in the H2S scavenging capacity of the base mud; further tuning and optimization 

could boost this performance further. Additionally, the incorporation of CuMgFe-LTH in 

water-based drilling muds could provide a useful means to enhance some of their 

rheological properties (i.e., apparent and plastic viscosities, yield point, gel strength, and 

overall carrying capacity). This material is extremely thermally stable, and, thus, it would 

not be affected by the elevated reservoir temperature. The pseudoplastic (i.e., shear 

thinning) behavior of the LTH-containing muds confirms that the addition of CuMgFe-

LTH to the base mud provides/maintains a favorable fluid flow behaviour. The increase in 

the filtration loss in the presence of CuMgFe-LTH is insignificant and still within the 

recommended range. Overall, the application CuMgFe-LTH in drilling applications might 

carry multiple benefits, highlighting the commercial potential of this material in oilfield 

industries. 
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6 CHAPTER 6 

EFFECT OF CuMgFe-LTH/ZIF-67 NANOCOMPOSITES ON H2S 

SCAVENGING CAPACITY AND RHEOLOGICAL PROPERTIES 

6.1   Introduction  

Hydrogen sulfide (H2S) is a highly corrosive and toxic gas that occurs in underground 

reservoirs through two processes: anaerobic microbial degradation and thermal reduction 

of biomass, minerals, and hydrocarbons containing sulfate [169,170]. Additionally, water 

flooding for enhanced oil recovery can also generate H2S due to sulfate-reducing bacteria 

[15,171]. The presence of H2S in underground formations raises significant safety concerns 

during drilling and well development within the oil and gas industry. Whenever drilling 

fluids encounter H2S, it can be released to the surface, posing severe hazards to rig 

personnel and infrastructure [9,12].  

The presence of H2S presence in drilling fluids has several negative effects. Firstly, it 

reduces their pH, making them more corrosive and altering their density, viscosity, and gel 

strength. This overall decline in drilling fluid performance is a significant concern. 

Furthermore, H2S poses notable risks to metallic drilling equipment, leading to issues such 

as pitting corrosion, hydrogen embrittlement, and sulfide stress cracking, which can result 

in substantial economic losses [115]. Beyond economic implications, exposure to H2S also 

poses serious threats to human health. It can lead to respiratory disorders and even fatalities 

[207]. To safeguard against these hazards, regulatory bodies like OSHA and NIOSH have 

established maximum exposure limits for H2S [30]. Consequently, implementing effective 

measures in the formulation of drilling fluids becomes crucial to minimize exposure and 

mitigate adverse consequences during oil and gas drilling operations. 
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Controlling the release of H2S during drilling operations can be achieved through various 

methods. One approach involves maintaining the pH of the drilling fluid above 10, which 

converts H2S into soluble ionic sulfide forms (HS- and S2-), thus reducing its release [119]. 

However, this method has its limitations, as the ions can recombine to form H2S again at 

low pH, and the solubility of HS- and S2- in the mud is limited, eventually leading to H2S 

release [118]. Additionally, even a slight drop in pH can cause the uncontrolled release of 

unpredictable amounts of H2S. Another method to mitigate H2S exposure is the oxidation-

reduction of sulfide ions, producing free sulfur and water. However, this approach is not 

ideal since removing the generated sulfur from the drilling fluid is challenging and 

negatively affects its rheological properties. Moreover, this method is not entirely effective 

in rapidly removing all H2S from the drilling fluid [20]. 

One highly efficient method for removing H2S involves the use of additives that can rapidly 

convert it into secure and irreversible chemical products. These additives, like amines, 

aldehydes, and transition metal compounds, have been successfully employed in drilling 

fluid formulations to capture H2S effectively and minimize its impact during drilling 

operations [16,173]. Among the existing H2S scavengers, triazines stand out as an 

economical choice with a swift reactivity towards H2S. However, these scavengers 

generally have limited thermal stability and are usually not suitable for long-term downhole 

applications since they are only applicable at temperatures below 200°C [247]. 

Additionally, their use may lead to the undesired precipitation of dithazine as a byproduct 

and the formation of scales [92]. Also, oxidizing agents like hydrogen peroxide, chlorine 

dioxide, and perchlorates typically engage in rapid and irreversible interactions with 

soluble sulfide ions. Their high solubility allows for easy dispersion within drilling fluids. 
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Nonetheless, these oxidants tend to undergo uncontrolled reactions and may react with 

other additives in the drilling fluid, thereby restricting their effectiveness against H2S. 

Additionally, they exhibit instability under high pH conditions and sometimes present 

corrosion issues [247]. Aldehydes can react with H2S rapidly. Despite their significant 

scavenging potential, these substances are typically not advisable for use as scavengers 

because of concerns related to health hazards and usability. Also, aldehydes, including 

formaldehyde, acrolein, glyoxal, and glutaraldehyde, are expensive and tend to have very 

intricate reaction kinetics [123]. Metal-based compounds offer an attractive option owing 

to their cost-effectiveness, efficiency, and safety considerations [247]. When employed as 

scavengers, these compounds interact with dissolved H2S in drilling mud, leading to the 

formation of insoluble metal sulfides. Notably, these metal sulfides exhibit better thermal 

stability and do not regenerate H2S, offering a reliable means of removing H2S, unlike 

alkanolamine, oxidants, and triazines. In recent years, layered double hydroxides (LDHs) 

and metal-organic frameworks (MOFs), especially ZIF-67, have emerged as attractive 

materials for a wide range of applications due to their unique properties. Further, these 

materials have exhibited satisfactory performance towards the removal of H2S. 

Hence, we report herein the fabrication of a nanocomposite of ZIF-67 and layered triple 

hydroxide (LTH) composed of copper, magnesium, and iron. Three (3) CuMgFe-

LTH/ZIF-67 nanocomposites with different ratios (2:1, 1:1, and 1:2) were synthesized and 

referred to as LZ1, LZ2, and LZ3, respectively. The synthesized CuMgFe-LTH/ZIF-67 

nanocomposites were incorporated into an aqueous drilling fluid formulation to investigate 

their H2S scavenging performance, which was evaluated using a breakthrough experiment. 

Additionally, the influence of the CuMgFe-LTH/ZIF-67 nanocomposite with the best 
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performance toward H2S removal on the rheology and filtration loss of the drilling fluid 

was investigated and discussed. The base fluid formulation utilized in this section of the 

work was similar to the previous formulation used however, the fluid loss agents that is the 

starch and XC polymer contents were increased to 10.0 and 0.4 g respectively to increase 

fluid retention in the drilling fluid. Interestingly, this increase of the FL agent showed a 

4.6% fluid retention compared to the base fluid used in the previous sections. Notably, the 

additional FL agents incorporated neither improved the breakthrough nor saturation time 

of the mud and had no discernable influence on the H2S removal performance. The 

rheological parameter, on the other hand, increased in the base mud. 

 

6.2   Results and discussion  

6.2.1 FT-IR analysis 

Figure 6-1 depicts the FT-IR spectra of the synthesized CuMgFe-LTH/ZIF-67 

nanocomposites. The spectra show the typical absorption bands associated with both ZIF-

67 and LTH intercalated with CO3
2- anions [216,217]. The wide absorption band around 

3459 cm−1 could be attributed to the O-H vibrational stretch of the water molecules present 

in the brucite layer or on the surface of the ZIF-67 [218]. The band at 2978 cm-1 can be 

attributed to the strong O-H-O stretch of the hydrogen bonding in the interlayer space 

connected to the intercalated CO3
2- anion or water molecules [219], and the aromatic and 

aliphatic C-H stretching vibration of the methyl group in the imidazole ring [180]. The 

peak at 1646 cm−1 corresponds to the O-H bending vibration of the water molecules 

intercalated in the interlayer space. The peak at 1580 cm-1 is attributable to the presence of 

C=N stretching vibration in the imidazole ring. The absorption band characterizing the 
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asymmetric vibration of the CO3
2- anion is located at 1361 cm−1 [220]. The peaks at 1146 

and 988 characterize the stretching and bending vibrations of the C-N in the aromatic 

imidazole ring. The peak at 1411 cm-1correspond to the C=C bonds in the imidazole ring 

[248]. The bands after 700 cm−1 are related to the lattice vibrations of the metal oxides 

[221]. Overall, the FT-IR spectra reveals the presence of CO3
2-, O-H, imidazole rings and 

metal ions, confirming the formation of the nanocomposites. 

 

Figure 6-1: FT-IR Spectra of CuMgFe-LTH/ZIF-67 nanocomposites. 

6.2.2 XRD analysis 

The crystallographic patterns of the CuMgFe-LTH/ZIF-67 nanocomposites are depicted in 

Figure 6-2. The nanocomposites exhibited characteristic peaks of both ZIF-67 and LTH. 

The diffraction peaks positioned at 2θ= 11.52, 23.12, 35.68, 38.96 and 45.84° could be 

correlated to the (003), (006), (012), (015), and (018) miller indices respectively 

representing the crystallographic planes of the LTH structure in the synthesized 
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nanocomposite [211]. However, some characteristic peaks of ZIF-67 were missing or 

reduced in intensity. For LTH/ZIF-67(2:1), characteristic peaks of the ZIF-67 were 

observed at 2θ= 7.76, 19.24, and 32.60° which correlates to the (011), (222), and (235) 

crystal planes of the ZIF-67 nanocrystals. For LTH/ZIF-67(1:1), peaks observed at 2θ= 

8.6, 13.96, 15.72, 19.44, 21.2, 25.72, 29.08, and 32.60° corresponds to the (011), (112), 

(022), (222), (114), (224), (044) and (235) crystal planes of the ZIF-67 nanocrystals. The 

LTH/ZIF-67(1:2) exhibited peaks at 7.36, 12.24, 13.36, 16.48, 18.12, 21.08, 25.04, 31.20, 

and 32.76° correlates to the (011), (022), (013), (222), (114), (233), (334) and (235) crystal 

planes associated with the ZIF-67 nanocrystals [181,183]. The result obtained from the 

XRD reveals the successful synthesis of the LTH/ZIF-67 nanocomposites. 

 
Figure 6-2: XRD Spectra of CuMgFe-LTH/ZIF-67 nanocomposites. 

6.2.3 Thermogravimetric analysis 

To evaluate the thermal stability of the synthesized nanocomposites, thermogravimetric 

analysis (TGA) was carried out on each sample. The TGA profiles of the nanocomposites 
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are presented in Figure 6-3. The TGA profiles shows several weight loss stages between 

30 and 902 ℃. The three nanocomposites exhibited similar profiles, weight loss stages, 

derivative weight peaks, and almost the same degree of thermal stability. The first 

significant weight losses are observed between ~120 to ~185℃, which are mainly due to 

loss of adsorbed or surface moisture. The dehydration of the hydroxyl and .decarbonation 

of the CO3
2- anions in the LTH occurs within the temperatures ranges of ~206 – ~280℃ 

and ~308 – ~399 ℃, respectively [222]. The major weight loss of the nanocomposite is 

noticed between `424 – 541 ℃ owing to the loss of the 2-methylimidazole ligand [185]. 

Notably, the nanocomposite exhibited good thermal stability which makes it suitable to be 

utilized for drilling fluid applications. Up to a temperature of 400℃, the nanocomposites 

lost less than 30% of the initial weight.  

 
Figure 6-3: TGA profile of the nanocomposites. 
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6.2.4 Textural properties 

The textural properties of the synthesized nanocomposites were evaluated using the N2 

adsorption-desorption isotherms analysis conducted at −196 ℃; the obtained isotherms are 

depicted in Figure 6-4. The CuMgFe-LTH/ZIF-67 nanocomposites exhibited type IV 

isotherms with a type-1 hysteresis loop according to the IUPAC classifications [223]. This 

indicates the existence of uniform mesopores with slight micropores. Table 6-1 

summarizes the textual properties of the NCs. Comparatively, the LZ1 had the highest pore 

volume among the three NCs, whereas LZ3 had the lowest. The BET surface area of LZ3 

was slightly and three times greater than those of LZ1 and LZ2, respectively. 

Consequently, the average particle sizes of LZ1 and LZ3 were almost three times larger 

than those of LZ2, implying that LZ1 and LZ3 could potentially achieve better H2S 

removal. In addition, the existence of mesopores in the NCs is indicative of a potentially 

good H2S scavenging capacity because the sites could easily engage the dissolved sulfide 

species on the surfaces of the NCs, as well as those inside these porous regions. 

 
Figure 6-4: Nitrogen (N2) Adsorption/desorption Isotherm for CuMgFe-LTH/ZIF-67 

nanocomposites. 
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Table 6-1: Textural properties of the NCs. 

NCs 
BET surface 
area (SBET) 
(m2/g) 

Pore volume 
(Vp)  
(cm3/g) 

Average pore 
size (dp)  
(nm) 

Average 
particle size 
(nm) 

LZ1 54.22 0.23 9.20 187.54 

LZ2 21.07 0.13 14.64 552.84 

LZ3 67.04 0.10 4.67 177.22 

 

6.2.5 Screening of CuMgFe-LTH/ZIF-67 nanocomposite 

From the results presented in the earlier chapter, the ZIF-67 and CuMgFe-LTH have 

exhibited remarkable H2S removal performance when compared with other nanomaterials 

that have been reported in the literature for such applications. As such, we sought to 

investigate the performance of their nanocomposite towards H2S removal. This was done 

by preparing three CuMgFe-LTH/ZIF-67 nanocomposites with varying ratios of 2/1, 1/1, 

and 1/2, denoted a LZ1, LZ2, and LZ3 respectively, which were tested for H2S removal. 

The result obtained from the test is presented in Table 6-2. The nanocomposite was 

incorporated into the aqueous drilling fluid formulation at 0.25 wt.%. From the result, the 

nanocomposite almost had the same breakthrough time. However, the LZ1, exhibited better 

performance with the highest saturation time of 1319.50 min. Hence, the LZ1 

nanocomposite was then utilized for further studies in this chapter and subsequent sections. 

 
Table 6-2: H2S removal and rheological performance of the CuMgFe-LTH/ZIF-67 

nanocomposites screening at 0.25 wt.%. 

