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Abstract 

 

Oil-based mud (OBM) wastes generated every year all over the world and remain a serious 

challenge for the   oil and gas industry. The potential solution of this global problem is either 

to destroy these hazardous chemicals completely which is a big challenge or to use/utilise 

them for beneficial applications. The aim of this thesis therefore is to develop a detailed 

understanding of the synergistic effects of different clay minerals that exist in OBM waste in 

influencing structural, morphological, rheological and thermo-mechanical behaviour of LDPE 

and PA6 nanocomposite materials. 

A critical literature review was conducted covering oil-based mud (OBM) waste treatments, 

polymer nanocomposites and their manufacturing, thermal degradation behaviour and 

mechanical performance.  This is followed by a detailed characterisation of OBM waste to 

determine elemental composition, structural and thermal properties. To evaluate their 

performance as a filler in polymer composites, both mechanical and thermal properties of 

polyamide 6 (PA6) and low-density polyethylene (LDPE) based nanocomposites were 

manufactured through the process of melt compounding followed by injection and 

compression moulding with different amounts (wt%) of oil-based mud fillers (OBMFs). 

The study on thermal degradation of LDPE/OBM slurry shows that the nanocomposites with 

higher percentage filler contents in case of 7.5 and 10 wt% decreased the heat capacity 

value by 33% and 17% in LDPE respectively.  

OBM slurry shows superior improvements in storage modulus, loss modulus and damping 

property (tan δ) in LDPE matrix compared to those of LDPE/MMT nanocomposites. 

However, the study shows decrease of tensile and flexural properties for the LDPE/OBM 

slurry nanocomposites.  

The follow up study focused on thermally treated OBM waste (OBMFs) in powder form and 

their effect on thermo-mechanical properties of LDPE matrix. It was observed that OBMFs 

was compatible with LDPE matrix which led to a strong interfacial interaction between the 

clay layers and polymer. Further, the clay minerals present in OBMFs formed chemical 

bonds in microstructure within the nanocomposites. The OBMFs (10wt %) /LDPE 

nanocomposite produced highest onset degradation temperature at 5 weight% loss (TD5%) 

and 50 weight% loss (TD50%) among the nanocomposites. An enhancement of mechanical 

properties of composites was identified which showed a gain of 14% Young’s modulus and 

18% increase on tensile strength at 10 wt% OBMFs loading compared to those properties of 

neat LDPE. 
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The crystallinity and thermal degradation behaviours of polyamide 6/oil-based mud fillers 

(PA6/OBMFs) nanocomposites were also investigated. TGA indicates the onset 

decomposition temperature of D1/2 (half-decomposition) is 16º C higher for PA6 with 10 wt% 

of OBMFs than that of PA6 and also registered a 47% specific heat capacity reduction.  The 

Youngs’ moduli were increased by 42% and 35% in PA6 with 7.5 and 10 wt% OBMFs 

nanocomposites respectively whereas the tensile strengths were increased by 24% and 16% 

in PA6 with 7.5 and 10 wt% OBMFs nanocomposites respectively. The flexural strength 

increased by 26% with the addition of OBMFs from 0 to 10 wt% in PA6 nanocomposites.  

In conclusion, a loading amount of 10 wt% OBMFs on both polymer matrices was found to 

be the most desirable enhanced mechanical and thermal stability properties. However, 10 

wt% OBMFs showed increased storage modulus and drop in loss modulus in both LDPE and 

PA6 matrices leading to conclusion that OBMFs improves thermo-mechanical properties in 

LDPE and PA6 matrices in dynamic condition. Considering findings from this study, this 

material shows high potential for low cost structural insulation materials as an alternative of 

conventional expensive materials. All the proposed treatment techniques presented in 

literature and in industrial practices dealing with OBM waste, passes pollution from one stage 

to another. This study explores the opportunity to utilise the useful reclaimed clay minerals 

from OBM waste as filler in nanocomposite manufacturing.   

 

Keywords:  Sustainable waste management, resource recovery from waste, reclaimed 

nanoclay, oil based mud waste characterisation, LDPE-OBMFs nanocomposites, PA6-

OBMFs nanocomposites, thermal degradation, mechanical properties, dispersion 

characteristics and interfacial adhesion. 
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Chapter 1: Introduction 

 

1.1 Background 

 

Operational discharge from oil and gas exploration industry, accidental spillage, or 

improperly disposed drilling wastes has serious detrimental effects on human and 

environment. When drilling muds/fluids and cuttings after oil & gas exploration process are 

disposed on the ground surface, the liquid fraction of chemicals starts seeping through the 

ground and eventually these chemicals destroy the living organisms in the ground and 

pollute the groundwater (Caenn et al., 2011). Consequently, oil-based muds (OBMs) and 

associated drill cuttings have become a major challenge in the industry for compliance with 

the requirements of zero discharge. Due to the European Union (EU) Waste Framework 

Directive (WFD), new legislations have been implemented in the EU member countries 

including United Kingdom for the recycling of wastes with a mission to prevent and reduce 

landfilling of waste (Mokhalalati et al., 2000) (Fijał et al., 2015). 

Waste generated after drilling operation in oil and gas exploration industry is generally 

termed as drilling waste composed of used drilling muds or spent drilling muds and drill 

cuttings (Hill, 2007 and Veil, 2002). Spent drilling mud, drill cuttings and adhered oils are the 

key target ingredients to deal with drilling waste treatment operations in oil and gas 

exploration industry (Tuncan et al., 2000, Arce-Ortega et al., 2004). In early oil and gas 

operation industry, drilling wastes were discharged after the drilling operation directly to the 

landfill site or ocean which caused serious environmental pollution to the dumping site and its 

surrounding zones (Muschenheim and Milligan, 1996, Sadiq and Hussain, 2005, Sadiq et al., 

2003). In 2008, the Waste Framework Directive 2008/98/EC, identified and declared certain 

specific ingredients in drilling mud waste as hazardous chemicals for the sake of 

environmental pollution control measures (Siddique et al., 2017, Chen et al., 2007). 

However, since the European Union (EU) Waste Framework Directive (WFD) in operation, 

drilling waste now cannot be disposed to landfill without different levels of treatment to meet 

the threshold limit of different chemicals including oil content and salinity to dispose to the 

landfill site (Robinson et al., 2009, Kogbara et al., 2016).  

Historically, a wide range of treatment and disposal options are in practice now. However, a 

technical advancement of process optimisation to intensify the recycling and recovery of 

resources becomes an interesting area of research recently (ball et al., 2012). Although the 

separated liquids (water and oil condensates) are currently being reused in drilling mud 

preparation and in some cases, the oil is utilised to provide power for the other equipment on 
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the platform, it is important to note that, well conditions may vary and thus further analysis 

may be required to determine safest recycle or disposal options (Ormeloh, 2014, 

THERMTECH, 2012).  In addition, there may be the need for supplementary treatment due 

to the heavy metal and large amount of salts present in the original drilling waste in certain 

cases (Holdway, 2002, Xu et al., 2018). This is imperative especially concerning the 

produced solids, which are currently being disposed of at landfill sites or recycled in the 

construction industry which may cause a serious threat to human life (El-Mahllawy and 

Osman, 2010, Pamukcu et al., 1990). Thermomechanical Cuttings Cleaner (TCC) - a latest 

technology to deal with drilling waste which is licensed to companies such as TWMA, 

Halliburton and Schlumberger to dispose solid residue after treating the drilling waste in 

landfill sites (THERMTECH, 2012). 

Previous studies by Adegbotolu et al., (2014) and Shohel et al., (2018, 2019a, 2019b) 

focused on using the produced solids as reinforcement for polymer composites. However, 

this research delves further by assessing and improving on the operating mechanism of the 

TCC to efficiently produce the mineral powders (nanoclay) needed for use in the 

nanocomposite material industry. This will minimise the volume of drilling wastes disposed of 

at landfill sites and play a major role in reducing the carbon footprint of the oil and gas 

industry too. 

 

1.2 Aim and objectives 

 

The aim of this thesis is to develop a detailed understanding of the synergistic effects of 

different clay minerals that exist in OBMFs in influencing structural, morphological, 

rheological and thermo-mechanical behaviour of LDPE and PA6 nanocomposite materials.  

 

The thesis objectives are: 

i. To conduct a critical literature review of existing drilling waste treatment 

technologies and their drawbacks as well as the state of the art in clays/polymeric 

nanocomposite. 

ii. To characterise OBM waste both in slurry and dry forms. 

iii. To develop LDPE/MMT and LDPE/Oil Based Mud Waste Slurry Nanocomposites 

and evaluate their crystallinity, thermal degradation behaviour, mechanical and 

rheological properties. 

iv.  To manufacture and determine microstructural, mechanical and thermal 

degradation behaviour of reclaimed (thermally treated) oil-based mud fillers 

(OBMFs)/ LDPE nanocomposites. 
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v. To manufacture and determine microstructural, mechanical and thermal 

degradation behaviour of reclaimed (thermally treated) oil-based mud fillers 

(OBMFs)/ PA6 nanocomposites 

 

1.3 Methodology 

 

A deep literature survey was followed by an extensive characterisation of the OBM waste as 

described in the project approach is shown on Figure 1.1. The focus of this study is to 

investigate the OBM slurry/OBMFs, a natural clay recovered from OBM waste, as a 

reinforcement for thermoplastic polymers. Due to the time limitation and necessity of in-depth 

investigation, one polar (PA6) and one non-polar (LDPE) is taken into consideration. 

Particular emphasis is given to polymer/clay compounding process, improvements in the 

nanoclay filler dispersion, evaluating interface compatibility, thorough morphological and 

structural analysis, thermal stability and degradation study. Different characterisation and 

mechanical testings were conducted to evaluate the performance of new materials 

developed. 

Detailed investigations were carried out to evaluate the suitability of utilisation of OBM waste 

in both slurry and powder (thermally treated) forms as a reinforcement in LDPE matrix 

considering the structural, thermal and mechanical properties of LDPE/MMT as a benchmark 

material. Analysing and comparing different properties among LDPE/OBM slurry, 

LDPE/OBMFs and LDPE/MMT nanocomposites, OBMFs (thermally treated OBM waste) was 

taken in consideration to manufacture PA6/OBMFs nanocomposites to explore the effects of 

OBMFs in influencing filler dispersion, interface compatibility and thermo-mechanical 

properties of PA6 nanocomposites.   
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Figure 1.1 Methodology overview, workflow and critical analysis of the research 

showing the sample preparation and experimental procedures 

 

1.4 Gap in knowledge and motivation for research 

 

Existing drilling waste management techniques in oil and gas industry are facing a big 

challenge as these techniques hinder the economic robustness and very limited to protect 

the environmental pollution too. To meet the strict environmental regulations, a sustainable 

and effective waste management is a big demand now in oil and gas industry.  Fortunately, 

advancement of waste treatment operations demonstrates improved clean-up operations in 
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oil and gas industry. Although these processes are successful in some extent to meet the 

discharge/disposal regulations, but in the long run these techniques may pass this pollutant 

from one stage to another stage or secondary level of environmental pollution. The potential 

solution of this global problem is either to destroy these hazardous chemicals completely 

which is a big challenge or to use/utilise them for beneficial uses. This recycling theme 

promotes a new window to turn the accumulated hazardous wastes in oil and gas industry 

into value added products.   

The aim of this research is to utilise the oil-based mud (OBM) waste to convert into useful 

fillers for applications in engineering materials. To utilise this waste material which is 

considered a sink of pollutants, it is very important to understand the sources of drilling fluid 

wastes, chemical composition, and characterisation of these wastes to design an effective 

treatment process which helps to develop a safe polymer nanocomposite manufacturing 

process. Investigating literature on chemical composition of OBM wastes, it is clear that 

bentonite clay possesses a significant percentage of drilling fluid waste. In addition, initial 

characterisation of OBM waste confirms the prersence of different clay minerals which have 

significant importance in developing new composite material. Clay/nanoclay is an important 

component in structural materials by improving the mechanical and thermal properties of 

polymer/clay nanocomposite materials which is comprehensively reported in literature. 

Although it is clearly evident that clay/nanoclay improves the mechanical and thermal 

properties of polymer/clay nanocomposite materials, but there is no information available in 

literature regarding how the recovered nanoclay from OBM waste influence the mechanical 

and thermal properties of polymer nanocomposite materials. The motivation of this study is to 

identify the influential factors affecting the mechanical and thermal properties of LDPE and 

PA6 matrix materials manufactured by utilising nanoclay fillers recovered from OBM waste. 

 

1.5 Thesis structure 

 

This report is divided into nine chapters highlighting experimental and analytical research 

performed. Chapter 1 presents briefly about the research background, aim and objectives, 

motivation and methodology for this work. Chapter 2 covers two sub-section: a) an overview 

of the literature that relates to the different aspects of OBM waste management/treatment 

techniques exist in oil and gas industry and the advantages and limitations of these 

techniques, the detrimental effect of this waste source on human and environment, 

characterisation and possible recycling/recoverable materials including clay minerals present 

in solid residue from OBM waste which is now discarded in landfill sites around the world; b) 

a literature survey on manufacturing, structure, morphology, rheology, thermal and 
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mechanical properties of different polymer clay nanocomposites. Chapter 3 highlights the 

structural, morphological, chemical, physical and thermal properties of spent OBM waste to 

understand and explore the adoptability in recycling option as nanofiller in polymer 

nanocomposite materials. Chapter 4 presented the potential opportunity to use OBM waste 

as nanofiller in LDPE matrix highlighting the influence of OBM waste in crystallinity and 

thermal degradation behaviour of novel LDPE/OBM slurry nanocomposites. Chapter 5 

focuses on the effect of OBM slurry without any treatment on rheological and mechanical 

properties of LDPE/OBM slurry nanocomposites. Chapter 6 presents the thermal treatment 

of OBM waste to convert slurry in powder form (OBMFs) which is used as nanofiller in LDPE 

matrix. The effect of this OBMFs in influencing thermo-mechanical properties in LDPE matrix 

is highlighted in this chapter. Observing and evaluating different thermo-mechanical 

properties of LDPE/OBM slurry and LDPE/OBMFs nanocomposites compare to that of 

LDPE/MMT nanocomposites as a reference material, OBMFs is considered to use in PA6 

polymer to identify the crystallinity and thermal degradation behaviour of PA6/OBMFs 

nanocomposites which is reported in Chapter 7. Chapter 8 highlights the effect of OBMFs in 

influencing different mechanical properties of PA6/OBMFs nanocomposites. Chapter 9 

summarises the outcomes of different investigations and presents concluding remarks on 

these observations. At the end of this chapter, recommendations for future work propose 

highlighting the potential opportunities to further improve the overall properties of the 

nanocomposites.     
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Chapter 2: Literature Review 

 

2.1 Introduction  

 

In this chapter, two sub-sections are discussed in light of different sources of information 

reported in previous publications. First section is based on information available on different 

types of drilling mud and its function in drilling operation, pollutants associate with spent 

drilling waste especially with OBM waste, properties of spent OBM waste, OBM waste 

characterisation, developments in OBM waste management, different treatment techniques 

of spent OBM, challenges associated with these treatment systems and recycling or 

reclaiming opportunities of different clay minerals exist in spent OBM waste. Second section 

highlights the findings from previous publications regarding polymer clay-based 

nanocomposites. In this sub-section, the processing, structure, morphology and different 

properties of clay minerals and the effect of adding these clay minerals influencing different 

properties of polymer matrix is discussed. A summary of surveying different publications 

based on the above mentioned two sections is briefly presented at the end of this section. 

 

2.2 Drilling mud waste  

 

A drilling fluid is an essential part of drilling operation in oil and gas exploration operation to 

perform several functions such as removing and cleaning drill cuttings from the downhole, 

cooling and l 

ubricating the drill bit, controlling the hydraulic pressure to protect well blowouts (Caenn et 

al., 2011; Fink 2015; Khodja et al., 2010). Although oil based mud (OBM) is environmentally 

hazardous, but due to its special features such as reliable shale inhibition, excellent lubricity, 

OBM is still an essential part of deep drilling in oil and gas exploration industries (Zhong et 

al., 2011; Liu et al., 2004; Gholami et al., 2018; Guancheng et al., 2016). This deep drilling 

operation intensifies the pollutants addition in OBM largely depends on geological conditions 

of oilfield which is considered a big concern for different stakeholders including spent OBM 

waste treatment services, local authorities, environmental activists and regulators involved in 

running waste framework directives (Veil, 2002; Force, 2009; Addy et al., 1984; Cranford and 

Gordon, 1991).  

Neff et al., in 2000 reports that there are three types of drilling fluid used offshore whilst 

Rabia in 2002 argues that there are two types of drilling fluid. The difference in opinion stems 
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from Rabia in 2002 grouping oil-based mud (OBM) and synthetic based drilling muds (SBM) 

as subsets of non-aqueous drilling muds (NADM). 

Therefore, drilling mud can generally be divided into two types based on the continuous 

phase present that carries mud constituents: 

a. Water-based muds (WBM) 

b. Non-aqueous drilling muds (NADM) 

The choice of drilling fluid is dependent on the requirements of the well or area being drilled. 

Usually both WBMs and NADMs are used in drilling a well. WBMs are used to drill top 

sections of the well where pore pressure is low and NADM used for deeper sections where 

there are higher pressures or water-sensitive formations like shale (Tullow Oil, 2012).  

Water based mud is composed of water mixed with bentonite clay and barite (to control mud 

weight) and other additives. The composition of a typical water-based mud is shown in 

Figure 2.1. 

 

 

Figure 2.1 Water Based Mud Composition (Melton et al., 2003) 

 

NADM is comprised of a non-aqueous base fluid such as diesel or mineral oil, water and 

other additives to obtain desired mud properties. The relative percentage of the various 

constituents of NADM is shown in Figure 2.2. They can also be subdivided into OBMs, 

Enhanced Mineral Oil-Based Muds (EMOBMs) and synthetic-based muds (SBMs).   
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Figure 2.2 non-aqueous Drilling Mud compositions (Melton et al., 2003) 

 

NADMs can be sub-divide into group I, II and III NADMs based on aromatic hydrocarbon 

concentrations as shown in Table 2.1. 