NC AV YP PV (YP/PV) 
GS 

(10 s) 
GS 

(10 min) 
BT  

(min) 
ST 

(min) 
FL  

(ml) 
LZ1 21.09 8.81 15.36 0.57 4.50 22.11 545.00 1319.50 17.2 

LZ2 29.97 15.26 20.45 0.75 7.24 36.39 536.50 839.50 16.8 

LZ3 30.99 9.00 15.17 0.59 5.28 22.89 523.00 1049.00 17.00 
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6.2.6 Hydrogen sulfide removal  

Figure 6-5 depicts the H2S scavenging performance of the LZ1 nanocomposite. The 

breakthrough time obtained for the aqueous drilling fluid formulation containing 1.0 wt.% 

LZ1 (abbreviated as LZ1-BM, hereafter) was about 1011.5 min (i.e., 16.86 h) which 

corresponds to an H2S removal capacity of 140.77 mg H2S/g scavenger. Up until the 

breakthrough time, the LZ1-BM was capable of continuously removing all the H2S from 

the entering gas stream with no H2S present in the outlet gas stream. Beyond the 

breakthrough time, the H2S concentration in the gas effluent gradually increased up to the 

saturation time, at which the amount of H2S in the outlet stream is the same as that in the 

inlet stream. At saturation, most of the H2S scavenging sites on the LZ1 are utilized. The 

H2S scavenging capacity of the LZ1-BM at the saturation time of 25.91 h reached 184.76 

mg H2S/g scavenger. Compared to the base mud without any scavenger (BM), which only 

reached breakthrough and saturation after 34.5 and 325 min, respectively, the LZ1-BM 

exhibited a very remarkable H2S scavenging capacity, as seen in Figure 6-5. Comparing 

with the pristine ZIF-67 and CuMgFe-LTH drilling fluid formulations presented in earlier 

chapters, the order of H2S removal is as follow; ZIF-67< LZ1<CuMgFe-LTH. The addition 

of the CuMgFe-LTH to the ZIF-67 improved the H2S scavenging capacity of the drilling 

fluid formulation when compared to the formulation with the pristine ZIF-67. This addition 

increased the breakthrough and saturation capacities by 20.12 and 12.97%, respectively. 

The H2S removal capacities of the LZ1 nanocomposite is shown in Table 6-3. Comparing 

the saturation periods obtained at the two distinct LZ1 concentrations of 0.25 wt.% and 1.0 

wt.% (thus for the screening test and further studies), it was observed that the ST increased 

by only 235 min at the highest dosage of 1.0 wt.%. This shows that the sites for the 

scavenging of the H2S and its associated sulfide species were readily accessible at 0.25 
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wt.% concentration than at 1.0 wt.%. In other words, the available sites on LZ1 scavenger 

were not fully utilized at the highest dosage, which implies that the sorption capacity of 

H2S could potentially be extended if 100% utilization of the scavenging sites could be 

achieved. 

 
Figure 6-5: H2S scavenging performance of the BM and LZ1-BM in a continuous 
breakthrough experiment (LZ1-BM contains 1 wt.% CuMgFe-LTH/ZIF-67(2:1)). 

 

Table 6-3: Breakthrough time, breakthrough capacity, saturation time, saturation capacity 
of drilling muds. 

Parameters BM LZ1-BM 
Breakthrough time (min) 34.5 1011.5 
Saturation time (min) 325 1554.5 
Breakthrough capacity (mg/g) - 140.77 
Saturation capacity (mg/g) - 184.76 
Breakthrough capacity (mg/L) 52.3 1513.27 
Saturation capacity (mg/L) 294.6 1986.18 

 

6.2.7 Filtration properties   

API filter press tests were performed to get insights into the amount of filtrate that will be 

lost, and the thickness of the mud cake layer formed. The fluid loss property is an essential 
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aspect of drilling fluid behavior and has significant implications for wellbore stability and 

overall fluid performance [199,225]. Figure 6-6 depicts the API LPLT fluid loss volumes 

of the BM and LZ1-BM. The filtrate volume of the BM is approximately 12.2 mL, while 

the LZ1-containing formulation at 1.0 wt.% resulted in a volume of 13.6 mL. The addition 

of the LZ1 nanocomposite led to an increase in the filtrate volume. However, it is important 

to note that the obtained filtrate volume remains within the recommended range for LPLT 

conditions. Ideally, when introducing nanoparticles (NPs), the filtrate volume should 

decrease due to the increase in solid content. Also, the permeability of the deposited filter 

cake layer and, consequently, the fluid loss volume are primarily influenced by the particle 

size, additives within the drilling fluid, and the extent of nanoparticle dispersion [226]. 

Additionally, agglomeration has the potential to impact fluid loss volume through the 

formation of permeable cake layers, leading to an increase in filtrate volume [89,200]. This 

increase is evident in the LZ1-BM formulation, which showed a 11.48% rise in filtrate 

volume. Despite this increment, the nanocomposite still remains within the recommended 

limit of 15 mL, indicating its ability to effectively control fluid loss and mitigate the issue. 

Furthermore, the LZ1-BM formulation provides an added advantage by improving H2S 

scavenging performance. This advantageous trait makes the LZ1 nanocomposite an 

exceptionally favorable additive for drilling fluid applications. 
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Figure 6-6: API LPLT filtrate loss of the BM and the LTH-BM formulations.  

Furthermore, we also conducted measurements of the filter cake thickness. The filter cake 

layer plays a critical role as it acts as a barrier, preventing further loss of filtrate into the 

formation and aiding in maintaining the integrity of the wellbore [229]. A range of factors, 

such as mud properties, operating conditions, and formation properties, can influence the 

thickness of the filter cake [230,231]. Ensuring proper control of the filter cake thickness 

is essential because it enhances cutting transport and helps regulate well pressure [90]. The 

thickness of both BM and LZ1-BM filter cake layers is provided in Table 6 3. Our results 

indicate that incorporating the 1.0 wt.% LZ1 nanocomposite into the BM formulation had 

no impact on the thickness of the filter cake layer. Both the base mud (BM) and the nano-

mud (LZ1-BM) had a filter cake layer thickness of 3/32 inch. The incorporation of the LZ1 

nanocomposite is observed not to have enhanced the filter layer thickness. Putting together 

this observation with the FL volume lost, the formulations with the LZ1 exhibited 

appreciable control over the loss of filtrate and prevented excessive loss of fluid from the 

base mud. A physical illustration of the filter cakes obtained are presented in Figure 6-7.  
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Table 6-4: API LPLT filter cake thickness. 

Formulation 
Cake Thickness 

FL (ml) 
1/32 inch (mm) 

BM 3 2.38 12.2 
LZ1-BM (1.0 wt.%)  3 2.38 13.6 

 

 

 

Figure 6-7: Photos of the API LPLT filter cake of (a) BM and (b) LZ1-BM formulations. 

 

6.2.8 Effect of CuMgFe-LTH/ZIF-67 on the rheological properties 

The influence of the LZ1 nanocomposite on the plastic and apparent viscosity is presented 

in Figure 6-8. As displayed in Figure 6-8, the values of the AV are greater than the PV for 

all the formulations prepared. Further, the AV increases gradually from 25.15 to 52.54 cP 

with the increase of LZ1 nanocomposite content from 0.0 to 1.0 wt.%. Similarly, the PV 

increases from 18.30 to 32.00 cP within the same range. This general increase in viscosity 

is as a result of the increase in solid content and the association between the drilling fluid 

additives [232]. Unlike the trend of the viscosity observed in previous chapters, the PV and 

AV do not exhibit any declining trend at lower nanocomposite dosages. The AV and PV 

increased by about 4.25 and 3.17%, respectively, with the addition of 0.05 wt.% LZ1 

nanocomposite. The increase in the content of the viscofiers (i.e., xanthan gum and starch) 

might have improve 3D or gel like network formation in the drilling fluid which might 

a b 
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have been enhance by the nanocomposite and hence, resulted in the observed gradual 

increase in the viscosities.  

 

Figure 6-8: Influence of NPs on PV and AV of the formulated WBM. 

 

Figure 6-9 depicts the influence of LZ1 nanocomposite on the yield point (YP) and carrying 

capacity. As presented in Figure 6-9, the YP and carrying capacity of the formulated water-

based drilling muds increase upon the addition of the LZ1 nanocomposite. The YP and 

carrying capacity gradually increase with increasing LZ1 nanocomposite content from 

13.70 to 41.10 Ib/100 ft² and 0.75 to 1.28 Ib/100 ft²/cP, respectively. The YP and carrying 

capacity increased by about 7.15 and 4%, respectively, with the addition of 0.05 wt.% LZ1 

nanocomposite. The LZ1 nanocomposite was found to be good for increasing the yield 

point and carrying capacity. This increase in these rheological properties indicates that the 

LZ1 nanocomposite can improve the hole cleaning performance of the drilling fluid. The 

observed trend could be attributed to the increase in electrostatic interaction between the 

drilling fluid particles [238]. Further, the increase in PV discussed earlier which is as a 
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result of the increase in solid contents and formation of strong gel or 3D network within 

the drilling fluid system is likely to contribute to the increase in carrying capacity.  

 
Figure 6-9: Influence of NPs on YP and Carrying Capacity of the formulated WBM. 

Another important rheological characteristic of drilling fluids is their gel strength. This 

property shows how well the fluid can maintain a gel-like structure while it is not in motion 

or under completely static conditions [191]. The thixotropic nature of drilling fluids, 

demonstrated by their gel strength, plays a crucial role in preventing cuttings from settling 

when circulation is paused. This ensures that the cuttings remain suspended and do not 

accumulate at the bottom of the wellbore [37]. Moreover, the gel strength of the drilling 

fluid contributes significantly to wellbore stability by providing support to the walls, 

reducing fluid invasion into the formation, and lowering the risk of differential sticking 

[239,240].  

In Figure 6-10, it is evident that the 10-s gel strength (GS) is smaller than the 10-min GS, 

indicating the impact of static periods during drilling fluid on its rheological property. The 

10-min GS is determined after allowing a 10-min static period for the LZ1 nanocomposite 
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and other drilling fluid additives to reorganize in a way that minimizes free energy through 

electrostatic surface charge compensation [84]. This reorganization leads to the creation of 

a more robust gel structure compared to the 10-s static time, resulting in a higher GS. 

Moreover, as the concentration of the LZ1 nanocomposite increased, both the gel strength 

at 10-s and 10-min showed a corresponding increase. It is a common characteristic for 

nanoparticles in drilling fluids or other aqueous dispersions to carry surface charges 

[238,241]. As the concentration of these nanoparticles in the fluid rises, their zeta potential 

and surface charge also increase [241]. This leads to a higher abundance of colloidal and 

surface-charged particles in the fluid, resulting in a strengthened gel strength. Also, the 

presence of polymers like xanthan gum and starch in the fluid contributes to the formation 

of a stronger gel, further impacting its strength. Therefore, the enhanced gel strength 

observed after adding the LZ1 nanocomposite can be attributed to the charges of the LZ1 

nanocomposite, which likely strengthened the gel structure and the network of drilling fluid 

additives through electrostatic interactions [84]. Interestingly, similar outcomes have been 

reported in the published literature involving other types of nanoparticles [242,243]. 
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Figure 6-10: Influence of NPs on the 10 s and 10 min gel strengths of the formulated WBM.  

 

6.2.9 Rheological modelling of the WBMs 

Table 6-5 presents the predicted model parameters for the drilling fluid formulations. Based 

on the R2 values obtained, the Herschel-Bulkley and Sisko models are found to be the most 

suitable ones for describing the behavior of all the prepared formulations, as their R2 values 

are closest to unity. The order of the models that best track the shear rate-shear stress curve 

of the formulation is as follows: Herschel-Bulkley > Sisko > Bingham > Ostwald power 

law. The fitting of shear rate-shear stress data is shown in Figure 6-11 for both the base 

mud (BM) and all LZ1-BM formulations. Furthermore, the dimensionless flow index (n) 

obtained using the Herschel-Buckley, Ostwald power law, and Sisko models for both the 

base mud (BM) and all LZ1-BM formulations is less than 1, indicating that they all behave 

like pseudoplastic or shear-thinning fluids. Moreover, the dimensionless flow index 

demonstrates a decreasing trend with increasing LZ1 content, which is favorable, as lower 

values of the dimensionless flow index indicate proper hole cleaning [244]. Interestingly, 

the incorporation of LZ1 resulted in an increase in the coefficient of viscosity of the drilling 



118 

mud. This suggests that LZ1 could be utilized to enhance the capacity to remove cuttings 

from drilled wells, suspend and transport them to the surface, and maintain wellbore 

stability [246]. 

 

Table 6-5: Rheological parameters of water-based drilling fluids containing LZ1 at different 
concentrations. 

NC (wt.%)  BM 0.05 0.25 0.5 0.75 1.00 

Newtonian model 
𝝁𝑷 0.058 0.061 0.067 0.092 0.104 0.128 

R2 0.860 0.840 0.841 0.739 0.655 0.558 

Bingham model 

𝝁𝑷 0.045 0.046 0.051 0.063 0.066 0.071 

𝝉𝒐 9.100 10.238 11.203 20.211 27.222 40.289 

R2 0.988 0.990 0.987 0.988 0.990 0.989 

Herschel Buckley 

𝝉𝒐 6.716 8.034 8.466 17.075 24.890 40.040 

kH 0.207 0.188 0.238 0.269 0.196 0.080 

n 0.783 0.800 0.780 0.793 0.843 0.982 

R2 1.000 0.999 0.999 0.998 0.996 0.990 

Ostwald power law 

model 

kP 1.207 1.499 1.673 5.206 9.978 20.756 

n 0.542 0.516 0.514 0.387 0.305 0.221 

R2 0.971 0.961 0.965 0.932 0.894 0.825 

Sisko model 

k2 0.036 0.038 0.041 0.053 0.058 0.071 

k1 5.306 6.590 6.804 14.859 23.216 40.289 

n 0.168 0.138 0.156 0.098 0.051 0.001 

R2 0.999 0.998 0.999 0.997 0.994 0.999 
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Figure 6-11: Rheological modelling of the (a) the base mud, and the NCs containing mud at (b) 0.05 wt.%, (c) 0.25 wt.%, (d) 0.50 wt.%, (e) 
0.75 wt.% and (f) 1.0 wt.% concentrations, respectively. 
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6.3   Summary  

CuMgFe-LTH/ZIF-67 has proven to be a compelling additive, significantly improving the 

performance of H2S scavenging in water-based drilling muds (WBMs). Furthermore, 

incorporating CuMgFe-LTH/ZIF-67(2:1) in WBMs offers a practical way to enhance 

various rheological properties, such as apparent and plastic viscosities, yield point, gel 

strength, and overall carrying capacity. The addition of the CuMgFe-LTH/ZIF-67(2:1) 

caused an increase in all the rheological parameters. The CuMgFe-LTH/ZIF-67(2:1) -

containing muds display pseudoplastic behavior (shear thinning), indicating that 

introducing these nanocomposites to the base mud results in a favorable fluid flow 

behavior. Further, it is worth noting that the increase in filtration loss on addition of the 1.0 

wt.% CuMgFe-LTH/ZIF-67(2:1) is negligible and remains within the recommended range. 