Table 2. 1 NADM Classification Groups and Descriptions (KOH and TEH, 2011) 

Group Base Fluid Aromatic Content Aromatic (%) 
PAH 

(%) 

I 

Diesel and 

conventional 

mineral oil 

High >5 >0.35 

II 

Low toxicity 

mineral oil 
Medium 0.5-5.0 

0.001-

0.35 Enhanced Mineral 

oil 

III 

Synthetics 

(esters, olefins 

and paraffin) 

Low to negligible <0.5 <0.001 

 

Drilling waste can be classified as shown in Table 2.2. 
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Table 2. 2 Types of Waste Discharges from Exploration and Production (Bashat, 2002) 

Aqueous discharges Solid waste Atmospheric Emissions 

         Produced water
 Tanking/piping 
sludge, waxes

         Firefighting agents eg. 
Halons

         Process water
         Production 
chemicals

         Refrigerants eg. CFCs

         Hydro-test water          Industrial refuse          Vent gases 

         Contaminated 
rain/drainage water

         Soil movements          Flare gases

         Domestic sewage          Domestic refuse          Exhaust gases

             Fugitive gases
 

In the oil and gas industry, the well drilling process produces two main types of waste; 

 Drill Cuttings 

 Used Drilling Fluid (Spent Mud) 

The pressure applied to penetrate Oil and Gas reservoirs during drilling causes pieces of the 

rock being drilled to fall to the bottom of the well bore. These pieces, referred to as drill 

cuttings, clog the well if not carried out. Drilling fluid, also known as mud due to its 

consistency and appearance (Oil & Gas UK, 2015), is circulated in the well to transport the 

drill cuttings to surface. The composition of the drilling fluid enables it to perform this and 

other functional characteristics including cooling and lubricating the drill bit to reduce friction 

between the drill pipe and the well bore as well as controlling the formation pressures (Neff et 

al., 2000).  

Drill cuttings can be categorised based on the drilling fluid they are dispersed in. They are oil-

based, water-based and pseudo-oil-based drill cuttings. During exploratory drilling, coring 

method is employed to understand and collect geological information. In addition, analysis of 

drill cuttings gives imprortant petrophysical data such as an indicator of the depth of the 

reservoir, oil and water saturations, porosity and permeability, morphology of cuttings and 

mineralogy of the rock being drilled.  

They provide essential petrophysical information in the absence of cores, that helps 

characterise reservoirs. These include porosity, nuclear magnetic resonance (NMR), 

permeability and transverse relaxation time which is used to identify the formation 

characteristics during NMR measurements. This measurement is performed by determining 
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two phases such as polarisation and acquisition. The times are recorded while hydrogen 

atoms are aligned in the direction of a static magnetic field and also the resonance in a 

perpendicular direction of that static magnetic field. The decay of these two signals 

represents the transverse relaxation phase and the time difference is corresponding the 

transverse relaxation time (Denney, 2008).  

Page et al. (2003) studied data from core samples, reporting that the cuttings particle size 

from the North Sea ranged from 10 µm to 2000 µm whilst cuttings from North West Hutton, 

United Kingdom (UK) ranged between 13 µm to 500 µm. The study also showed that cuttings 

analysed were composed of claystone, sandstone, siltstone, limestone, mudstone and shale. 

They also contained high concentrations of Quartz and barite. The presence of inorganic 

salts and halides, from drilling mud, were detected from the study. Saasen et al. (2008) also 

carried out research on the characterisation of simulated drill cuttings that showed particles 

ranging from 1 µm to 15 µm composed of mainly dolomite; determined with the use of 

Raman spectroscopy.  

 

2.3 Characteristics of drilling wastes    

 

In 2004, World Oil’s categorised drilling fluids into nine distinct types including dispersed 

freshwater, non-dispersed fresh water, saltwater, oil-based, synthetic-based, air, mist, foam, 

and gasified drilling fluid systems (SPE International; Drilling fluid types, 2015, Fink, 2015). 

These drilling fluids can be broadly classified as either liquid or pneumatic (Azar and Samuel, 

2007). Drilling fluid selection in a drilling operation depends mainly on the geological 

formation information of the wellbore area. However, drilling fluids should possess various 

physical properties, such as thixotropy which represents time dependant shear thinning 

property  and rheology corresponding the flow property of a matter to make the drilling 

operation economical and sustainable (Besq et al., 2003). After the drilling operation, 

accumulated drill cuttings are suspended, assimilated, or dissolved in the drilling fluids 

without affecting its physical properties (Zhou et al., 2016). These fluids may contain a wide 

variety of dissolved minerals, dissolved and dispersed oil compounds, salts, metal ions, 

naturally occurring radioactive materials (NORM) and dissolved gases. To meet the 

environmental regulations, these fluids may need to be treated to a satisfactory level before 

disposing them in landfill. To identify the concerning constituents present in waste stream 

and to design the effective treatment process, the accurate and detailed physical and 

chemical characterisations of wastes are necessary (Piszcz et al., 2014).    
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The physical composition of drilling wastes is mainly based on the type of drill cuttings 

produced. These cuttings are generally a reflection of the geological constituents of the sub-

surface being drilled as well as the individual solid or chemical components originally 

contained in the drilling fluid (Melton et al., 2000). In 1996, drilling operation was estimated to 

accumulate 7 million m3 drill cuttings in North Sea between the years 1964 and 1993 and 

was projected to 12 million m3 by 2000. Although the sources and compositions of wastes 

vary from site to site, their behaviour towards biological activities, cohesion with oil rich silts 

remain the same in nature. In a typical drill cutting pile, the pile is assumed to compose of 

20-60% water, a bulk density of 1.6-2.3 g/cm3, and a particle size ranging from 10µm to 2 cm 

(Breuer et al., 2004), (Breuer et al., 2008). Hudgins (Hudgins and Charles, 1994) reported 

the most comprehensive study to date available in open literature covering ten operating 

companies and six chemical suppliers in North Sea that obtained data (see Figure 2.3) on 

the specific types and quantities of chemicals used in their operation and identified the 

properties of these chemicals. The survey also presented the discharge quantities and 

concentrations of chemicals during exploration and production activities performed by these 

companies in the North Sea.  However, based on the Hudgins (Hudgins and Charles, 1994) 

survey results it can be summarised that the WBM accumulated more than three times the 

volume of discharge compare to OBM. It also noticed that the weighting agents, salinity, and 

bentonites chemicals accumulated about 90% of the total WBM discharge. 

 

  

Figure 2.3 Percentage of individual chemical constituents present in OBM and WBM 

discharge adapted from Hudgins (Hudgins and Charles, 1994) 

 

Note: a) Bentonic agents, lost circulation, lignites, filtrate reducers, gilsonite, wetting agents, 

and thinning agents. b) Lost circulation, lignites, gilsonite, defoamers, biocides, corrosion 
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inhibitors, scale inhibitors, drilling lubricants, pipe-release agents, oxygen scavengers, shale 

inhibitors, and thinning agents.  

It can be concluded by highlighting that about 53% of chemicals that are used in drilling 

operation are discharged as wastes and thus cause the pollutants burden in the environment 

(Hudgins and Charles, 1994) (Marsh, 2003).  

The chemical composition of drill cuttings at the time of disposal is an indication of the drilled 

sub-surface strata and concentration of the chemical components of the drilling fluid that 

remain attached to the cuttings. The temporal trends towards drilling activities provide 

important information on the long-term effects of drill cutting discharges on geochemical and 

hydrogeological conditions (Phillips et al., 1998). Findings from different groups confirm the 

presence of certain metals in drill cuttings and their potential effect on the environment. 

Among these metals Cd, Cr, Ni, As, Co, Cu, Pb, V, Zn, Al, Ba, Fe, Mn are predominant in 

drill cuttings (Grant and Briggs, 2002) (Pozebon et al., 2005).  

During the period of 1981-1986, the average annual discharge of oil on cuttings to the 

Norwegian Continental Shelf (NCS) was 1940 tons and that was eliminated gradually by 

implementing different directives such as OSPAR Commission in OSPAR regions. In addition 

to oil on cuttings discharge, the amount of produced water (PW) discharge has increased 

significantly due to the well ageing and also the rising number of oil and gas exploration and 

production fields. Large volume of OBM cuttings and SBM cuttings piled up in the seafloor 

before the regulations implemented in 1993/1996. It was estimated that about 45,000 m3, a 

height of around 25m, and a footprint of more than 20,000 m2 cutting piles are still present in 

the northern and central part of the North Sea. About 79 large (>5000 m3) and 66 small 

(<5000 m3) cutting piles have been identified in United Kingdom Continental Shelf (UKCS) 

and NCS. Further, a significant concentration of total hydrocarbons (10,000 to 600,000 

mg/kg) exists in the North Sea piles (Bakke et al., 2013).  

However, even WBM cuttings with less hydrocarbon content may seriously affect benthic 

fauna by elevating oxygen consumption in sediments. The risk of drilling waste associated 

with WBM cuttings discharge to the ecosystem is presently considered low, but this 

statement cannot be verified from the published literature. However, the variation in the 

amount of drilling fluid that remains adhered to the drill cuttings at the time of disposal is 

influenced by the size of the cuttings. The smaller the size of cuttings, the harder it is to 

separate it from the drilling fluid. In addition to these metals derived from the drilling fluid and 

geologic formation being drilled, cuttings may also contain some petroleum hydrocarbons 

closely linked to that of the reservoir rock. Phillips et al (1998) has completed a study over 

nine years period to evaluate temporal trends of drilling activities and their effects on 

geochemical conditions. In that study they compared the elemental composition of drilling 
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mud and drilling mud waste in dry form and thus highlight certain metals concentrations 

transferred to the background sediment concentrations(Phillips et al., 1998). 

 

Table 2. 3 Concentration of metals in Water Based Mud and Drill Cuttings from two offshore 

platforms in Southern California (Phillip et al., 1998). 

Metal Platform 1 Platform 2 

mg/kg dry wt Drilling Fluid Cuttings Drilling Fluid  Cuttings 

Barium  53,900 15,084 12,500 1,180 

Silver 0.37 0.5 0.39 0.63 

Arsenic 10 10 9.3 13 

Cadmium  1.17 2.89 1.75 3.62 

Chromium 91 104 84 94 

Copper 24 70 24 56 

Mercury  0.09 0.07 0.06 0.04 

Nickel 39 47 42 17 

Lead 23 356 40 32 

Vanadium 76 100 46 --- 

Zinc 167 664 235 972 

 

Water based muds (WBM), with typical composition shown in Figure 2.1, which were the 

earliest drilling mud had fresh water or sea water as the continuous phase with clay and a 

weighting agent being the main constituents (Neff, 2005). They are relatively less expensive 

and about 80% of all wells are drilled using WBM (SPE International. Drilling fluid types, 

2015).  

In Table 2.3 shows a comparison of metal contaminants profile in water-based mud waste 

from two platforms in southern California. Barite or alternative weighting material, viscosifier, 

typically bentonite and different salts are generally more abundant than the other additives. 

Other additives may be included to improve or alter the properties of the WBM depending on 

the well type and technical performance desired due to anticipated well conditions. 

Nonetheless, these additives are not in concentrated elevations and are generally 

considered less toxic. 

In the 1960s, oil-based muds (OBM) with typical composition, as shown in Figure 2.2 have 

been introduced particularly to address drilling problems encountered with using WBMs (SPE 
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International. Drilling fluid types. 2015). However, they are similar to WBMs in terms of the 

main constituents with the only exception being the formulation of the continuous phase with 

refined petroleum products such as diesel.  One of the major advantages of using OBMs 

over WBMs is its ability to inhibit most shales and this is due to the formulation of OBMs with 

calcium chloride brine (SPE International. Drilling fluid types. 2015). Similarly, barite and 

bentonite are also major constituents of OBMs and provide the functional properties as with 

WBMs. Again, other additives are included in OBMs based on the desired performance of 

the mud and anticipated well conditions.  

However, highly effective, the use of diesel given its high aromatic compound content 

gradually phased out as its disposal offshore was banned in most countries. Although this led 

to the development of Low Toxicity Mineral Oils (LTMOs) with significantly reduced aromatic 

compound content, strict regulations regarding discharge of cuttings coated with LTMOs led 

to the development of synthetic based muds (SBMs) (HSE, 2000). SBMs only differ from 

OBMs due to the use of oils not directly derived from crude as the base fluid. They are 

synthesised chemical compounds and may be in the form of organic esters, ether, acetyl, 

olefins or a mixture of any two (Neff, 2005). Similar to OBMs, SBMs also contain barite, clay, 

water and other additives and are rather simple in composition. Even though SBMs are more 

biodegradable and considered less toxic as compared to the OBMs, they are usually 

recycled and not disposed of into the environment due to their high cost. At their end of life 

however, they are usually re-injected and where this option may not be technically feasible, 

they are transported to an onshore site for further treatment before disposal; depending on 

what federal regulations permit (Jacques Whitford Stantec Limited, 2009). Cuttings may also 

have a similar chemical composition to the type of pneumatic drilling fluid used. 

 

2.4 Environmentally concerned constituents in drilling waste  

 

The American Petroleum Institute (API) reports that about 150 million barrels of drilling waste 

was generated from exploration and production operations in 1995. API further states that 

1.21 barrels of waste is generated for every foot drilled. Ormeloh (2014) notes that between 

2006 to 2009 approximately 220 tons per year of oily drilling waste was produced. Over 50% 

of this amount was treated onshore. In 2010, there was a 26% increase in the amount of 

cuttings and mud produced; this was attributed to injection well problems and the use of 

OBM for drilling. Increasingly, more OBM is used for wells due to the need to drill longer and 

deeper resulting in oilier waste production.  

The trend of increased oil and gas waste is shown in Figure 2.4 using data from the Oil and 

Gas UK (2015) Environmental Report 2015 that reveals an 80% increase in the amount of 
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treated OBM cuttings discharged from offshore activity from 2013 to 2014 (as shown in 

Figure 2.5), although there was a general reduction in the oil price. There was however, a 

decline in the amount of WBM cuttings discharged from offshore installations.     

 

Figure 2.4 Waste Generated Offshore (Oil & Gas UK 2015) 

 

 

Figure 2.5 Cuttings Discharged to Sea (Oil & Gas UK 2015) 
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The report also showed that there has been a general increase in the amount of drilling 

waste recycled and reused in the UK; with a slump in 2014 as shown in Figure 2.4 waste 

generated offshore. This may be attributed to increased costs of operating in the oil industry 

due to low oil prices.  

An improvement in the monitoring mechanisms of oil and gas waste could be attributed to 

the increase in oil contaminated cuttings in the UK in 2014. New players in the oil and gas 

industry such as Ghana currently do not actively monitor and measure levels of waste 

produced.  

SBMs usually contain less than 0.001% of PAHs and OBMs containing diesel or mineral oil 

as a base fluid contain about 5% to 10% PAHs diesel oil and 0.35% in mineral oil (BERNIER 

et al., 2003). The PAHs present in OBMS with diesel and mineral oil as base fluids have the 

following toxic pollutants-fluorine, naphthalene, and phenanthrene, and non-conventional 

pollutants such as alkylated benzene and biphenyls (USEPA 2000).  

Lichtenberg et al. (1988) also adds that hydrocarbons increase the toxicity of both synthetic 

and oil-based muds. He refers to work carried out by Kelly et al. (1987) stating that indicates 

the increase in toxicity of drilling fluid by the addition of mineral oil. He further refers to a 

study by Gaetz et al. (1986) which reports the correlation between increase in petroleum 

hydrocarbons and toxicity to mysids, a type of crustacean resembling shrimp which is 

sensitive to drilling muds. Lichtenberg et al. (1988) concludes by stating that factors such as 

source, constituents and age of the drilling fluid tested contribute to the toxicity of drilling 

fluids.  

Further investigations into the toxicity of OBM on Mara and Microtox (bacteria), Skeletonema 

costatum (algae) and Acarti tonsa (crustaceans) was carried out by Aquateam et al. (2014). 

It revealed that leachate (water that drains through soil or landfill and leaches out some of its 

composition) stifled growth of algae. The toxic effect of the leachate on algae was attributed 

to the presence of copper. However, it was less toxic to bacteria and lower for crustaceans. It 

was concluded that a discharge of OBM drill cuttings is moderately toxic to algae and less 

toxic to bacteria and crustaceans.  

During the drilling process, mud suspends drill cuttings during drilling operations. Oil present 

in mud contaminates cuttings; these cuttings have to be cleaned or treated to meet 

regulations set for disposal and reuse of drilling mud and cuttings.  

Drill cuttings, as shown in Figure 2.6 are fragments of rock removed from the wellbore by the 

drill bit. During drilling, mud is circulated downhole through drill pipe and up through the 

annulus of the wellbore to maintain hydrostatic pressure and clean the hole, as shown in 
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Figure 2.7. They have variable physical and chemical characteristics depending on the rock 

formation that is drilled. The cuttings size ranges from clay to gravel (Reddoch, 2001) 

 

Figure 2.6 Drill cuttings in 1 cm scale (Colliver and Carter, 2000) 

.   

 

Figure 2.7 Cuttings Movement in Drilling Mud (Oil & Gas UK, 2015) 
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Soil contamination is hazardous to health and environment through its action on surface 

waters, ground waters and vegetation (phytotoxicity, bioaccumulation). Oil and gas 

industries, like other process industries, have a detrimental effect on environment (Khodja, 

2010). The hazardous effect of the environmentally significant constituents in the produced 

drilling wastes is predominantly dependent on each constituent, its concentration at 

exposure, biotic environment at point of discharge and the duration of exposure. 