Overall, utilizing CuMgFe-LTH/ZIF-67(2:1) in drilling applications offers several 

advantages, underscoring its promising commercial potential in the oilfield industry. 
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7 CHAPTER 7 

CONCLUSION AND RECOMMENDATION 

 

7.1 Conclusion 

The continuous removal of hydrogen sulfide (H2S) gas in a bubble column and the 

rheological properties of aqueous drilling fluid formulations were investigated in this study 

using novel drilling fluid nano-additives (i.e., ZIF-67, CuMgFe-LTH, and their 

nanocomposites). Analytical characterizations indicated that the nano-additives were 

successfully synthesized and had good thermal stability for drilling fluid applications. The 

formulated base mud showed low H2S removal capacities, whereas the respective 

formulations with these nano-additives showed significantly improved H2S scavenging 

capacities. The breakthrough capacities of 117.2, 216.3, and 140.8 mg H2S/g scavenger, 

equivalent to 1259.8, 2325.2, and 1513.3 mg/L of drilling fluid, respectively, were obtained 

for ZIF-67, CuMgFe-LTH, and CuMgFe-LTH/ZIF-67(2:1) nanocomposite, respectively. 

At saturation, 163.6, 263.0, and 184.8 mg H2S/g scavenger, equivalent to 1758.1, 2881.4, 

and 1986.2 mg/L of drilling fluid, respectively, were removed. Moreover, the rheological 

behavior of the base formulation, including nano-drilling fluids, was best described by the 

Herschel-Buckley and Sisko rheological models. Furthermore, the pseudoplastic (i.e., 

shear thinning) behavior of the additive-containing formulations confirms that their 

incorporation into the base formulation provides and maintains favorable fluid flow 

behavior. These findings indicate that the nano-additives developed in this study are 

effective, promising, and excellent candidates for enhancing the H2S scavenging 

performances of aqueous drilling fluids. Furthermore, the additives utilized herein not only 

mitigated H2S release per se, but also significantly augmented the rheological parameters 



122 
 

and exhibited appreciable control of the filtration properties of the formulated water-based 

drilling fluids. 

7.2 Recommendations 

Metal–organic frameworks (MOFs) and layered triple hydroxides (LTHs) are among the 

most recent classes of nanomaterials that are incredibly promising in diverse areas of 

research, particularly for environmental remediation and mitigation of exposure to toxic 

substances. For the first time, these materials have been utilized in aqueous drilling fluid 

formulations owing to their remarkable thermal and chemical stability. Notably, these 

materials are suitable for utilization in upstream well development, particularly where H2S 

is prevalent, based on the findings of the present work. Nevertheless, there are still some 

gaps that should be examined in future studies. These are some recommendations to be 

tackled in future research work: 

i. Explore the rheology and performance of the nanomaterial towards H2S removal 

under high-pressure and high-temperature (HPHT) conditions. 

ii. Investigate the long-term stability of the nanomaterial in the aqueous drilling fluid 

formulations.  

iii. Evaluate the influence of nanocomposites of MOFs and LTHs with polymers and/or 

surfactants on the rheology and performance of drilling fluids. 

iv. Examine in detail the structure-rheology relationship of MOFs and LTHs on the 

performance of drilling fluids. 

v. Investigate the performance of MOFs and LTHs towards shale recovery, shale 

swelling, and salt tolerance in aqueous drilling formulations. 
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vi. Development techniques that could facilitate the regeneration of the spent H2S 

scavenger to allow multiple cycles of H2S removal.  



124 
 

References 
[1] H. Ritchie, M. Roser, P. Rosado, Energy, Our World in Data. (2022). 

https://ourworldindata.org/energy (accessed July 14, 2023). 

[2] H. Mahmoud, A. Hamza, M.S. Nasser, I.A. Hussein, R. Ahmed, H. Karami, Hole 
cleaning and drilling fluid sweeps in horizontal and deviated wells: 
Comprehensive review, J Pet Sci Eng. 186 (2020) 106748. 
https://doi.org/10.1016/J.PETROL.2019.106748. 

[3] Z. Vryzas, V.C. Kelessidis, Nano-Based Drilling Fluids: A Review, Energies 
2017, Vol. 10, Page 540. 10 (2017) 540. https://doi.org/10.3390/EN10040540. 

[4] M. Rashidi, A. Sedaghat, B. Misbah, M. Sabati, K. Vaidyan, A. Mostafaeipour, 
S.S.H. Dehshiri, K. Almutairi, A. Issakhov, Introducing a Rheology Model for 
Non-Newtonian Drilling Fluids, Geofluids. 2021 (2021). 
https://doi.org/10.1155/2021/1344776. 

[5] M. Ali, H.H. Jarni, A. Aftab, A.R. Ismail, N.M.C. Saady, M.F. Sahito, A. 
Keshavarz, S. Iglauer, M. Sarmadivaleh, Nanomaterial-Based Drilling Fluids for 
Exploitation of Unconventional Reservoirs: A Review, Energies 2020, Vol. 13, 
Page 3417. 13 (2020) 3417. https://doi.org/10.3390/EN13133417. 

[6] H. Rabia, Drilling Fluids, in: Well Engineering and Construction, Entrac 
Consulting, London, 2002: pp. 265–302. 

[7] P. Scott, P. Broussard, M. Freeman, F. Growcock, R. Bland, Drilling Fluids, in: 
IADC Drilling Manual, 12th ed., nternational Association of Drilling Contractors 
(IADC), Texas, 2015. 

[8] R.E. Swai, A review of molecular dynamics simulations in the designing of 
effective shale inhibitors: application for drilling with water-based drilling fluids, J 
Pet Explor Prod Technol. 10 (2020) 3515–3532. https://doi.org/10.1007/S13202-
020-01003-2/FIGURES/12. 

[9] S.A. Onaizi, R. Shawabkeh, Z.O. Malaibari, N.S. Abu-ghander, Method of 
sweetening hydrocarbon gas from hydrogen sulfide, (2020). 
https://patents.google.com/patent/US20200197865A1/en (accessed March 27, 
2023). 

[10] D.T. Oakes, Method for reducing hydrogen sulfide concentrations in well., 1984. 

[11] A. Ahmed, S. Elkatatny, S.A. Onaizi, Investigation of Using Various Quantities of 
Steelmaking Waste for Scavenging Hydrogen Sulfide in Drilling Fluids, 
Geofluids. 2022 (2022). https://doi.org/10.1155/2022/9098101. 



125 
 

[12] S.A. Onaizi, M.A. Gawish, M. Murtaza, I. Gomaa, Z. Tariq, M. Mahmoud, H 2 S 
Scavenging Capacity and Rheological Properties of Water-Based Drilling Muds, 
ACS Omega. 5 (2020) 30729–30739. https://doi.org/10.1021/acsomega.0c04953. 

[13] D.R. Carter, N.J. Adams, Hydrogen Sulfide In The Drilling Industry, in: SPE Deep 
Drilling and Production Symposium, Amarillo, Texas, April 1-3, SPE, 1979. 
https://doi.org/10.2118/7854-MS. 

[14] J. Buller, J.F. Carpenter, H2S Scavengers for Non-Aqueous Systems, Proceedings 
- SPE International Symposium on Oilfield Chemistry. (2005) 575–579. 
https://doi.org/10.2118/93353-MS. 

[15] H.A. Elmawgoud, T.M. Elshiekh, S.A. Khalil, A.M. Alsabagh, M. Tawfik, 
Modeling of hydrogen sulfide removal from Petroleum production facilities using 
H2S scavenger, Egyptian Journal of Petroleum. 24 (2015) 131–137. 
https://doi.org/10.1016/J.EJPE.2015.05.003. 

[16] M. Murtaza, S.A. Alarifi, A. Abozuhairah, M. Mahmoud, S.A. Onaizi, M. Al-
Ajmi, Optimum Selection of H2S Scavenger in Light-Weight and Heavy-Weight 
Water-Based Drilling Fluids, ACS Omega. 6 (2021) 24919–24930. 
https://doi.org/10.1021/acsomega.1c03792. 

[17] M. Fakhraee, S. Katsev, Organic sulfur was integral to the Archean sulfur cycle, 
Nature Communications 2019 10:1. 10 (2019) 1–8. 
https://doi.org/10.1038/s41467-019-12396-y. 

[18] S.M. Sievert, R.P. Kiene, H.N. Schulz-Vogt, The sulfur cycle, Oceanography. 20 
(2007) 117–123. https://doi.org/10.5670/OCEANOG.2007.55. 

[19] R.A. Marriott, P. Pirzadeh, J.J. Marrugo-Hernandez, S. Raval, Hydrogen sulfide 
formation in oil and gas, Can J Chem. 94 (2016) 406–413. 
https://doi.org/10.1139/cjc-2015-0425. 

[20] W.C. Browning, H.F. Young, Process for Hydrogen sulfide in aqueous drilling 
fluids and method of preventing metallic corrosion of subterranean well drilling 
apparatuses., 1975. 

[21] C.M. Menendez, V. Jovancicevic, S. Ramachandran, M. Morton, D. Stegmann, 
Assessment of Corrosion Under Iron Sulfide Deposits and CO2/H2S Conditions, 
CORROSION. 69 (2013) 145–156. https://doi.org/10.5006/0441. 

[22] K. Nalli, Corrosion and its Mitigation in theOil & Gas Industry – An overview, 
2010. 



126 
 

[23] N.P. Tung, P.V. Hung, H.D. Tien, C.M. Loi, Study of Corrosion Control Effect of 
H2S Scavengers in Multiphase Systems, in: SPE International Symposium on 
Oilfield Chemistry, Houston, Texas, February 13-16, SPE, 2001. 
https://doi.org/10.2118/65399-MS. 

[24] MI-Swaco, Corrosion, in: Engineering Drilling Fluid Manual, 2001. 

[25] A. Ahmed, S.A. Onaizi, S. Elkatatny, Improvement of Hydrogen Sulfide 
Scavenging via the Addition of Monoethanolamine to Water-Based Drilling 
Fluids, ACS Omega. 7 (2022) 28361–28368. 
https://doi.org/10.1021/acsomega.2c02890. 

[26] W.C. Browning, H.F. Young, Process for Scavenging Hydrogen Sulfide in 
Aqueous Drilling Fluids and Method of Preventing Metallic Corrosion of 
Subterranean Well Drilling Apparatuses, 3928211, 1975. 

[27] M. Amosa, I. Mohammed, S. Yaro, Sulphide Scavengers in Oil and Gas Industry – 
A Review, NAFTA. 61 (2010) 85–92. 

[28] M. H. Al-mashhadani, A. A. Ahmed, Z. Hussain, S. A. Mohammed, R. M. Yusop, 
E. Yousif, Inhibition of Corrosion: Mechanisms and Classifications in Overview, 
Al-Qadisiyah Journal Of Pure Science. 25 (2020) 1–9. 
https://doi.org/10.29350/QJPS.2020.25.2.1072. 

[29] M.A. Policastro, E.J. Otten, Case files of the university of cincinnati fellowship in 
medical toxicology: Two patients with acute lethal occupational exposure to 
hydrogen sulfide, Journal of Medical Toxicology. 3 (2007) 73–81. 
https://doi.org/10.1007/BF03160912. 

[30] OSHA, Hydrogen Sulfide Hazards, Occupational Safety and Health 
Administration. (2005). https://www.osha.gov/hydrogen-sulfide/hazards (accessed 
March 27, 2023). 

[31] Hydrogen Sulfide & Health | California Air Resources Board, (n.d.). 
https://ww2.arb.ca.gov/resources/hydrogen-sulfide-and-health (accessed July 15, 
2023). 

[32] I.M.F. Arnold, R.M. Dufresne, B.C. Alleyne, P.J.W. Stuart, Health Implication of 
Occupational Exposures to Hydrogen Sulfide, J Occup Environ Med. 27 (1985) 
373–376. https://doi.org/10.1097/00043764-198505000-00018. 

[33] A. di Masi, P. Ascenzi, H2S: A “Double Face” Molecule in Health and Disease, 
BioFactors. 39 (2013) 186–196. https://doi.org/10.1002/biof.1061. 



127 
 

[34] J.W. Snyder, E.F. Safir, G.P. Summerville, R.A. Middleberg, Occupational fatality 
and persistent neurological sequelae after mass exposure to hydrogen sulfide, Am J 
Emerg Med. 13 (1995) 199–203. https://doi.org/10.1016/0735-6757(95)90094-2. 

[35] D. Williamson, Drilling Fluid Basics, 2013. www.slb.com/defining. 

[36] T. Ma, P. Chen, J. Zhao, Overview on vertical and directional drilling technologies 
for the exploration and exploitation of deep petroleum resources, Geomechanics 
and Geophysics for Geo-Energy and Geo-Resources. 2 (2016) 365–395. 
https://doi.org/10.1007/S40948-016-0038-Y/FIGURES/23. 

[37] R. Caenn, H.C.H. Darley, G.R. Gray, Composition and Properties of Drilling and 
Completion Fluids: Seventh Edition, Elsevier Inc., 2016. 
http://www.sciencedirect.com:5070/book/9780128047514/composition-and-
properties-of-drilling-and-completion-fluids (accessed June 18, 2023). 

[38] C. Ewulonu, O.U. Nwosu, C.M. Ewulonu, Rheological Behaviour of Eco-friendly 
Drilling Fluids from Biopolymers., Journal of Polymer and Biopolymer Physics 
Chemistry. 2 (2014) 50–54. https://doi.org/10.12691/jpbpc-2-3-2. 