The typical type of drilling wastes and their potential constituents are (Onwukwe and 

Nwakaudu, 2012): 

 WBM cuttings: Heavy metals, inorganic salts, biocides, hydrocarbons 

 OBM cuttings: Heavy metals, inorganic salts, hydrocarbons, solid/cuttings 

 Spent OBM: Heavy metals, inorganic salts, hydrocarbons, solid/cuttings, BOD, 

surfactants 

 Spent WBM: Metals including heavy metals, inorganic salts, hydrocarbons, biocides, 

hydrocarbons, solid/cuttings, BOD, 

 Waste lubricants: Heavy metals, organic compounds.  

 

Some of the metals are suspected to be present in concentrations significantly higher than 

the naturally occurring concentrations of the sediments, which make the disposal of these 

wastes a critical environmental concern (Onwukwe and Nwakaudu, 2012) (Grant and Briggs, 

2002). Arsenic, nickel, copper, chromium, zinc, anthracene, diuron, fluoranthene, 

naphthalene, phenanthrene, and pyrene are considered as environmentally significant 

chemicals according to the literature (Pozebon et al., 2005; Bakke et al., 2013; Khodja et al., 

2010 and Bignert et al., 2004). 

Although the amount of drilling fluid constituents is very low, most of them especially heavy 

metals have a chronic effect on environment. The pollutants may nowadays be categorised 

in two different groups of pollutants: List I and List II as shown on Table 2.4 according to 

European Council Directive 76/464/EEC (DIRECTIVE HAT, 1976). List I group are 

substances, which are toxic, persistent, and possess the bioaccumulation properties while 

List II is a group of chemicals, which have deleterious effect on the aquatic environment. 

However, list II pollutants can be confined to a given area and also the pollutants 

concentration varies based on the characteristics and location of the water into which the 

pollutants are discharged.  
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Table 2. 4 List I and II pollutants in environment (DIRECTIVE HAT, 1976) 

Type of 

pollutants Members of pollutant groups           

  Organohalogen compounds and substances 

    

  

Organophosphorus 

compounds 

       Organotin compounds 

     List I Carcinogenic substances 

       Mercury and its compounds* 

     

  

Cadmium and its 

compounds* 

     

  

Persistent mineral oils and hydrocarbons of 

petroleum origin 

    

  

Persistent synthetic 

substances           

  

Certain metals, metalloids, and their compounds: 1) Zinc 2) Copper* 3) 

Nickel* 4) Chromium (Cr(VI)*) 

  

5) Lead* 6) Selenium* 7) Arsenic* 8) Antimony* 9) Molybdenum 10) Titanium 

11) Tin* 12) Barium  

  

13) Beryllium 14) Boron 15) Uranium 16) Vanadium 17) Cobalt 18) Thalium* 

19) Tellurium* 20) Silver 

  Biocides and their derivatives 

     

List II 

Toxic or persistent organic compounds of silicon and 

its substances 

   

  

Inorganic compounds of phosphorus and elemental 

phosphorus 

   

  

Non persistent mineral oils and hydrocarbons of 

petroleum origin 

     Cyanides and fluorides 

     

  

Substances causing oxygen imbalance such as 

ammonia, nitrites       

*: Hazardous waste classified in according to Directive 2008/98/EC 

 

In 2008, the Waste Framework Directive 2008/98/EC brought legal changes to the list of 

waste and hazardous waste criteria based on the source and composition of wastes 

(Parliament E. Directive, 2008). In this amendment the source of waste is identified into 20 
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chapters (from 01 to 20) and the different types of waste in the list are fully defined by the 

six-digit code (first two digits is chapter heading and the rest four digits for identifying sub-

groups). Based on this Commission Decision, environmentally significant and hazardous 

elements or compounds which are present in drilling fluid wastes are denoted by * mark in 

Table 2.4 (EUROPEAN COMMISSION, 2014).  

In addition, country specific requirements for discharge of drilling fluids and cuttings also do 

play a role in environmental protection. For instance, in the United Kingdom the 

OSPAR2000/3 discharge regulation comes into play and compliance requires limit of less 

than 1% oil on cuttings and do advice on when to inject cuttings or return to shore and oil 

recovery. The OSPAR2000/3 regulation does not permit discharge of synthetic based mud 

(SBM) cuttings offshore (DIRECTIVE HAT, 1976 and OSPAR Commission, 2015). However, 

Neff et al. (2000) argues that some of these metals (barium, chromium, lead and zinc) are 

likely to be present in concentrations significantly higher than the naturally occurring 

concentrations of the sediments thus disposal of wastes containing these is of critical 

environmental concern.  
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Table 2.5 Elemental composition of typical water-based drilling fluid constituents (mg/Kg) 

(Onwukwe and Nwakaudu, 2012) 

Element 
Wate

r 
Cutting Barite Clay Lignite Caustic 

Aluminium 0.30 40400 40400 88600 6700 0.01 

Arsenic 0.00 3.90 34 3.90 10.10 0.04 

Barium 0.10 158.00 590000 640 640 0.26 

Calcium 15.0 240000 7900 4700 16100 5400 

Cadmium 0.00 0.08 6.00 0.50 0.20 0.00 

Chromium 0.00 183.00 183.00 8.02 65.30 0.00 

Cobalt 0.00 2.90 3.80 2.90 5 0.00 

Copper 0.00 22.00 49 8.18 22.90 0.04 

Iron 0.50 21900 21950 37500 7220 0.04 

Lead 0.00 37.00 685 27.10 5.40 0.00 

Magnesium 4.00 23300 3900 69800 5040 17800 

Mercury 0.00 0.12 4.10 0.12 0.20 4 

Nickel 0.00 15.00 3.00 15 11.60 0.09 

Potassium 2.20 13500 660 2400 460 51400 

Silicon 7.00 206000 70200 271000 2390 339 

Sodium 6.00 3040.00 3040 11000 2400 500000 

Strontium 0.07 312.00 540 60.50 1030 105 

 

Although the concentration of these chemicals of concern (COCs) could be low, and toxicity 

considered negligible, accumulation and further increase in concentration may occur 

gradually up the food chain (Rana, 2008). The source of this waste stream is not necessarily 

coming from the downhole in drilling operation, but the drilling fluid itself a source of 

contaminants including different metals. Table 2.5 shows a typical composition of water-

based mud highlighting different metals content. Moseley (1983) performed an indepth study 

to address the possibility to restore/disposal of drilling mud pits and produced water to land 

and their possible effects on soils, plants and surface/ground water. Part of that study was to 

identify individual components of water based mud and the elemental composition of those 

constituents in formulation water based mud. The concentrations of different pollutants 

including metals were further presented in tabuluar form by Onwukwe and Nwakaudu (2012). 

This eventually leads to an increase in toxicity. A case study on Lake Erie by Clark (2002) 

and reported the accumulation of toxic COCs and increase in toxicity up the food chain as 

part of the environmental impacts of drilling fluids and cuttings disposal.  
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The increase in toxicity up the food chain is of critical concern as it poses serious threats 

especially to humans.  Even at very low levels, ingestion of a COCs such as lead can have 

dire consequences. Research by the U.S. EPA suggests that characteristic neurobehavioral 

development of children and variation in the levels of particular blood enzymes in humans 

may be as a result of the presence of lead in very miniscule concentrations in the blood 

(Rana, 2008). Again, the presence of certain polycyclic aromatic hydrocarbons (PAHs) and 

COCs including but not limited to barium, chromium and mercury, have carcinogenic effects 

on humans and other negative impacts such as irritation to skin and eyes as well as damage 

to brain and nervous system (Rana, 2008). 

Drilling operation in oil and gas exploration industry poses a significant source of chemical 

exposure and subsequent pollution risk for environment (Ismail et al., 2016 and Steinsvåg et 

al., 2008). Generation of drilling wastes, their chemical composition and different detrimental 

effects of these constituents on environment is discussed in the above section. To meet the 

tight regulations and strict environmental standard for waste disposal, oil and gas industry is 

facing a numerous challenges in technological development to ensure a clean and safe 

environment. Historically a wide range of biological and non-biological methods have been 

introduced for the treatment of drilling wastes such as composting/biopiling, land farming, 

land treatment, bioaugmented landfarming, burial pit, landfills, bioreactors, vermiculture, 

chemical solidification, thermal desorption and incineration.  

Along with the aforementioned techniques, some other applications are economically 

beneficial such as, road spreading, use as filler in concrete, restoration of wetlands, and 

using drilling wastes as fuel. To select the best available technology for drilling waste 

management, a few significant factors have to be considered: cost, suitability with the local 

environment, safety aspects, and the relevant regulatory directives or framework (Ball et al., 

2012). All these treatment measures mentioned above is enormously reported in the 

literature whereas this research work focuses on utilisation of constituents present in OBM 

waste rather treating them and thus increasing the pollutants load in the environment. 

Another aspect of this work is to encapsulate these pollutants in recyclable polymer matrix. 