[39] A. Mirzaei-Paiaman, M. Masihi, A.M. Paiaman, M.K.G. Al-Askari, B. Salmani, 
B.D. Al-Anazi, M. Masihi, Effect of Drilling Fluid Properties on Rate of 
Penetration, 2009. https://www.researchgate.net/publication/267959339. 

[40] R. Sadiq, T. Husain, B. Veitch, N. Bose, Evaluation of generic types of drilling 
fluid using a risk-based analytic hierarchy process, Environ Manage. 32 (2003) 
778–787. https://doi.org/10.1007/S00267-003-0009-2. 

[41] A.R. Ismail, A. Aftab, Z.H. Ibupoto, N. Zolkifile, The novel approach for the 
enhancement of rheological properties of water-based drilling fluids by using 
multi-walled carbon nanotube, nanosilica and glass beads, J Pet Sci Eng. 139 
(2016) 264–275. https://doi.org/10.1016/J.PETROL.2016.01.036. 

[42] A. Katende, N. V. Boyou, I. Ismail, D.Z. Chung, F. Sagala, N. Hussein, M.S. 
Ismail, Improving the performance of oil based mud and water based mud in a 
high temperature hole using nanosilica nanoparticles, Colloids Surf A 
Physicochem Eng Asp. 577 (2019) 645–673. 
https://doi.org/10.1016/J.COLSURFA.2019.05.088. 

[43] E. Leusheva, N. Alikhanov, V. Morenov, Barite-Free Muds for Drilling-in the 
Formations with Abnormally High Pressure, Fluids 2022, Vol. 7, Page 268. 7 
(2022) 268. https://doi.org/10.3390/FLUIDS7080268. 



128 
 

[44] M.M. Dardir, S. Ibrahime, M. Soliman, S.D. Desouky, A.A. Hafiz, Preparation and 
evaluation of some esteramides as synthetic based drilling fluids, Egyptian Journal 
of Petroleum. 23 (2014) 35–43. https://doi.org/10.1016/J.EJPE.2014.02.006. 

[45] J.O. Oseh, M.N.A. Mohd Norddin, I. Ismail, A.R. Ismail, A.O. Gbadamosi, A. 
Agi, S.O. Ogiriki, Investigating almond seed oil as potential biodiesel-based 
drilling mud, J Pet Sci Eng. 181 (2019). 
https://doi.org/10.1016/j.petrol.2019.106201. 

[46] B. Fritz, M. Jarrett, Potassium Silicate-Treated Water-based Fluid: An Effective 
Barrier to Instability in the Fayetteville Shale, SPE/IADC Drilling Conference, 
Proceedings. 2 (2012) 1220–1225. https://doi.org/10.2118/151491-MS. 

[47] M. Khodja, J.P. Canselier, F. Bergaya, K. Fourar, M. Khodja, N. Cohaut, A. 
Benmounah, Shale problems and water-based drilling fluid optimisation in the 
Hassi Messaoud Algerian oil field, Appl Clay Sci. 49 (2010) 383–393. 
https://doi.org/10.1016/J.CLAY.2010.06.008. 

[48] R. Ikram, B.M. Jan, W. Ahmad, A. Sidek, M. Khan, G. Kenanakis, Rheological 
Investigation of Welding Waste-Derived Graphene Oxide in Water-Based Drilling 
Fluids, Materials 2022, Vol. 15, Page 8266. 15 (2022) 8266. 
https://doi.org/10.3390/MA15228266. 

[49] Z. Vryzas, L. Nalbandian, V.T. Zaspalis, V.C. Kelessidis, How different 
nanoparticles affect the rheological properties of aqueous Wyoming sodium 
bentonite suspensions, J Pet Sci Eng. 173 (2019) 941–954. 
https://doi.org/10.1016/J.PETROL.2018.10.099. 

[50] M.A. Abbas, A. Zamir, K.A. Elraies, S.M. Mahmood, M.H. Rasool, A critical 
parametric review of polymers as shale inhibitors in water-based drilling fluids, J 
Pet Sci Eng. 204 (2021) 108745. https://doi.org/10.1016/J.PETROL.2021.108745. 

[51] V. Mahto, V.P. Sharma, Rheological study of a water based oil well drilling fluid, 
J Pet Sci Eng. 45 (2004) 123–128. 
https://doi.org/10.1016/J.PETROL.2004.03.008. 

[52] A. Aftab, A.R. Ismail, Z.H. Ibupoto, H. Akeiber, M.G.K. Malghani, Nanoparticles 
based drilling muds a solution to drill elevated temperature wells: A review, 
Renewable and Sustainable Energy Reviews. 76 (2017) 1301–1313. 
https://doi.org/10.1016/J.RSER.2017.03.050. 

[53] D. Kania, R. Yunus, R. Omar, S. Abdul Rashid, B. Mohamad Jan, A review of 
biolubricants in drilling fluids: Recent research, performance, and applications, J 
Pet Sci Eng. 135 (2015) 177–184. https://doi.org/10.1016/J.PETROL.2015.09.021. 



129 
 

[54] T.A. Saleh, Advanced trends of shale inhibitors for enhanced properties of water-
based drilling fluid, Upstream Oil and Gas Technology. 8 (2022) 100069. 
https://doi.org/10.1016/J.UPSTRE.2022.100069. 

[55] K. Karakosta, A.C. Mitropoulos, G.Z. Kyzas, A review in nanopolymers for 
drilling fluids applications, J Mol Struct. 1227 (2021) 129702. 
https://doi.org/10.1016/J.MOLSTRUC.2020.129702. 

[56] B.A. Hamad, M. He, M. Xu, W. Liu, M. Mpelwa, S. Tang, L. Jin, J. Song, A 
Novel Amphoteric Polymer as a Rheology Enhancer and Fluid-Loss Control Agent 
for Water-Based Drilling Muds at Elevated Temperatures, ACS Omega. 5 (2020) 
8483–8495. 
https://doi.org/10.1021/ACSOMEGA.9B03774/SUPPL_FILE/AO9B03774_SI_00
1.PDF. 

[57] R.K. Clark, Applications of Water-Soluble Polymers as Shale Stabilizers in 
Drilling Fluids, (1986) 171–181. https://doi.org/10.1021/BA-1986-0213.CH010. 

[58] E. Wami, J. Pius, G. Chukwuma Jacob Nmegbu, N.J. Godwin, P. Jane Ifeoma, 
Drilling Mud Formulation Using Potato Starch(Ipomoea Batatas), 2015. 
www.ijera.com. 

[59] A. Taiwo, O. Joel, A.A. Kazeem, INVESTIGATION OF LOCAL POLYMER 
(CASSAVA STARCHES) AS A SUBSTITUTE FOR IMPORTED SAMPLE IN 
VISCOSITY AND FLUID LOSS CONTROL OF WATER BASED DRILLING 
MUD, (2011). 

[60] N.A. Ghazali, N.H. Alias, T.A.T. Mohd, S.I. Adeib, M.Y. Noorsuhana, Potential 
of Corn Starch as Fluid Loss Control Agent in Drilling Mud, Applied Mechanics 
and Materials. 754–755 (2015) 682–687. 
https://doi.org/10.4028/WWW.SCIENTIFIC.NET/AMM.754-755.682. 

[61] S. Baba Hamed, M. Belhadri, Rheological properties of biopolymers drilling 
fluids, J Pet Sci Eng. 67 (2009) 84–90. 
https://doi.org/10.1016/J.PETROL.2009.04.001. 

[62] Schlumberger, Xanthan Gum, n.d. www.miswaco.com. 

[63] G. Gallino, A. Guarneri, G. Poli, L. Xiao, Scleroglucan Biopolymer Enhances 
WBM Performances, All Days. (1996). https://doi.org/10.2118/36426-MS. 

[64] S. Basfar, A. Mohamed, S. Elkatatny, Barite–Micromax mixture, an enhanced 
weighting agent for the elimination of barite sag in invert emulsion drilling fluids, 



130 
 

J Pet Explor Prod Technol. 10 (2020) 2427–2435. https://doi.org/10.1007/S13202-
020-00892-7/FIGURES/10. 

[65] B.S. Bageri, H. Gamal, S. Elkatatny, S. Patil, Effect of Different Weighting Agents 
on Drilling Fluids and Filter Cake Properties in Sandstone Formations, ACS 
Omega. 6 (2021) 16176–16186. 
https://doi.org/10.1021/ACSOMEGA.1C02129/ASSET/IMAGES/LARGE/AO1C
02129_0015.JPEG. 

[66] K.A. Fattah, A. Lashin, Investigation of mud density and weighting materials 
effect on drilling fluid filter cake properties and formation damage, Journal of 
African Earth Sciences. 117 (2016) 345–357. 
https://doi.org/10.1016/J.JAFREARSCI.2016.02.003. 

[67] Schlumberger, Calcium Carbonate, n.d. www.miswaco.com. 

[68] F. Dehghani, A. Kalantariasl, R. Saboori, S. Sabbaghi, K. Peyvandi, Performance 
of carbonate calcium nanoparticles as filtration loss control agent of water-based 
drilling fluid, SN Appl Sci. 1 (2019) 1–8. https://doi.org/10.1007/S42452-019-
1446-8/FIGURES/11. 

[69] V.G.W. Harrison, The Science of Rheology, Nature 1940 146:3705. 146 (1940) 
580–582. https://doi.org/10.1038/146580a0. 

[70] K. Song, Q. Wu, M. Li, S. Ren, L. Dong, X. Zhang, T. Lei, Y. Kojima, Water-
based bentonite drilling fluids modified by novel biopolymer for minimizing fluid 
loss and formation damage, Colloids Surf A Physicochem Eng Asp. 507 (2016) 
58–66. https://doi.org/10.1016/J.COLSURFA.2016.07.092. 

[71] O.E. Agwu, J.U. Akpabio, M.E. Ekpenyong, U.G. Inyang, D.E. Asuquo, I.J. Eyoh, 
O.S. Adeoye, A critical review of drilling mud rheological models, J Pet Sci Eng. 
203 (2021). https://doi.org/10.1016/J.PETROL.2021.108659. 

[72] Z. Luo, J. Pei, L. Wang, P. Yu, Z. Chen, Influence of an ionic liquid on rheological 
and filtration properties of water-based drilling fluids at high temperatures, Appl 
Clay Sci. 136 (2017) 96–102. https://doi.org/10.1016/J.CLAY.2016.11.015. 

[73] I. Ali, M. Ahmad, T.A.A. Ganat, Experimental study on water-based mud: 
investigate rheological and filtration properties using cupressus cones powder, J 
Pet Explor Prod Technol. 12 (2022) 2699–2709. https://doi.org/10.1007/S13202-
022-01471-8/FIGURES/9. 



131 
 

[74] J.L. Kavanagh, S.L. Engwell, S.A. Martin, A review of laboratory and numerical 
modelling in volcanology, Solid Earth. 9 (2018) 531–571. 
https://doi.org/10.5194/SE-9-531-2018. 

[75] A. Kariman Moghaddam, A. Ramazani Saadatabadi, Rheological modeling of 
water based drilling fluids containing polymer/bentonite using generalized bracket 
formalism, J Pet Sci Eng. 189 (2020) 107028. 
https://doi.org/10.1016/J.PETROL.2020.107028. 

[76] S.R. Smith, R. Rafati, A. Sharifi Haddad, A. Cooper, H. Hamidi, Application of 
aluminium oxide nanoparticles to enhance rheological and filtration properties of 
water based muds at HPHT conditions, Colloids Surf A Physicochem Eng Asp. 
537 (2018) 361–371. https://doi.org/10.1016/J.COLSURFA.2017.10.050. 

[77] M. Amanullah, A.M. Al-Tahini, Nano-Technology - Its Significance in Smart 
Fluid Development for Oil and Gas Field Application, Society of Petroleum 
Engineers - SPE Saudi Arabia Section Technical Symposium 2009. (2009). 
https://doi.org/10.2118/126102-MS. 

[78] S. Davoodi, A. Ramazani S.A., S. Jamshidi, A. Fellah Jahromi, A novel field 
applicable mud formula with enhanced fluid loss properties in High Pressure-High 
Temperature well condition containing pistachio shell powder, J Pet Sci Eng. 162 
(2018) 378–385. https://doi.org/10.1016/J.PETROL.2017.12.059. 

[79] S. Sadegh Hassani, A. Amrollahi, A. Rashidi, M. Soleymani, S. Rayatdoost, The 
effect of nanoparticles on the heat transfer properties of drilling fluids, J Pet Sci 
Eng. 146 (2016) 183–190. https://doi.org/10.1016/J.PETROL.2016.04.009. 

[80] X. Yang, J. Cai, G. Jiang, J. Xie, Y. Shi, S. Chen, Y. Yue, L. Yu, Y. He, K. Xie, 
Nanoparticle plugging prediction of shale pores: A numerical and experimental 
study, Energy. 208 (2020) 118337. 
https://doi.org/10.1016/J.ENERGY.2020.118337. 

[81] G.R. Seetharaman, J.S. Sangwai, Effect of Nanoparticles on the Performance of 
Drilling Fluids, in: 2020: pp. 279–297. https://doi.org/10.1007/978-3-030-33774-
2_12. 

[82] J.A. Andaverde, J.A. Wong-Loya, Y. Vargas-Tabares, M. Robles, A practical 
method for determining the rheology of drilling fluid, J Pet Sci Eng. 180 (2019) 
150–158. https://doi.org/10.1016/J.PETROL.2019.05.039. 

[83] A.E. Bayat, S. Harati, H. Kolivandi, Evaluation of rheological and filtration 
properties of a polymeric water-based drilling mud in presence of nano additives at 



132 
 

various temperatures, Colloids Surf A Physicochem Eng Asp. 627 (2021) 127128. 
https://doi.org/10.1016/j.colsurfa.2021.127128. 

[84] S. Perween, N.K. Thakur, M. Beg, S. Sharma, A. Ranjan, Enhancing the properties 
of water based drilling fluid using bismuth ferrite nanoparticles, Colloids Surf A 
Physicochem Eng Asp. 561 (2019) 165–177. 
https://doi.org/10.1016/J.COLSURFA.2018.10.060. 

[85] J.O. Oseh, M.N.A.M. Norddin, I. Ismail, U.I. Duru, A.O. Gbadamosi, A. Agi, E.N. 
Ngouangna, S.O. Blkoor, M.N. Yahya, A.R. Risal, Rheological and filtration 
control performance of water-based drilling muds at different temperatures and salt 
contaminants using surfactant-assisted novel nanohydroxyapatite, Geoenergy 
Science and Engineering. 228 (2023) 211994. 
https://doi.org/10.1016/J.GEOEN.2023.211994. 