Since clay minerals are a major part of this waste, it would be useful to understand the effect 

of clay minerals in influencing different properties of materials such as morphological, 

structural, thermal, mechanical and rheological properties. The effect of clay minerals in 

influencing different properties of LDPE and PA6 polymer is discussed briefly in the next 

section. 
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2.5 Clay nanoplatelet and its influence in polymer/clay nanocomposites 

 

The possibility of using clay minerals in Polymer matrix was first reported in literature in 1961 

(Gilman, 1999). Since then, several research groups worldwide are actively performing 

research to develop fundamental knowledge in utilising this promising layered silicate in 

nanocomposites (Messersmith and Giannelis, 1995 and LeBaron et al., 1999). However, it is 

important to understand the structure and chemistry of clay platelets to achieve incorporation 

of the layered silicates in polymer matrix (Gilman, 1999). The following section describes 

briefly the structure of different clay minerals including the morphology, different 

manufacturing processes and the effect of this clay in influencing thermo-mechanical 

properties of polymer nanocomposites. 

  

2.5.1 Clay nanoplatelets 

 

The term ‘clay’ refers to naturally occurring phyllosilicates which shows plasticity in wet 

condition and turns into hard material upon drying or firing (Guggenheim and Martin, 1995). 

Due to this interesting characteristic, clay is used in architecture, industry and agriculture for 

decades (Murray, 1991, Bergaya and lagaly 2006). However, these clay minerals can be 

divided in four groups based on their layered structure. These major groups including their 

sub-groups and general formula are presented as below. 

 Kaolinite (Al2Si2O5(OH)4): kaolinite, dickite, nacrite. 

 Montmorillonite or smectite (Ca, Na, H)(Al, Mg, Fe, Zn)2 (Si, Al)4O10(OH)2-XH2O: 

montmorillonite, pyrophylite, talc, vermiculite, sauconite, saponite, notronite. 

 Illite (K,H)Al2 (Si, Al)4 O10(OH)2-XH2O: illite 

 Chlorite:  amesite ((Mg,Fe)4Al4Si2O10(OH)8) 

                      Chamosite ((Fe,Mg)3Fe3 AlSi3O10(OH)8) 

                Cookeite (LiAl5Si3O10(OH)8) 

                Nimite ((Ni,Mg,Fe,Al)6AlSi3O10(OH)8 

The elementary structural characteristics of clay minerals are distinguished by the structure 

of silica tetrahedron and aluminium octahedral (Uddin, 2008).  
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Figure 2.8 Presentation of 3d structure of tetrahedral and octahedral sheets forming 1:1 and 

2:1 layer clay (Christidis, 2011) 

 

Considering the arrangement of these tetrahedral and octahedral sheets, different clay 

minerals can be described differently such as 1: 1 clay mineral has one tetrahedral and one 

octahedral sheet per clay layers whereas 2:1 clay mineral has one octahedral sheet 

sandwiched between two tetrahedral sheets (e.g. montmorillonite sheet structure is 2:1) 

(Christidis, 2011 and Uddin, 2008). 

Different clay minerals possess different morphology and form different structure which can 

be identified in qualitative and quantitative measures using scanning electron microscopy 

(SEM) and X-ray diffraction (XRD) analysis respectively. Christidis (2011) published an 

article highlighting different versatile nature of clays. He addressed the relation between 

physical properties such as particle size and shape, chemical characteristics, hydration and 

swelling properties, rheology and plasticity properties, colour and interactions with organic 

and inorganic compounds with the performances of this clay in different industrial 

applications. Four clay materials were considered in that study including kaolins, bentonites, 

fibrous clays and common clays and shales.  A comparison of structures of few clay minerals 

noticeable in SEM images as shown in Figure 2.9. Figure 2.9 (a) shows a typical triclinic 

kaolinite mineral with pseudohexagonal crystals. In nature, halloysite clay minerals present in 

various forms and shows different morphologies such as spheres, tubes, oblate spheroids, 

plates and irregular shapes. Figure 2.9 (b) (c) shows tubular and spheroidal crystals of 

halloysite clay minerals. Montmorillonite is a sub group of smectite clays with 2:1 layer 

silicates structure. Generally, smectites form small crystals (less than 0.5 µm) in size and 
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found in different shapes such as subhedral, euhedral, lath and ribbon crystallites. Figure 2.9 

(d) shows the subhedral montmorillonite crystal structure.        

 

Figure 2.9 SEM images of: (a) kaolinite; (b) tubular crystals of halloysite; (c) spheroidal 

crystals of halloysite; (d) wavy subhedral montmorillonite crystals; (e) flaky illite crystals and 

(f) fibrous illite (Christidis, 2011) 

Illite is a sub group of mica group which is found in platy, fibrous and lath-like crystals. Figure 

2.9 (e) and (f) shows flaky and similar to fibrous crystal structures of illite clay minerals 

(Christidis, 2011). An in-depth qualitative analysis of petroleum sludge was performed by 

Andrade et al. (2009). The key findings from the study confirmed the presence of irregular 

sizes of dry oily petroleum sludge by scanning electron microscopy (SEM) analysis. 

Moreover, smaller sized layered platelets were also highlighted in that study which is 

attributed to bentonite clay. The existing larger particles in dry oily petroleum sludge are 
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suggested to be barite, calcite, sandstone and quartz which were manifested by the findings 

from other study performed by Wang et al. (2012) and Bin Merdhah (2010). 

The area, length, thickness and volume are the key parameters to assess the mechanisms of 

crystal growth of extremely small phyllosilicate particles. Transmission electron microscopy 

identifies the compositional fundamental particles which are usually 1-3 nm in completely 

dispersed clay minerals (Nadeau, 1985). The transmission electron microscopy (TEM) 

provides simultaneously three fundamental types of information in analysing clay minerals: a) 

textural information including image processing up to atomic level; b) developing selected 

area electron diffraction (SAED) which describes the crystal structures of minerals and c) 

applying energy dispersive spectroscopic (EDS) techniques to identify the quantitative 

analysis of chemical data in a specific area of clay mineral (Lázaro, 2007).   

In Figure 2.10, an attempt to quantify the physical dimensions of completely dispersed 

fundamental particles in clay minerals is presented. Li et al. (2015) highlighted the 

morphology of naturally crystallised kaolinite with a hexagonal sheet parallel to (001) which is 

presented in Figure 2.10 (a). Lázaro published an article in 2015 emphasising the aspect of 

geological and technological importance of two clay minerals- halloysite and kaolinite. 

Kaolinite and halloysite have similar structure, composition and genesis and both are 

dioctahedral 1:1 layer silicates. 

 

Figure 2.10 TEM micrographs of: (a) kaolinite; (b) tubular crystals of halloysite; (c) wavy 

subhedral montmorillonite crystals; (d) illite crystals 
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However, halloysite has two forms- hydrous form (10Å) and less hydrous form (7Å). There 

are mainly three different types of halloysite morphology is readily reported in the literature: 

spheroidal, tubular and plate (Adamo et al., 2001 and Niu, 2016). Tubular is the predominant 

morphology of halloysite and these tubules can be long and thin, short and stubby. A typical 

TEM micrograph of long tubular halloysite is reported by Lázaro in 2015 which is presented 

in Figure 2.10 (b).  

Krupskaya et al. (2017) investigated the mechanism in changing montmorillonite structure 

with the change of bentonites properties under thermo-chemical treatment. In this 

investigation, natural samples from the Tagansoye deposit was analysed and the size of 

laminar montmorillonite particles was 1-2 µm which was reported in the literature and the 

TEM micrographs of MMT from Tagansoye deposit is presented in Figure 2.10 (c).    

Lázaro (2007) reported the illitization process describing the sequential smectite to illite 

development as a function of burial depth in the tertiary sediments in the Gulf coast of the 

United States. The alteration and dissolution of different phases and crystallisation of 

dioctahedral clays were analysed at angstrom and nanometer scale level which was 

highlighted in that report. The report published in details information on the illitization 

sequence in a hydrothermal alteration including identifying lattice-fringe TEM image of illite 

crystals which is presented here in Figure 2.10 (d).    

Size and composition are the key elements in identifying the characteristics of clay minerals 

especially when it recovers from any waste source and exist in complex phases. To identify 

the clay minerals and its behaviour, quantitative analysis of clay minerals is the first step to 

develop the mineralogical profile (Ouhadi and Yong, 2003). Although optical microscopy is 

readily used to identify sands and coarse size crystalline materials, X-ray powder diffraction 

is the most reliable technique in identifying the mineralogy of clay materials (Poppe et al., 

2001 and Hillier, 2000). Kłosek-Wawrzyn et al. (2013) analysed the sintering behaviour of 

clay materials which was a big challenge due to the complex mineralogical composition in 

clay materials transforming phase conditions during sintering. XRD technique was used in 

that study to identify the microstructure of clay minerals especially targeting the kaolinite clay 

minerals. The performed XRD analysis highlighting the kaolinite powder consisted of 

kaolinite, quartz and a small amount of illite phase of clay minerals is presented in Figure 

2.11 (a).  