[86] N. Kalhori, M. Mousavi-Kamazani, F. Hormozi, Effect of CeVO4/Al2O3/rGO 
nanocomposite on rheological properties and thermal conductivity of water-based 
drilling fluid, Geoenergy Science and Engineering. 221 (2023) 111312. 
https://doi.org/10.1016/J.PETROL.2022.111312. 

[87] J. Fink, Fluid loss additives, in: Petroleum Engineer’s Guide to Oil Field 
Chemicals and Fluids, Elsevier, 2021: pp. 123–202. https://doi.org/10.1016/B978-
0-323-85438-2.00002-5. 

[88] A. V Minakov, V.A. Zhigarev, E.I. Mikhienkova, A.L. Neverov, F.A. Buryukin, 
D. V Guzei, The effect of nanoparticles additives in the drilling fluid on pressure 
loss and cutting transport efficiency in the vertical boreholes, (2018). 
https://doi.org/10.1016/j.petrol.2018.08.032. 

[89] M.H. Ahasan, Md.F. Alahi Alvi, N. Ahmed, Md.S. Alam, An investigation of the 
effects of synthesized zinc oxide nanoparticles on the properties of water-based 
drilling fluid, Petroleum Research. 7 (2022) 131–137. 
https://doi.org/10.1016/j.ptlrs.2021.08.003. 

[90] H. Zhong, G. Shen, Z. Qiu, Y. Lin, L. Fan, X. Xing, J. Li, Minimizing the HTHP 
filtration loss of oil-based drilling fluid with swellable polymer microspheres, J Pet 
Sci Eng. 172 (2019) 411–424. https://doi.org/10.1016/J.PETROL.2018.09.074. 

[91] M.S. Alam, N. Ahmed, M.A. Salam, Study on rheology and filtration properties of 
field used mud using iron (III) oxide nanoparticles, Upstream Oil and Gas 
Technology. 7 (2021) 100038. https://doi.org/10.1016/J.UPSTRE.2021.100038. 



133 
 

[92] A. Ahmed, S. Elkatatny, S.A. Onaizi, New application for Micromax in aqueous 
drilling fluids as a hydrogen sulfide scavenger, Geoenergy Science and 
Engineering. 229 (2023) 212137. https://doi.org/10.1016/j.geoen.2023.212137. 

[93] S.A. Onaizi, Oil-based drilling mud comprising biosurfactant and hydrophobic 
zinc nano-powders with excellent H2S scavenging performance, Journal of 
Hazardous Materials Advances. 12 (2023) 100359. 
https://doi.org/10.1016/J.HAZADV.2023.100359. 

[94] A. Ahmed, S. Elkatatny, S. Onaizi, Incorporating steel-industry waste in water 
based drilling fluids for hydrogen sulfide scavenging, J Pet Sci Eng. 216 (2022) 
110818. https://doi.org/10.1016/J.PETROL.2022.110818. 

[95] J.A. Ali, A.B. Hamadamin, S.M. Ahmed, B.S. Mahmood, S.M. Sajadi, A.K. 
Manshad, Synergistic Effect of Nanoinhibitive Drilling Fluid on the Shale 
Swelling Performance at High Temperature and High Pressure, Energy and Fuels. 
36 (2022) 1996–2006. 
https://doi.org/10.1021/ACS.ENERGYFUELS.1C03804/ASSET/IMAGES/LARG
E/EF1C03804_0013.JPEG. 

[96] X. Jia, X. Zhao, B. Chen, S.B. Egwu, Z. Huang, Polyanionic cellulose/hydrophilic 
monomer copolymer grafted silica nanocomposites as HTHP drilling fluid-loss 
control agent for water-based drilling fluids, Appl Surf Sci. 578 (2022) 152089. 
https://doi.org/10.1016/J.APSUSC.2021.152089. 

[97] M. Sajjadian, V.A. Sajadian, E.E. Motlagh, Experimental analysis of improving 
water-based drilling fluid properties by using nanoparticles and poly (AN-co-
VP)/zeolite composite, Upstream Oil and Gas Technology. 8 (2022) 100066. 
https://doi.org/10.1016/J.UPSTRE.2022.100066. 

[98] S. Medhi, S. Chowdhury, A. Kumar, D.K. Gupta, Z. Aswal, J.S. Sangwai, 
Zirconium oxide nanoparticle as an effective additive for non-damaging drilling 
fluid: A study through rheology and computational fluid dynamics investigation, J 
Pet Sci Eng. 187 (2020) 106826. https://doi.org/10.1016/J.PETROL.2019.106826. 

[99] V. Srivastava, M. Beg, S. Sharma, A.K. Choubey, Application of manganese oxide 
nanoparticles synthesized via green route for improved performance of water-
based drilling fluids, Applied Nanoscience (Switzerland). 11 (2021) 2247–2260. 
https://doi.org/10.1007/S13204-021-01956-8/FIGURES/10. 

[100] A. Rezaei, V. Nooripoor, K. Shahbazi, Applicability of Fe3O4 nanoparticles for 
improving rheological and filtration properties of bentonite-water drilling fluids in 
the presence of sodium, calcium, and magnesium chlorides, J Pet Explor Prod 



134 
 

Technol. 10 (2020) 2453–2464. https://doi.org/10.1007/S13202-020-00920-
6/TABLES/5. 

[101] A. Rana, M.K. Arfaj, T.A. Saleh, Graphene grafted with glucopyranose as a shale 
swelling inhibitor in water-based drilling mud, Appl Clay Sci. 199 (2020) 105806. 
https://doi.org/10.1016/J.CLAY.2020.105806. 

[102] A. Ghayedi, A. Khosravi, Laboratory investigation of the effect of GO-ZnO 
nanocomposite on drilling fluid properties and its potential on H2S removal in oil 
reservoirs, J Pet Sci Eng. 184 (2020) 106684. 
https://doi.org/10.1016/J.PETROL.2019.106684. 

[103] M. Beg, P. Kumar, P. Choudhary, S. Sharma, Effect of high temperature ageing on 
TiO2 nanoparticles enhanced drilling fluids: A rheological and filtration study, 
Upstream Oil and Gas Technology. 5 (2020) 100019. 
https://doi.org/10.1016/J.UPSTRE.2020.100019. 

[104] O. Mahmoud, H.A. Nasr-El-Din, Z. Vryzas, V.C. Kelessidis, Nanoparticle-Based 
Drilling Fluids for Minimizing Formation Damage in HP/HT Applications, SPE 
International Formation Damage Control Symposium Proceedings. 2016-January 
(2016) 24–26. https://doi.org/10.2118/178949-MS. 

[105] A.H. Salih, H. Bilgesu, Investigation of Rheological and Filtration Properties of 
Water-Based Drilling Fluids Using Various Anionic Nanoparticles, SPE Western 
Regional Meeting Proceedings. 2017-April (2017) 837–857. 
https://doi.org/10.2118/185638-MS. 

[106] D. Mahmood, N.S. Al-Zubaidi, A.A. Alwasiti, S. Al-Zubaidi, Improving Drilling 
Fluid Properties by Using Nano-Additives, Engineering and Technology Journal. 
35 (2017) 1034–1041. https://doi.org/10.30684/ETJ.35.10A.10. 

[107] E. Veisi, M. Hajipour, E.B. Delijani, Experimental study on thermal, rheological 
and filtration control characteristics of drilling fluids: effect of nanoadditives, Oil 
& Gas Science and Technology – Revue d’IFP Energies Nouvelles. 75 (2020) 36. 
https://doi.org/10.2516/OGST/2020033. 

[108] A. Aftab, A.R. Ismail, S. Khokhar, Z.H. Ibupoto, Novel zinc oxide nanoparticles 
deposited acrylamide composite used for enhancing the performance of water-
based drilling fluids at elevated temperature conditions, J Pet Sci Eng. 146 (2016) 
1142–1157. https://doi.org/10.1016/J.PETROL.2016.08.014. 

[109] M.C. Li, Q. Wu, K. Song, Y. Qing, Y. Wu, Cellulose nanoparticles as modifiers 
for rheology and fluid loss in bentonite water-based fluids, ACS Appl Mater 
Interfaces. 7 (2015) 5009–5016. 



135 
 

https://doi.org/10.1021/ACSAMI.5B00498/ASSET/IMAGES/LARGE/AM-2015-
00498Q_0004.JPEG. 

[110] Z. Wang, Y. Wu, P. Luo, Y. Tian, Y. Lin, Q. Guo, Poly (sodium p-styrene 
sulfonate) modified Fe3O4 nanoparticles as effective additives in water-based 
drilling fluids, J Pet Sci Eng. 165 (2018) 786–797. 
https://doi.org/10.1016/J.PETROL.2018.03.001. 

[111] M. Edalatfar, F. Yazdani, M.B. Salehi, Synthesis and identification of ZnTiO3 
nanoparticles as a rheology modifier additive in water-based drilling mud, J Pet 
Sci Eng. 201 (2021) 108415. https://doi.org/10.1016/J.PETROL.2021.108415. 

[112] M. Agarwal, J. Sudharsan, A comprehensive review on scavenging H2S 
compounds in oil and gas industry by using nanomaterials, Mater Today Proc. 44 
(2021) 1504–1510. https://doi.org/10.1016/J.MATPR.2020.11.693. 

[113] Z. Duan, R. Sun, R. Liu, C. Zhu, Accurate thermodynamic model for the 
calculation of H2S solubility in pure water and brines, Energy and Fuels. 21 
(2007) 2056–2065. 
https://doi.org/10.1021/EF070040P/ASSET/IMAGES/MEDIUM/EF070040PE000
18.GIF. 

[114] R. Borup, J. Meyers, B. Pivovar, Y.S. Kim, R. Mukundan, N. Garland, D. Myers, 
M. Wilson, F. Garzon, D. Wood, P. Zelenay, K. More, K. Stroh, T. Zawodzinski, 
J. Boncella, J.E. McGrath, M. Inaba, K. Miyatake, M. Hori, K. Ota, Z. Ogumi, S. 
Miyata, A. Nishikata, Z. Siroma, Y. Uchimoto, K. Yasuda, K.I. Kimijima, N. 
Iwashita, Hydrogen sulfide removal from gases, air, and liquids, Chem Rev. 107 
(1975) 3904–3951. https://doi.org/10.1021/CR050182L. 

[115] J. Orlikowski, A. Jazdzewska, I. Uygur, R. Gospos, T. Olczak, K. Darowicki, 
Effect of wet Hydrogen Sulfide on Carbon Steels Degradation in Refinery Based 
on Case Study, Arab J Sci Eng. (2022). https://doi.org/10.1007/s13369-022-07154-
0. 

[116] S.A. Onaizi, Simultaneous mercury removal from wastewater and hydrogen 
sulfide scavenging from sour natural gas using a single unit operation, J Clean 
Prod. 380 (2022) 134900. https://doi.org/10.1016/j.jclepro.2022.134900. 

[117] M. Holmer, H. Hasler-Sheetal, Sulfide intrusion in seagrasses assessed by stable 
sulfur isotopes-A synthesis of current results, Front Mar Sci. 1 (2014) 118449. 
https://doi.org/10.3389/FMARS.2014.00064/ABSTRACT. 

[118] Egil Sunde, Removal of h2s in drilling mud, WIPO Patent Number WO 00/23538. 
(1999). 



136 
 

[119] E. Davidson, Method and composition for scavenging sulphide in drilling fluids 
and composition, 6,746,611 B2, 2004. 

[120] H2S Scavenging: Using Triazine — Together, We Make Energy Work Right The 
First Time, (n.d.). https://www.gate.energy/the-brainery/gat2004-gkp-2014-
05/h2s-scavenging-using-triazine (accessed July 15, 2023). 

[121] G.L. Johnson, J. Kelly, Preventing corrosion while drilling, US3307625A, 1964. 

[122] R.L. Garrett, R.K. Clark, L.L. Carney, C.K. Grantham, Chemical Scavengers for 
Sulfides in Water-Base Drilling Fluids, Journal of Petroleum Technology. 31 
(1979) 787–796. https://doi.org/10.2118/7499-PA. 

[123] M. Amosa, I. Mohammed, S. Yaro, Sulphide Scavengers in Oil and Gas Industry - 
A Review, (2010). 

[124] E. Davidson, J.A. Hall, C. Temple, A New Iron-Based, Environmentally Friendly 
Hydrogen Sulfide Scavenger for Drilling Fluids, SPE Drilling & Completion. 19 
(2004) 229–234. https://doi.org/10.2118/84313-PA. 

[125] M. Pandey, Process Optimization in Gas Sweetening Unit - A Case Study, in: 
International Petroleum Technology Conference, Doha, Qatar, November 21-23, 
IPTC, 2005. https://doi.org/10.2523/IPTC-10735-MS. 

[126] L.M. Frare, M.G.A. Vieira, M.G.C. Silva, N.C. Pereira, M.L. Gimenes, Hydrogen 
Sulfide Removal from Biogas Using Fe/EDTA Solution: Gas/Liquid Contacting 
and Sulfur Formation, Environ Prog Sustain Energy. (2009) NA-NA. 
https://doi.org/10.1002/ep.10374. 

[127] O.W. Agbroko, K. Piler, T.J. Benson, A Comprehensive Review of H 2 S 
Scavenger Technologies from Oil and Gas Streams, ChemBioEng Reviews. 4 
(2017) 339–359. https://doi.org/10.1002/cben.201600026. 

[128] Y.K. Al-Duailej, S.H. Al-Mutairi, A.Y. Al-Humaidan, Evaluation of Triazine-
Based H2S Scavengers for Stimulation Treatments, in: SPE/DGS Saudi Arabia 
Section Technical Symposium and Exhibition, Al-Khobar, Saudi Arabia, April 4-
7, SPE, 2010. https://doi.org/10.2118/136915-MS. 

[129] H.T. Madsen, E.G. Søgaard, Use of ESI-MS to Determine Reaction Pathway for 
Hydrogen Sulphide Scavenging with 1,3,5-Tri-(2-Hydroxyethyl)-Hexahydro- s -
Triazine, European Journal of Mass Spectrometry. 18 (2012) 377–383. 
https://doi.org/10.1255/ejms.1192. 

[130] T. Salma, D. Elledge, P. Kolb, S. Haines, Removal of H2S and/or Mercaptans 
form Supercritical and/or Liquid CO2, 6663841, 2003. 



137 
 

[131] H.A. Nasr-El-Din, A.Y. Al-Humaidan, B.A. Fadhel, W.W. Frenier, D.G. Hill, 
Investigation of Sulfide Scavengers in Well-Acidizing Fluids, SPE Production & 
Facilities. 17 (2002) 229–235. https://doi.org/10.2118/80289-PA. 

[132] C.D. Sitz, D.K. Barbin, B.J. Hampton, Scale Control in a Hydrogen Sulfide 
Treatment Program, in: International Symposium on Oilfield Chemistry, Houston, 
Texas, February 5-7, SPE, 2003. https://doi.org/10.2118/80235-MS. 

[133] K.-H. Goh, T.-T. Lim, Z. Dong, Application of layered double hydroxides for 
removal of oxyanions: A review, Water Res. 42 (2008) 1343–1368. 
https://doi.org/10.1016/j.watres.2007.10.043. 

[134] A. Ookubo, K. Ooi, H. Hayashi, Preparation and phosphate ion-exchange 
properties of a hydrotalcite-like compound, Langmuir. 9 (1993) 1418–1422. 
https://doi.org/10.1021/la00029a042. 

[135] Y. Zhang, H. Xu, S. Lu, Preparation and application of layered double hydroxide 
nanosheets, RSC Adv. 11 (2021) 24254–24281. 
https://doi.org/10.1039/D1RA03289E. 

[136] D. dos S. Lima, Y.R. Dias, O.W. Perez-Lopez, CO 2 methanation over Ni–Al and 
Co–Al LDH-derived catalysts: the role of basicity, Sustain Energy Fuels. 4 (2020) 
5747–5756. https://doi.org/10.1039/D0SE01059F. 

[137] S. Sadjadi, Catalysts Intercalated in Layered Double Hydroxides, Encapsulated 
Catalysts. (2017) 443–476. https://doi.org/10.1016/B978-0-12-803836-9.00013-4. 

[138] Y. Guo, F. Leroux, W. Tian, D. Li, P. Tang, Y. Feng, Layered double hydroxides 
as thermal stabilizers for Poly(vinyl chloride): A review, Appl Clay Sci. 211 
(2021) 106198. https://doi.org/10.1016/J.CLAY.2021.106198. 

[139] A. Singha Roy, S. Kesavan Pillai, S.S. Ray, Layered Double Hydroxides for 
Sustainable Agriculture and Environment: An Overview, ACS Omega. 7 (2022) 
20428–20440. 
https://doi.org/10.1021/ACSOMEGA.2C01405/ASSET/IMAGES/LARGE/AO2C
01405_0004.JPEG. 

[140] Q. Zhao, S. Tian, J. Zhang, S. Zhan, T. Sheng, P. Ning, Sorptive Removal of 
Hydrogen Sulfide from Gas Streams by an Mg-Al Layered Double Hydroxide, 
Can J Chem Eng. 93 (2015) 1247–1253. https://doi.org/10.1002/CJCE.22208. 

[141] S. Lee, M. Govindan, D. Kim, CoFe-based layered double hydroxide for high 
removal capacity of hydrogen sulfide under high humid gas stream, Chemical 



138 
 

Engineering Journal. 416 (2021) 127918. 
https://doi.org/10.1016/J.CEJ.2020.127918. 

[142] S. Lee, D. Kim, Enhanced adsorptive removal of hydrogen sulfide from gas stream 
with zinc-iron hydroxide at room temperature, Chemical Engineering Journal. 363 
(2019) 43–48. https://doi.org/10.1016/J.CEJ.2019.01.122. 

[143] H.-C. Zhou, J.R. Long, O.M. Yaghi, Introduction to Metal–Organic Frameworks, 
Chem Rev. 112 (2012) 673–674. https://doi.org/10.1021/cr300014x. 

[144] H.C. Zhou, J.R. Long, O.M. Yaghi, Introduction to metal-organic frameworks, 
Chem Rev. 112 (2012) 673–674. 
https://doi.org/10.1021/CR300014X/ASSET/IMAGES/MEDIUM/CR-2012-
00014X_0003.GIF. 

[145] H. Furukawa, K.E. Cordova, M. O’Keeffe, O.M. Yaghi, The Chemistry and 
Applications of Metal-Organic Frameworks, Science (1979). 341 (2013). 
https://doi.org/10.1126/science.1230444. 

[146] B. Li, H.M. Wen, Y. Cui, W. Zhou, G. Qian, B. Chen, Emerging Multifunctional 
Metal–Organic Framework Materials, Advanced Materials. 28 (2016) 8819–8860. 
https://doi.org/10.1002/ADMA.201601133. 

[147] J.-W. Wang, N.-X. Li, Z.-R. Li, J.-R. Wang, X. Xu, C.-S. Chen, Preparation and 
gas separation properties of Zeolitic imidazolate frameworks-8 (ZIF-8) membranes 
supported on silicon nitride ceramic hollow fibers, Ceram Int. 42 (2016) 8949–
8954. https://doi.org/10.1016/j.ceramint.2016.02.153. 

[148] K.S. Park, Z. Ni, A.P. Côté, J.Y. Choi, R. Huang, F.J. Uribe-Romo, H.K. Chae, M. 
O’Keeffe, O.M. Yaghi, Exceptional chemical and thermal stability of zeolitic 
imidazolate frameworks, Proc Natl Acad Sci U S A. 103 (2006) 10186–10191. 
https://doi.org/10.1073/PNAS.0602439103. 

[149] C.P. Raptopoulou, Metal-Organic Frameworks: Synthetic Methods and Potential 
Applications, Materials 2021, Vol. 14, Page 310. 14 (2021) 310. 
https://doi.org/10.3390/MA14020310. 

[150] A. Phan, C.J. Doonan, F.J. Uribe-Romo, C.B. Knobler, M. O’keeffe, O.M. Yaghi, 
Synthesis, Structure, and Carbon Dioxide Capture Properties of Zeolitic 
Imidazolate Frameworks, Acc Chem Res. 43 (2010) 49. 
https://doi.org/10.1021/ar900116g. 



139 
 

[151] G. Zhong, D. Liu, J. Zhang, The application of ZIF-67 and its derivatives: 
adsorption, separation, electrochemistry and catalysts, J Mater Chem A Mater. 6 
(2018) 1887–1899. https://doi.org/10.1039/C7TA08268A. 

[152] W. Qu, Z. Wang, X. Wang, Z. Wang, D. Yu, D. Ji, High-hydrophobic ZIF-
67@PLA honeycomb aerogel for efficient oil–water separation, Colloids Surf A 
Physicochem Eng Asp. 658 (2023). 
https://doi.org/10.1016/J.COLSURFA.2022.130768. 

[153] L. Wang, Y. Guan, X. Qiu, H. Zhu, S. Pan, M. Yu, Q. Zhang, Efficient 
ferrite/Co/porous carbon microwave absorbing material based on ferrite@metal–
organic framework, Chemical Engineering Journal. 326 (2017) 945–955. 
https://doi.org/10.1016/J.CEJ.2017.06.006. 

[154] C. Duan, Y. Yu, H. Hu, Recent progress on synthesis of ZIF-67-based materials 
and their application to heterogeneous catalysis, Green Energy & Environment. 7 
(2022) 3–15. https://doi.org/10.1016/J.GEE.2020.12.023. 

[155] L. Hamon, C. Serre, T. Devic, T. Loiseau, F. Millange, G. Férey, G. De Weireld, 
Comparative study of hydrogen sulfide adsorption in the MIL-53(Al, Cr, Fe), 
MIL-47(V), MIL-100(Cr), and MIL-101(Cr) metal-organic frameworks at room 
temperature, J Am Chem Soc. 131 (2009) 8775–8777. 
https://doi.org/10.1021/JA901587T/SUPPL_FILE/JA901587T_SI_001.PDF. 

[156] J. Liu, Y. Wei, P. Li, Y. Zhao, R. Zou, Selective H2S/CO2 Separation by Metal-
Organic Frameworks Based on Chemical-Physical Adsorption, Journal of Physical 
Chemistry C. 121 (2017) 13249–13255. 
https://doi.org/10.1021/ACS.JPCC.7B04465/ASSET/IMAGES/LARGE/JP-2017-
044655_0003.JPEG. 

[157] P.K. Allan, P.S. Wheatley, D. Aldous, M.I. Mohideen, C. Tang, J.A. Hriljac, I.L. 
Megson, K.W. Chapman, G. De Weireld, S. Vaesen, R.E. Morris, Metal–organic 
frameworks for the storage and delivery of biologically active hydrogen sulfide, 
Dalton Transactions. 41 (2012) 4060–4066. https://doi.org/10.1039/C2DT12069K. 

[158] N.K. Gupta, S. Kim, J. Bae, K.S. Kim, Chemisorption of hydrogen sulfide over 
copper-based metal–organic frameworks: methanol and UV-assisted regeneration, 
RSC Adv. 11 (2021) 4890–4900. https://doi.org/10.1039/D0RA09017D. 

[159] Y. Li, K. Zhou, M. He, J. Yao, Synthesis of ZIF-8 and ZIF-67 using mixed-base 
and their dye adsorption, Microporous and Mesoporous Materials. 234 (2016) 
287–292. https://doi.org/10.1016/j.micromeso.2016.07.039. 



140 
 

[160] M. He, J. Yao, Q. Liu, K. Wang, F. Chen, H. Wang, Facile synthesis of zeolitic 
imidazolate framework-8 from a concentrated aqueous solution, Microporous and 
Mesoporous Materials. 184 (2014) 55–60. 
https://doi.org/10.1016/j.micromeso.2013.10.003. 

[161] S.A. Onaizi, M.A. Gawish, M. Murtaza, I. Gomaa, Z. Tariq, M. Mahmoud, H 2 S 
Scavenging Capacity and Rheological Properties of Water-Based Drilling Muds, 
ACS Omega. 5 (2020) 30729–30739. https://doi.org/10.1021/acsomega.0c04953. 

[162] M.A. Ebrahimi, A. Sanati, On the potential of alyssum as an herbal fiber to 
improve the filtration and rheological characteristics of water-based drilling muds, 
Petroleum. 8 (2022) 509–515. https://doi.org/10.1016/J.PETLM.2021.04.005. 

[163] R. Saboori, S. Sabbaghi, A. Kalantariasl, D. Mowla, Improvement in filtration 
properties of water-based drilling fluid by nanocarboxymethyl 
cellulose/polystyrene core–shell nanocomposite, J Pet Explor Prod Technol. 8 
(2018) 445–454. https://doi.org/10.1007/s13202-018-0432-9. 

[164] A. Jinasena, R. Sharma, Estimation of Mud Losses during the Removal of Drill 
Cuttings in Oil Drilling, SPE Journal. 25 (2020) 2162–2177. 
https://doi.org/10.2118/201230-PA. 

[165] N.F. Fatihah Majid, A. Katende, I. Ismail, F. Sagala, N.M. Sharif, M.A. Che 
Yunus, A comprehensive investigation on the performance of durian rind as a lost 
circulation material in water based drilling mud, Petroleum. 5 (2019) 285–294. 
https://doi.org/10.1016/j.petlm.2018.10.004. 

[166] A.R. Ismail, A. Aftab, Z.H. Ibupoto, N. Zolkifile, The novel approach for the 
enhancement of rheological properties of water-based drilling fluids by using 
multi-walled carbon nanotube, nanosilica and glass beads, J Pet Sci Eng. 139 
(2016) 264–275. https://doi.org/10.1016/J.PETROL.2016.01.036. 

[167] A. Ahmed, S. Basfar, T.I. Solling, S. Elkatatny, Prevention of Hematite Settling in 
Water-Based Mud at High Pressure and High Temperature, ACS Omega. 6 (2021) 
23607–23613. 
https://doi.org/10.1021/ACSOMEGA.1C03818/ASSET/IMAGES/LARGE/AO1C
03818_0013.JPEG. 

[168] G.R. Gray, C.F. S Young, B. Div, 25 Years of Drilling Technology - A Review of 
Significant Accomplishments, Journal of Petroleum Technology. 25 (1973) 1347–
1354. https://doi.org/10.2118/4700-PA. 



141 
 

[169] H. Dembicki, Jr., Interpreting Crude Oil and Natural Gas Data, in: Practical 
Petroleum Geochemistry for Exploration and Production, Elsevier, 2017: pp. 135–
188. https://doi.org/10.1016/B978-0-12-803350-0.00004-0. 

[170] R.A. Marriott, P. Pirzadeh, J.J. Marrugo-Hernandez, S. Raval, Hydrogen sulfide 
formation in oil and gas, Can J Chem. 94 (2016) 406–413. 
https://doi.org/10.1139/cjc-2015-0425. 

[171] Y. Liu, Z.H. Wang, X.L. Zhuge, R.S. Pang, Distribution of Sulfide in an Oil-water 
Treatment System and a Field Test of Treatment Technology in Daqing Oilfield, 
Http://Dx.Doi.Org/10.1080/10916466.2011.592891. 32 (2013) 462–469. 
https://doi.org/10.1080/10916466.2011.592891. 

[172] S.A. Onaizi, M.A. Gawish, M. Murtaza, I. Gomaa, Z. Tariq, M. Mahmoud, H 2 S 
Scavenging Capacity and Rheological Properties of Water-Based Drilling Muds, 
ACS Omega. 5 (2020) 30729–30739. https://doi.org/10.1021/acsomega.0c04953. 

[173] M.K. Amosa, I.A. Mohammed, S.A. Yaro, A.O. Arinkoola, G.O. Azeez, 
Comparative analysis of the efficacies of ferrous gluconate and synthetic magnetite 
as sulphide scavengers in oil and gas drilling operations, (2010). 
https://www.researchgate.net/publication/216445906_Comparative_analysis_of_th
e_efficacies_of_ferrous_gluconate_and_synthetic_magnetite_as_sulphide_scaveng
ers_in_oil_and_gas_drilling_operations (accessed March 7, 2023). 