Falcón et al. (2015) developed anticorrosion coatings utilising halloysite nanotubes. The 

structural changes in halloysite nanotubes after treatment with 2 mol/L sulfuric acid for 6 

hours were evaluated with the samples without treatment. The XRD patterns for both 

samples were compared overlaying the peaks which are presented in Figure 2.11 (b).  
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Figure 2.11 XRD pattern of: (a) kaolinite (Kłosek-Wawrzyn et al. 2013); (b) halloysite (Falcón 

et al. 2015); (c) montmorillonite (Djowe et al. 2013); (d) illite (Poppe et al. 2001) and (e) 

different clay minerals under different phase condition (Zhao et al., 2018) 

 

Figure 2.11 (b) shows the XRD patterns of halloysite nanotubes with containing a small 

amount of alunite, quartz, kaolinite and gibbsite as impurities. The natural halloysite shows a 

sharp peak at 20.1° along 2θ axis which is a characteristic peak of tubular halloysite. 

Djowe et al. (2013) performed surface treatment of smectite clay by using non-thermal 

gliding arc plasma at atmospheric pressure. XRD analysis was carried out to evaluate the 

effect of treatment on the crystalline and textural properties of the materials. The XRD 

patterns of this material revealed the presence of calcium montmorillonite (d space = 14.86 

nm) with a small amount of quartz and feldspar as impurities which is also presented in 

Figure 2.11 (c). U.S. Department of the Interior, U.S. Geological Survey (Poppe et al., 2001) 

published a laboratory manual for X-ray powder diffraction to identify size and composition of 

different clay minerals in sediments. In that report, illite is mentioned as a group name of clay 

which consists of non-expanding dioctahedral micaceous minerals. Members of this clay 

groups are characterised by 10-angstrom 001 and a 3.3-angstrom 003 peaks which remain 
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unchanged by ethylene glycol or glycerol solvation, followed by potassium saturation and 

apply heat to 550°C. The XRD patterns of illite clay minerals in raw condition and under two 

different standard treatment conditions were highlighted in that report which is presented in 

Figure 2.11 (d). Zhao et al. (2018) studied the naturally alteration processes of fluvial 

sediments deposited since the Holocene. In that study, XRD data were analysed for all 

samples in three stages: a) air drying at room temperature; b) ethylene glycol saturated at 

60°c for 12h and c) heating the samples at 490°c for 2h. The changes in XRD patterns of 

different clay minerals under these three experimental conditions were highlighted which is 

presented in Figure 2.11 (e). Several research groups presented different minerals content in 

petroleum sludge by XRD and ATR-FTIR analysis. The XRD pattern in certain peaks at 2-

theta data confirmed the presence of barite (2θ = 26.2°(26°), 29.1°(29°), 31.9° and 43.5°), 

quartz (2θ = 21.5, 23 and 26.0°), zinc oxide (30-40°), montmorillonite (6°, 9°, 12°, 14°, 18°, 

27°, 30°, 61°), bentonite (6°, 9°, 12°, 14.8°, 18°, 27°, 30°, 61°), Magnetite oxide (35.5°) and 

calcite (29.6°, 39°). such as (2θ = 26.2° (26°), 29.1° (29°), 31.9° and 43.5°). In addition, the 

band peaks at 1166 cm−1 in their attenuated total reflection-fourier transform infra-red (ATR-

FTIR) study also confirmed the presence of Si-O stretching of quartz and the spectra bands 

at 1124 cm−1 and 1014 cm−1 highlighted the presence of montmorillonite (Adegbotulu, 2016 

and Pendleton, 2014).               

 

2.5.2 Polymer clay nanocomposites 

 

Many industries including aerospace, automobile, civil infrastructures, sports, and marine are 

incredibly increasing their uses of nanocomposite materials because of these 

nanocomposites are better in their high performance and light weight applications than any 

other materials. Recently the use of nanoclays as fillers in polymers is receiving an increased 

interest due to their influential effect of improving different properties including mechanical 

(Luo and Daniel, 2003), thermal stability (Meneghetti and Qutubuddin, 2006), gas barrier (Cui 

et al., 2015), chemical and solvent resistant (Hu et al., 2014), flame retardant (Zhao et al., 

2005) and impact resistant properties (Chen and Evans, 2009). These unique characteristics 

make these composite materials to take into consideration for using them in large bridge 

structures, wing blades, offshore platforms, engine machinery, electronic goods, and medical 

devices (Silva et al., 2013; Pereira and Martins, 2014 and Horrocks et al., 2001). A 

composite material is a heterogeneous mixture of two or more materials combine into one 

material to avoid the limitations of individual materials and also to favour the individual 

advantages (Hollaway and Teng, 2008). However, composite materials have some key 

disadvantages such as anistropic properties, low through-thickness mechanical properties, 
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poor impact damage tolerance, and poor flammability properties because of the presence of 

polymer or organic substances (Advani et al., 2003). 

Polymers are flammable and generate smokes and toxic gases under fire condition which 

hinders polymer materials usage in different applications (Morgan and Wilkie, 2007; 

Bourbigot et al., 2006 and Higginbotham et al., 2009). since the application of 

nanocomposite materials is increasing day by day, a safe and sustainable nanocomposite 

materials development is a demand now which is expected to be thermally stable and less 

flammable (Pashaei and Hosseinzadeh, 2016 and Bao et al., 2012). Development of new 

improved flame retardants are always an interesting area of research which has a 

tremendous commercial value, but the drawbacks associated with these improved materials 

are also be considered seriously as most of these flame retardants damage the other 

properties of materials including viscosity, reactivity, environmentally hazardous, physical 

and mechanical properties of final product (Weil and Levchik, 2008; Kandola et al., 1996 and 

Laoutid et al., 2009).     

To avoid these difficulties, introducing nano scale reinforcement and flame-retardant 

materials such as nanoclays, carbon based nanomaterials etc in polymer matrix is 

considered as an alternative measures (Horrocks et al., 2001; Samyn et al., 2008 and Kiliaris 

and Papaspyrides, 2010).    

Toyota Central Research & Development Labs is the pioneer to introduce polymer clay 

nanocomposite (PCN) where researchers were able to disperse clay platelets randomly and 

homogenously in polymer matrix. In 1985, this lab first introduced PCN which was 

commercialised as car equipment in 1989 (Okada and Usuki, 2006). In 1997, Gilman found 

revolutionary fire retardancy in new class of materials, organic-inorganic nanocomposites 

(Gilman et al., 1997 and Kashiwagi et al., 1997). Vaia and Giannelis (1997) published a 

ground-breaking report on different factors essentially influence the melt intercalation 

process for polymer-clay nanocomposite manufacturing. According to their findings, the most 

influential factors are: layered silicates functionalisation, anneal temperature, molecular 

weight of polymer matrix material and the polar interactions between layered silicates and 

polymers. However, to functionalise the silicate layers it is essential to understand the polar 

interactions between polymers and interlayers in clay structure and replacing the cationic 

groups in clay surface with the cationic head group of the surfactant leaving the organic tail 

radiating away from the clay surface. Alexander and Dubois (2000) reported that the effect of 

packing density and the polymer chain length in influencing the polymer chains to lay either 

parallel or tilted paraffinic arrangement which is shown in a schematic diagram in Figure 2.12 

extracted from that report.      
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Figure 2.12 Alkyl chain sandwiched in layered silicates forming: a) lateral monolayer; b) 

lateral bilayer; c) paraffinic mono layer and d) paraffinic bilayer (Alexandre and Dubois, 2000) 

 

When the interlayer packing density and the chain length decreases, the chains form a 

disordered, liquid-like structure due to the increase of gauche/trans conformer ratio which is 

presented in Figure 2.13.   

 

 

Figure 2.13 Alkyl chain aggregation model: a) lateral monolayer of short alkyl chain; b) 

lateral bilayer with in-plane disorder; and c) internal order increment by the formed internal 

chain aggregation. (Alexandre and Dubois, 2000) 

 

The thickness of layered silicate is usually 1 nm and possesses high aspect ratio in the range 

of 10-1000. A few weight percentages of layered silicate offer a wide range of thermo-

mechanical properties improvement in polymer matrix. The main challenge to achieve the 

properties improvement is uniform dispersion of clay platelets throughout the polymer matrix 

which creates the difference between different properties in conventional composites and 

nanocomposites (Pavlidou and Papaspyrides, 2008; Krishnamoorti et al., 1997 and Vaia et 

al., 1999). The interfacial interactions between polymers and layered silicate dictate the type 

of polymer/layered silicate (PLS) nanocomposites manufactured (Ray and Okamoto, 2003 

and Usuki et al., 1993). Ray and Okamoto (2003) discussed three types of PLS 

nanocomposites in their report such as (a) intercalated nanocomposites; (b) flocculated 

nanocomposites and (c) exfoliated nanocomposites.   
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Figure 2.14 Schematic presentation of different polymer/layered silicates nanocomposites 

(Ray and Okamoto, 2003) 

 

Micro-sized filler such as clay reinforced polymers were manufactured by breaking down clay 

aggregates to improve properties in polymer/clay composite materials over decades. 