[174] M.K. Sarango-Ramírez, J. Park, J. Kim, Y. Yoshida, D.W. Lim, H. Kitagawa, 
Void Space versus Surface Functionalization for Proton Conduction in Metal–
Organic Frameworks, Angewandte Chemie International Edition. 60 (2021) 
20173–20177. https://doi.org/10.1002/ANIE.202106181. 

[175] L. Jiao, J.Y.R. Seow, W.S. Skinner, Z.U. Wang, H.L. Jiang, Metal–organic 
frameworks: Structures and functional applications, Materials Today. 27 (2019) 
43–68. https://doi.org/10.1016/J.MATTOD.2018.10.038. 

[176] M. Ding, X. Cai, H.L. Jiang, Improving MOF stability: approaches and 
applications, Chem Sci. 10 (2019) 10209–10230. 
https://doi.org/10.1039/C9SC03916C. 

[177] Z. hang Zhang, J. li Zhang, J. ming Liu, Z. hu Xiong, X. Chen, Selective and 
Competitive Adsorption of Azo Dyes on the Metal–Organic Framework ZIF-67, 
Water Air Soil Pollut. 227 (2016) 1–12. https://doi.org/10.1007/S11270-016-3166-
7/FIGURES/9. 

[178] X. Li, X. Gao, L. Ai, J. Jiang, Mechanistic insight into the interaction and 
adsorption of Cr(VI) with zeolitic imidazolate framework-67 microcrystals from 



142 
 

aqueous solution, Chemical Engineering Journal. 274 (2015) 238–246. 
https://doi.org/10.1016/J.CEJ.2015.03.127. 

[179] Y. Zhang, Y. Jia, L. Hou, Synthesis of zeolitic imidazolate framework-8 on 
polyester fiber for PM2.5 removal, RSC Adv. 8 (2018) 31471–31477. 
https://doi.org/10.1039/c8ra06414h. 

[180] H. Kaur, G.C. Mohanta, V. Gupta, D. Kukkar, S. Tyagi, Synthesis and 
characterization of ZIF-8 nanoparticles for controlled release of 6-mercaptopurine 
drug, J Drug Deliv Sci Technol. 41 (2017) 106–112. 
https://doi.org/10.1016/j.jddst.2017.07.004. 

[181] R.M. Abdelhameed, M. El-Shahat, Fabrication of ZIF-67@MIL-125-NH2 
nanocomposite with enhanced visible light photoreduction activity, J Environ 
Chem Eng. 7 (2019) 103194. https://doi.org/10.1016/j.jece.2019.103194. 

[182] N.S. Kumar, M.S. Reddy, S.T.S. Kumar, V.R. Bheeram, S.B. Mukkamala, L.C. 
Rao, A Quantitative and Rapid Knoevenagel Condensation Catalyzed by 
Recyclable Zeolite Imidazole Frameworks, ChemistrySelect. 4 (2019) 1188–1194. 
https://doi.org/10.1002/slct.201803302. 

[183] J. Qian, F. Sun, L. Qin, Hydrothermal synthesis of zeolitic imidazolate framework-
67 (ZIF-67) nanocrystals, Mater Lett. 82 (2012) 220–223. 
https://doi.org/10.1016/j.matlet.2012.05.077. 

[184] A. Schejn, L. Balan, V. Falk, L. Aranda, G. Medjahdi, R. Schneider, Controlling 
ZIF-8 nano- and microcrystal formation and reactivity through zinc salt variations, 
CrystEngComm. 16 (2014) 4493–4500. https://doi.org/10.1039/c3ce42485e. 

[185] W. Sun, X. Zhai, L. Zhao, Synthesis of ZIF-8 and ZIF-67 nanocrystals with well-
controllable size distribution through reverse microemulsions, Chemical 
Engineering Journal. 289 (2016) 59–64. 
https://doi.org/10.1016/J.CEJ.2015.12.076. 

[186] M. Holmer, H. Hasler-Sheetal, Sulfide intrusion in seagrasses assessed by stable 
sulfur isotopesâ€”a synthesis of current results, Front Mar Sci. 1 (2014). 
https://doi.org/10.3389/fmars.2014.00064. 

[187] B. Mousavi, S. Chaemchuen, B. Moosavi, Z. Luo, N. Gholampour, F. Verpoort, 
Zeolitic imidazole framework-67 as an efficient heterogeneous catalyst for the 
conversion of CO 2 to cyclic carbonates †, This Journal Is Cite This: New J. 
Chem. 40 (2016) 5170. https://doi.org/10.1039/c6nj00128a. 



143 
 

[188] X. Liu, B. Wang, J. Cheng, Q. Meng, Y. Song, M. Li, Investigation on the capture 
performance and influencing factors of ZIF-67 for hydrogen sulfide, Sep Purif 
Technol. 250 (2020) 117300. https://doi.org/10.1016/j.seppur.2020.117300. 

[189] J. Buller, J.F. Carpenter, H2S Scavengers for Non-Aqueous Systems, Society of 
Petroleum Engineers Inc. (2005) 2–4. http://onepetro.org/SPEOCC/proceedings-
pdf/05OCS/All-05OCS/SPE-93353-MS/2856557/spe-93353-ms.pdf/1. 

[190] S. Bhattacharyya, C. Das, T.K. Maji, MOF derived carbon based nanocomposite 
materials as efficient electrocatalysts for oxygen reduction and oxygen and 
hydrogen evolution reactions, RSC Adv. 8 (2018) 26728–26754. 
https://doi.org/10.1039/C8RA05102J. 

[191] U.S. Mohanty, A. Aftab, F.U.R. Awan, M. Ali, N. Yekeen, A. Keshavarz, S. 
Iglauer, Toward Improvement of Water-Based Drilling Mud via Zirconia 
Nanoparticle/API Bentonite Material, Energy & Fuels. 36 (2022) 12116–12125. 
https://doi.org/10.1021/acs.energyfuels.2c01864. 

[192] A. Katende, N. v. Boyou, I. Ismail, D.Z. Chung, F. Sagala, N. Hussein, M.S. 
Ismail, Improving the performance of oil based mud and water based mud in a 
high temperature hole using nanosilica nanoparticles, Colloids Surf A 
Physicochem Eng Asp. 577 (2019) 645–673. 
https://doi.org/10.1016/j.colsurfa.2019.05.088. 

[193] A. Kiprop, O. Akaranta, A.B. Oriji, T.C. Biwott, A.K. Kiprop, O. Boniface, 
Terminalia mantaly leaves as a novel additive in water-based drilling mud, Article 
in International Journal of Chemical Sciences. 7 (2019) 2173–2181. 
http://www.chemijournal.com. 

[194] D. Singh, D. Ruhil, H. Khandelwal, H. Rawat, H. Aggarwal, A. Ranjan, N.K. 
Thakur, Investigation of rheological and filtration properties of water-based 
drilling mud using commercially available additives, Mater Today Proc. 68 (2022) 
1003–1010. https://doi.org/10.1016/j.matpr.2022.08.129. 

[195] N.V. Boyou, I. Ismail, W.R. Wan Sulaiman, A. Sharifi Haddad, N. Husein, H.T. 
Hui, K. Nadaraja, Experimental investigation of hole cleaning in directional 
drilling by using nano-enhanced water-based drilling fluids, J Pet Sci Eng. 176 
(2019) 220–231. https://doi.org/10.1016/J.PETROL.2019.01.063. 

[196] W.J. Yeu, A. Katende, F. Sagala, I. Ismail, Improving hole cleaning using low 
density polyethylene beads at different mud circulation rates in different hole 
angles, J Nat Gas Sci Eng. 61 (2019) 333–343. 
https://doi.org/10.1016/J.JNGSE.2018.11.012. 



144 
 

[197] W. Li, X. Zhao, Y. Li, Y. Ji, H. Peng, L. Liu, Q. Yang, Laboratory investigations 
on the effects of surfactants on rate of penetration in rotary diamond drilling, J Pet 
Sci Eng. 134 (2015) 114–122. https://doi.org/10.1016/j.petrol.2015.07.027. 

[198] V. Srivastava, M. Beg, S. Sharma, A.K. Choubey, Application of manganese oxide 
nanoparticles synthesized via green route for improved performance of water-
based drilling fluids, Applied Nanoscience (Switzerland). 11 (2021) 2247–2260. 
https://doi.org/10.1007/S13204-021-01956-8/FIGURES/10. 

[199] M. Beg, H. Kesarwani, S. Sharma, A. Saxena, Impact of low-molecular-weight 
poly(4-styrenesulfonic acid-co-maleic acid) sodium salt on filtration and 
rheological parameters of nanoparticles-enhanced drilling fluid, Journal of Vinyl 
and Additive Technology. 28 (2022) 125–139. 
https://doi.org/10.1002/VNL.21873. 

[200] O. Mahmoud, H.A. Nasr-El-Din, Z. Vryzas, V.C. Kelessidis, Characterization of 
Filter Cake Generated by Nanoparticle-Based Drilling Fluid for HP/HT 
Applications, Proceedings - SPE International Symposium on Oilfield Chemistry. 
2017-April (2017) 74–92. https://doi.org/10.2118/184572-MS. 

[201] J. Zhao, X. Xi, H. Dong, Z. Wang, Z. Zhuo, Rheo-microscopy in situ synchronous 
measurement of shearing thinning behaviors of waxy crude oil, Fuel. 323 (2022) 
124427. https://doi.org/10.1016/J.FUEL.2022.124427. 

[202] S.A. Onaizi, Effect of oil/water ratio on rheological behavior, droplet size, zeta 
potential, long-term stability, and acid-induced demulsification of crude oil/water 
nanoemulsions, J Pet Sci Eng. 209 (2022) 109857. 
https://doi.org/10.1016/J.PETROL.2021.109857. 

[203] S.A. Onaizi, Effect of salinity on the characteristics, pH-triggered demulsification 
and rheology of crude oil/water nanoemulsions, Sep Purif Technol. 281 (2022) 
119956. https://doi.org/10.1016/J.SEPPUR.2021.119956. 

[204] M.K. Al-Sakkaf, S.A. Onaizi, Rheology, characteristics, stability, and pH-
responsiveness of biosurfactant-stabilized crude oil/water nanoemulsions, Fuel. 
307 (2022) 121845. https://doi.org/10.1016/J.FUEL.2021.121845. 

[205] Skalle Pal, Drilling Fluid Engineering, Pal Skalle & Ventus Publishing APS. 
(2011). 
https://books.google.com.sa/books?hl=en&lr=&id=y7BwaMGyAK0C&oi=fnd&p
g=PA7&ots=0aRxnhPHvW&sig=PoW0RtCGkEE39G6i7foXhRVkMaE&redir_es
c=y#v=onepage&q&f=false (accessed March 7, 2023). 



145 
 

[206] B. Pang, S. Wang, W. Chen, M. Hassan, H. Lu, Effects of flow behavior index and 
consistency coefficient on hydrodynamics of power-law fluids and particles in 
fluidized beds, Powder Technol. 366 (2020) 249–260. 
https://doi.org/10.1016/J.POWTEC.2020.01.061. 

[207] P. Barratt, Hydrogen Sulfide: Understanding Exposure Risk in the Oil & Gas 
Sector -- Occupational Health & Safety, (2022). 
https://ohsonline.com/Articles/2022/08/01/Hydrogen-Sulfide.aspx?Page=1 
(accessed May 17, 2023). 

[208] C.R. McDaniel, C.J. Thaemlitz, Economical method for scavenging Hydrogen 
Sulfide in fluids, 9,254,453 B2, 2016. 

[209] G. Sriram, U.T. Uthappa, D. Losic, M. Kigga, H.Y. Jung, M.D. Kurkuri, Mg–Al-
Layered Double Hydroxide (LDH) Modified Diatoms for Highly Efficient 
Removal of Congo Red from Aqueous Solution, Applied Sciences 2020, Vol. 10, 
Page 2285. 10 (2020) 2285. https://doi.org/10.3390/APP10072285. 

[210] K. Yang, L. Yan, Y. Yang, S. Yu, R. Shan, H. Yu, B. Zhu, B. Du, Adsorptive 
removal of phosphate by Mg–Al and Zn–Al layered double hydroxides: Kinetics, 
isotherms and mechanisms, Sep Purif Technol. 124 (2014) 36–42. 
https://doi.org/10.1016/j.seppur.2013.12.042. 

[211] C. Lei, M. Pi, P. Kuang, Y. Guo, F. Zhang, Organic dye removal from aqueous 
solutions by hierarchical calcined Ni-Fe layered double hydroxide: Isotherm, 
kinetic and mechanism studies, J Colloid Interface Sci. 496 (2017) 158–166. 
https://doi.org/10.1016/J.JCIS.2017.02.025. 

[212] M. Li, J.P. Cheng, J.H. Fang, Y. Yang, F. Liu, X.B. Zhang, NiAl-layered Double 
Hydroxide/Reduced Graphene Oxide Composite: Microwave-assisted Synthesis 
and Supercapacitive Properties, Electrochim Acta. 134 (2014) 309–318. 
https://doi.org/10.1016/j.electacta.2014.04.141. 

[213] M. Li, J.P. Cheng, F. Liu, X.B. Zhang, 3D-architectured nickel-cobalt-manganese 
layered double hydroxide/reduced graphene oxide composite for high-performance 
supercapacitor, Chem Phys Lett. 640 (2015) 5–10. 
https://doi.org/10.1016/J.CPLETT.2015.10.003. 

[214] D. Wierzbicki, R. Baran, R. Dębek, M. Motak, T. Grzybek, M.E. Gálvez, P. Da 
Costa, The influence of nickel content on the performance of hydrotalcite-derived 
catalysts in CO2 methanation reaction, Int J Hydrogen Energy. 42 (2017) 23548–
23555. https://doi.org/10.1016/J.IJHYDENE.2017.02.148. 



146 
 

[215] V. Rives, Characterisation of layered double hydroxides and their decomposition 
products, Mater Chem Phys. 75 (2002) 19–25. https://doi.org/10.1016/S0254-
0584(02)00024-X. 

[216] O. Saber, H.M. Kotb, Designing Dual-Function Nanostructures for Water 
Purification in Sunlight, Applied Sciences. 10 (2020) 1786. 
https://doi.org/10.3390/app10051786. 

[217] S.H. Rashed, A.I. Abd-Elhamid, S.Y.H. Abdalkarim, R.H. El-Sayed, A.A. El-
Bardan, H.M.A. Soliman, A.A. Nayl, Preparation and characterization of layered-
double hydroxides decorated on graphene oxide for dye removal from aqueous 
solution, Journal of Materials Research and Technology. 17 (2022) 2782–2795. 
https://doi.org/10.1016/j.jmrt.2022.02.040. 

[218] C. Lei, M. Pi, P. Kuang, Y. Guo, F. Zhang, Organic dye removal from aqueous 
solutions by hierarchical calcined Ni-Fe layered double hydroxide: Isotherm, 
kinetic and mechanism studies, J Colloid Interface Sci. 496 (2017) 158–166. 
https://doi.org/10.1016/j.jcis.2017.02.025. 

[219] Y. Wei, F. Li, L. Liu, Liquid exfoliation of Zn–Al layered double hydroxide using 
NaOH/urea aqueous solution at low temperature, RSC Adv. 4 (2014) 18044. 
https://doi.org/10.1039/c3ra46995f. 

[220] I.M. Ahmed, M.S. Gasser, Adsorption study of anionic reactive dye from aqueous 
solution to Mg–Fe–CO3 layered double hydroxide (LDH), Appl Surf Sci. 259 
(2012) 650–656. https://doi.org/10.1016/j.apsusc.2012.07.092. 

[221] T. Wen, X. Wu, X. Tan, X. Wang, A. Xu, One-Pot Synthesis of Water-Swellable 
Mg–Al Layered Double Hydroxides and Graphene Oxide Nanocomposites for 
Efficient Removal of As(V) from Aqueous Solutions, ACS Appl Mater Interfaces. 
5 (2013) 3304–3311. https://doi.org/10.1021/am4003556. 

[222] M. Szabados, K. Pásztor, Z. Csendes, S. Muráth, Z. Kónya, Á. Kukovecz, S. 
Carlson, P. Sipos, I. Pálinkó, Synthesis of high-quality, well-characterized 
CaAlFe-layered triple hydroxide with the combination of dry-milling and 
ultrasonic irradiation in aqueous solution at elevated temperature, Ultrason 
Sonochem. 32 (2016) 173–180. 
https://doi.org/10.1016/J.ULTSONCH.2016.03.008. 

[223] K.S. Sing, Reporting physisorption data for gas/solid systems-with special 
reference to the determination of surface area and porosity, (1985). 



147 
 

[224] J. Wang, L. Wang, H. Fan, H. Wang, Y. Hu, Z. Wang, Highly porous copper oxide 
sorbent for H2S capture at ambient temperature, Fuel. 209 (2017) 329–338. 
https://doi.org/10.1016/J.FUEL.2017.08.003. 

[225] A. Rafieefar, F. Sharif, A. Hashemi, A.M. Bazargan, Rheological Behavior and 
Filtration of Water-Based Drilling Fluids Containing Graphene Oxide: 
Experimental Measurement, Mechanistic Understanding, and Modeling, (2021). 
https://doi.org/10.1021/acsomega.1c04398. 

[226] S.S. Haramkar, G.N. Thombre, S. V. Jadhav, B.N. Thorat, The influence of 
particle(s) size, shape and distribution on cake filtration mechanics-a short review, 
Comptes Rendus Chimie. 24 (2021) 255–265. 
https://doi.org/10.5802/CRCHIM.84/. 

[227] A.E. Bayat, R. Shams, Appraising the impacts of SiO2, ZnO and TiO2 
nanoparticles on rheological properties and shale inhibition of water-based drilling 
muds, Colloids Surf A Physicochem Eng Asp. 581 (2019) 123792. 
https://doi.org/10.1016/j.colsurfa.2019.123792. 

[228] O. Mahmoud, H.A. Nasr-El-Din, Z. Vryzas, V.C. Kelessidis, Characterization of 
Filter Cake Generated by Nanoparticle-Based Drilling Fluid for HP/HT 
Applications, Proceedings - SPE International Symposium on Oilfield Chemistry. 
2017-April (2017) 74–92. https://doi.org/10.2118/184572-MS. 

[229] P. Aird, Deepwater Geology & Geoscience, Deepwater Drilling. (2019) 17–68. 
https://doi.org/10.1016/B978-0-08-102282-5.00002-8. 

[230] J. Al Jaber, B.S. Bageri, H. Gamal, S. Elkatatny, The Role of Drilled Formation in 
Filter Cake Properties Utilizing Different Weighting Materials, ACS Omega. 6 
(2021) 24039–24050. 
https://doi.org/10.1021/ACSOMEGA.1C03210/ASSET/IMAGES/LARGE/AO1C
03210_0015.JPEG. 

[231] M.I. Magzoub, S. Salehi, I.A. Hussein, M.S. Nasser, Investigation of Filter Cake 
Evolution in Carbonate Formation Using Polymer-Based Drilling Fluid, ACS 
Omega. 6 (2021) 6231–6239. 
https://doi.org/10.1021/ACSOMEGA.0C05802/ASSET/IMAGES/LARGE/AO0C
05802_0012.JPEG. 

[232] P. Dejtaradon, H. Hamidi, M.H. Chuks, D. Wilkinson, R. Rafati, Impact of ZnO 
and CuO nanoparticles on the rheological and filtration properties of water-based 
drilling fluid, Colloids Surf A Physicochem Eng Asp. 570 (2019) 354–367. 
https://doi.org/10.1016/J.COLSURFA.2019.03.050. 



148 
 

[233] B.C. Liu, S.Q. Liu, Z.R. Chen, Q.N. Meng, C. Li, Oxide and diamond 
nanoparticles modified drilling fluid for deep, complicated drilling conditions, J 
Nanosci Nanotechnol. 16 (2016) 13007–13013. 
https://doi.org/10.1166/JNN.2016.13849. 

[234] P.C.F. Møller, J. Mewis, D. Bonn, Yield stress and thixotropy: on the difficulty of 
measuring yield stresses in practice, Soft Matter. 2 (2006) 274–283. 
https://doi.org/10.1039/B517840A. 

[235] T.R. Sifferman, The Carrying Capacity of Drilling Fluids, 
Http://Dx.Doi.Org/10.1080/00908318308908074. 7 (2007) 43–50. 
https://doi.org/10.1080/00908318308908074. 

[236] M. Murtaza, M. Mahmoud, Z. Tariq, Experimental Investigation of a Novel, 
Efficient, and Sustainable Hybrid Silicate System in Oil and Gas Well Cementing, 
(2020). https://doi.org/10.1021/acs.energyfuels.0c01001. 

[237] C.E. Williams, G.H. Bruce, Carrying Capacity of Drilling Muds, Journal of 
Petroleum Technology. 3 (1951) 111–120. https://doi.org/10.2118/951111-G. 

[238] I. Ali, M. Ahmad, T. Al-Arbi Ganat, Experimental study on water-based mud: 
investigate rheological and filtration properties using cupressus cones powder, J 
Pet Explor Prod Technol. 12 (2022) 2699–2709. https://doi.org/10.1007/s13202-
022-01471-8. 

[239] P. Kendon, Gel Strength: Understanding Its Importance When Assessing Dr, 
(2019). https://www.trenchlesspedia.com/gel-strength-understanding-its-
importance-when-assessing-drilling-fluids/2/4446#SnippetTab (accessed June 18, 
2023). 

[240] F. Alakbari, S. Elkatatny, M.S. Kamal, M. Mahmoud, Optimizing the Gel Strength 
of Water-Based Drilling Fluid Using Clays for Drilling Horizontal and Multi-
Lateral Wells, Society of Petroleum Engineers - SPE Kingdom of Saudi Arabia 
Annual Technical Symposium and Exhibition 2018, SATS 2018. (2018) 23–26. 
https://doi.org/10.2118/192191-MS. 

[241] V. Nooripoor, R. Nazemi, A. Hashemi, Employing Nano-sized Additives as 
Filtration Control Agent in Water-based Drilling Fluids: Study on Barium Sulfate, 
Bentonite, Surface-modified Bentonite, Titanium Oxide, and Silicon Oxide, 
Https://Doi.Org/10.1080/15567036.2020.1805049. (2020). 
https://doi.org/10.1080/15567036.2020.1805049. 

[242] E.E. Okoro, A.A. Zuokumor, I.S. Okafor, K.C. Igwilo, K.B. Orodu, Determining 
the optimum concentration of multiwalled carbon nanotubes as filtrate loss 



149 
 

additive in field-applicable mud systems, J Pet Explor Prod Technol. 10 (2020) 
429–438. https://doi.org/10.1007/S13202-019-0740-8/FIGURES/9. 

[243] A. Kazemi-Beydokhti, S.H. Hajiabadi, Rheological investigation of smart 
polymer/carbon nanotube complex on properties of water-based drilling fluids, 
Colloids Surf A Physicochem Eng Asp. 556 (2018) 23–29. 
https://doi.org/10.1016/j.colsurfa.2018.07.058. 

[244] R. Jain, T.K. Mahto, V. Mahto, Rheological investigations of water based drilling 
fluid system developed using synthesized nanocomposite, Rheology Journal. 28 
(2016) 55–65. https://doi.org/10.1007/s13367-016-0006-7. 

[245] M. Khalil, M. Jan, Herschel-Bulkley Rheological Parameters of a Novel 
Environmentally Friendly Lightweight Biopolymer Drilling Fluid from Xanthan 
Gum and Starch, J Appl Polym Sci. 124 (2011) 595–606. 
https://doi.org/10.1002/app.35004. 

[246] R.O. Afolabi, O.D. Orodu, V.E. Efeovbokhan, O.J. Rotimi, Optimizing the 
rheological properties of silica nano-modified bentonite mud using overlaid 
contour plot and estimation of maximum or upper shear stress limit, 
Http://Www.Editorialmanager.Com/Cogenteng. 4 (2017) 1287248. 
https://doi.org/10.1080/23311916.2017.1287248. 

[247] O.W. Agbroko, K. Piler, T.J. Benson, A Comprehensive Review of H2S 
Scavenger Technologies from Oil and Gas Streams, ChemBioEng Reviews. 4 
(2017) 339–359. https://doi.org/10.1002/CBEN.201600026. 

[248] M. Davoodi, F. Davar, M.R. Rezayat, M.T. Jafari, A.E. Shalan, Cobalt metal–
organic framework-based ZIF-67 for the trace determination of herbicide molinate 
by ion mobility spectrometry: investigation of different morphologies, RSC Adv. 
11 (2021) 2643–2655. https://doi.org/10.1039/D0RA09298C. 

  
  



150 
 

Vitae 

Name    :Mustapha Iddrisu 

Nationality   :Ghanaian 

Date of Birth   :11/14/1996 

 Email    :iddrisumustapha.im@gmail.com 

Address   :EE-1501-5622, Akyem New-Tafo, Koforidua, Ghana 

Academic Background :Master of Science Chemical Engineering (2021 – 2023),                 

iKFUPM, Dhahran, Saudi Arabia. 

 

                                                 Bachelor of Science Industrial Chemistry (2015 - 2019), 

                                                 University of Cape Coast, Cape Coast, Ghana. 

 

Research Outcome 

Journal Publications: 

 Iddrisu, M., Onaizi, S.A. (2023). H2S scavenging performance and rheological 

properties of water-based drilling fluids comprising ZIF-67. Geoenergy Science 

and Engineering 228, 212007. https://doi.org/10.1016/j.geoen.2023.212007. 

 Iddrisu, M., Al-Sakkaf, M. K., Bahadi, S. A., Zahid, U., Drmosh, Q. A., Ahmed, 

U., & Onaizi, S. A. (2023). Waste to a commodity: the utilization of waste cooking 

oil for the formulation of oil-based drilling mud with H2S scavenging capability 

bestowed by the incorporation of ZIF-67. Emergent Materials, 1–10. 

https://doi.org/10.1007/s42247-023-00531-x.  

 Iddrisu, M., Bahadi, S. A., Al-Sakkaf, M. K., Ahmed, U., Zahid, U., Drmosh, Q. 

A., & Onaizi, S. A. (2023). Harnessing zeolitic imidazolate framework-8 (ZIF-8) 

nanoparticles for enhancing H2S scavenging capacity of waste vegetable oil-based 

drilling fluids. Emergent Materials, 1–12. https://doi.org/10.1007/s42247-023-

00535-7.  



151 
 

 Iddrisu, M., Al-Amrani, W. A., Merghani, A. A., Drmosh, Q. A., & Onaizi, S. A. 

(2023). Effects of detergent on enzyme adsorption onto solid surfaces. Emergent 

Materials, 1–8. https://doi.org/10.1007/s42247-023-00578-w.  

 Bahadi, S.A., Iddrisu, M., Al-Sakkaf, M.K., Elgzoly, M.A.A., Al-Amrani, W.A., 

Ahmed, U., Zahid, U., Drmosh, Q.A., Onaizi, S.A., 2023. Chemically versus 

thermally reduced graphene oxide: effects of reduction methods and reducing 

agents on the adsorption of phenolic compounds from wastewater. Emergent Mater 

1–13. https://doi.org/10.1007/s42247-023-00514-y  

 Bahadi, S.A., Iddrisu, M., Al-Sakkaf, M.K., Elgzoly, M.A.A., Drmosh, Q.A., Al-

Amrani, W.A., Ahmed, U., Zahid, U., Onaizi, S.A., 2023. Optimization of methyl 

orange adsorption on MgFeAl-LTH through the manipulation of solution chemistry 

and synthesis conditions. Emergent Mater 1–13. https://doi.org/10.1007/s42247-

023-00513-z.  

 Iddrisu, M., Onaizi, S.A. Effect of layered triple hydroxide/ZIF-67 nanocomposite 

on the rheology and H2S removal performance of water-based drilling fluid. 

(Under preparation).  

 Iddrisu, M., Onaizi, S.A. Aqueous Drilling Fluid Comprising CuMgFe-Layered 

Triple Hydroxide: Rheology, Filtration loss and H2S Scavenging Performance. 

(Under preparation). 

Submitted Patent Applications: 

 Onaizi, S.A., Iddrisu, M., (2023). Enhancing H2S Scavenging in Drilling 

Operations through the Integration of CuMgFe-Layered Triple Hydroxide in 

Water-Based Drilling Fluids. 

 Onaizi, S., Iddrisu, M. (2023). Incorporating imidazole-based material into water-

based drilling fluids for effective H2S scavenging during drilling operations. 