Improvement of different properties is limited to achieve in this system due to the less 

interaction between clay platelets and polymer chains which is shown in Figure 2.14 (a) and 

2.15. The weak interlayer bonding in clay stack may act as damage initiation sites in 

applications (Gao, 2004, and Priolo et al., 2010).  
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Figure 2.15 Schematic illustrations of conventional micro and nanoscale manufacturing 

approach (Gao, 2004) 

 

Intercalated nanocomposites are formed when a few of polymer chains are inserted in 

silicate layers in a regular fashion which is presented schematically in Figure 2.14 (b). 

Flocculated nanocomposites are also come under this type of nanocomposite where silicate 

layers are flocculated due to the hydroxylated edge to edge interactions among silicate 

layers. Exfoliated nanocomposites are nanocomposites where clay layers are separated in 

polymer matrix leaving the average distances among the interlayers. Generally, to achieve 

exfoliation less amount of clay is needed compare to the clay content is needed to form 

intercalation. The exfoliation structure of clay platelets is schematically presented in Figure 

2.14 (c).       

 

2.6 Preparation of polymer clay nanocomposites 

 

There are two popular polymer/clay manufacturing techniques have been reported in 

different literatures (Hussain et al., 2006, Wang et al., 2004 and Rao and Pochan, 2007): 

melt processing and solution processing. However, in-situ polymerisation and template 

synthesis techniques are highlighted in literature too. These processes are briefly discussed 

in the following sections. 
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Figure 2.16 Schematic illustration of clay platelets expansion to improve interaction between 

polymer chains and clay platelets (Fischer, 2003) 

 

2.6.1 Solution processing 

 

Solution blending is a two-step process; first, solvent is selected carefully where polymer can 

easily be dissolved in that solvent. In second step, clay is dispersed in the same solvent. 

Finally, the dispersed clay solution is mixed with polymer/solvent solution. This mixed 

solution is allowed to leave for a subsequent period of time to homogenize the solution and 

to intensify the evaporation of solvent from the mixed solution. A schematic presentation of 

this process is published by Gou et al. in 2012. The mechanism in this process is that the 

soluble polymer will replace the solvent which is placed between the interlayers in clay during 

the clay swells up in solvent. This process produces hybrids with nanoscale morphology. 

 

 

Figure 2.17 A schematic illustration of solution processing (Gou et al., 2012) 
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This method becomes popular in manufacturing water-soluble polymers. Among the most 

reported solution blending process of polymer composites in literature including polyvinyl 

alcohol (PVOH) (Ogata et al., 1997 and Greenland, 1963), polyvinyl pyrrolidone (PVP) 

(Francis, 1973 and Levy and Francis, 1975), polyethylene oxide (PEO) (Ogata et al., 1997; 

Aranda and Ruiz-Hitzky, 1992 and Shen et al., 2002), polyethylene vinyl alcohol 

(PVA)(Carrado et al., 1996 and Clegg and Breen,  2014), polyacrylic acid (PAA) (Tran et al., 

2005 and Natkański et al., 2012). Several non-water-soluble polymers are reported in 

literature too, such as high-density polyethylene (HDPE)/carbon nanotube (CNT) 

nanocomposites synthesised by Kodjie et al. (2006) and polylactic acid (PLA) by Lim et al. 

(2008).  

     

2.6.2 In-situ polymerisation 

 

In-situ polymerisation is one of the polymerisation techniques where monomer and catalyst 

takes place inside the gallery space of filling materials such as clay, carbon-based particles 

etc. However, the platelets in case of clay filler are swelled and change in dispersion 

characteristics of clay platelets in polymer matrix.  

 

 

Figure 2.18 A schematic illustration of In-situ polymerisation process (Guo et al., 2014) 

 

This technique is reported to be an effective way to exfoliate clay platelets in polymer 

(Zapata et al., 2008). Figure 2.18 shows a schematic illustration of in-situ process which is 

followed by Guo et al. in 2014 to manufacture nanocomposites tuning by adding TiO2 

nanoparticles. 
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This process has certain advantages including one step synthesis process ensuring better 

compatibility between clay platelets and polymer and enhancing clay dispersity in polymer 

matrix. Generally, adding organically modified clays in monomer in presence of an 

appropriate initiator under a specific environment is the basic polymerisation process to carry 

out In-situ polymerisation. However, selecting initiator and system environment is polymer 

and nanomaterials specific. Sun and Garces (2002) reported a novel approach of 

manufacturing high-performance polypropylene-clay nanocomposites by In-situ 

polymerisation where external activators, high pressure and high temperature are not 

needed. This process can be applied to other polyolefin-clay nanocomposites according to 

their claim.      

 

2.6.3 Template synthesis 

 

Template synthesis process is similar to the in-situ polymerisation process. The only 

difference between these two processes is that in template synthesis process, clays are 

synthesised in the presence of a polymer solution. Clay minerals have been studied 

extensively including as host matrices of different organic materials. This process is useful to 

synthesise nanocomposites with superior electrical properties where electroactive polymers 

intercalates to the porous inorganic materials (Fernández-Saavedra et al., 2009). 

 

 

Figure 2.19 A schematic illustration of template synthesis process of PAN-inorganic 

nanocomposites (Fernández-Saavedra et al., 2009) 

One of the important features of this type of nanocomposites is that large amounts of 

polymer are needed and highest degree of filler dispersion can be achieved by following this 

technique. Figure 2.19 shows a schematic illustration of template synthesis process of 

polyacrylonitrile (PAN)-inorganic nanocomposites (Fernández-Saavedra et al., 2009). 



39 
 

2.6.4 Melt processing 

 

Melt blending is an interesting manufacturing process of thermoplastics and elastomeric 

nanocomposites due to its ease of application and economically viable. In a simple way, melt 

compounding can be described as a composite/nanocomposite manufacturing process 

where polymer is melt and combined with the target amount of fillers such as clay using 

Banbury or extruder (Bilotti et al., 2008). It is a common practice to apply shearing force in 

heating zones to produce nanocomposite compounds. Melt blending has a number of 

advantages over the other conventional nanocomposite manufacturing process such as this 

process is environmentally benign as it does not need any solvent which is needed in 

solution blending process and in-situ polymerisation process. However, controlling the 

dispersion of platelets in polymer solution is not always achievable or reproducible in in-situ 

polymerisation process (Rane et al., 2018). Considering different aspects of this 

manufacturing technique such as the suitability of this process in industrial scale operation, 

environmentally safe and economically sustainable- this process has become popular and 

reliable in both in industry and in research community.     

 

 

Figure 2.20 A schematic illustration of melt compounding process (Guo et al., 2018) 

After presenting briefly the data observed by different research groups and published in 

literature, it can now be concluded that different clay minerals possess different chemical 

composition, structures and morphology. The effect of using these different kinds of clay on 

thermal and mechanical properties of polymer nanocomposites varies due to the 

characteristics of different types of clay is different. Various types of manufacturing 

processes of polymer-clay nanocomposites are described briefly too. The following section 

describes the addition of clay in influencing the crystallinity, thermal and mechanical 

properties of LDPE and PA6 polymer matrices.      
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2.7 LDPE clay nanocomposites 

 

The morphological structure, chemistry and physical characteristics of clay influence the 

thermal, mechanical and rheological properties of polymer/clay nanocomposites (Nguyen 

and Baird, 2006 and Xu et al., 2006). All these characteristics play a major role dictating the 

interfacial adhesion between clay platelets and polymer matrix (Zare, 2016, Borse and 

Kamal, 2006). High interfacial area with strong interaction between clay and polymer ensures 

better thermal, mechanical and rheological properties of nanocomposites compare to those 

of conventional composites (Grigoriadi et al., 2013 and Masenelli‐Varlot et al., 2007). This 

interfacial adhesion is directly linked with polarity of clay platelets and polymers. There is a 

very negligible or no interaction between polar clay platelets and non-polar polymer such as 

polyethylene (PE), polypropylene (PP) which is highlighted in different literature (Grigoriadi et 

al., 2013 and Giannakas et al., 2009).     

Several research groups have reported the thermal stability behaviour of polyethylene clay 

nanocomposites in different research articles. Xie et al. (2012) have reported the thermal 

stability by analyzing the thermogravimetric analysis (TGA) curves (under nitrogen gas 

condition) of their LDPE/OMMT nanocomposite specimens. The onset degradation 

temperature of the nanocomposite specimens of only 0.5 wt% have increased by a 

considerable 23 °C for organically modified montmorillonite (OMMT) compared to that of neat 

LDPE. Morawiec et al. (2005) have also performed thermogravimetric analysis (TGA) on 

their samples which were conducted under nitrogen atmosphere and in an air atmosphere. 

Based on the TGA curves, Morawiec et al. (2005) have concluded that the presence of filler 

did not significantly improve the thermal stability in a nitrogen atmosphere since 

decomposition temperature and peak intensity have all been recorded to be relatively 

consistent. More research on the thermal properties of organoclay/polymer nanocomposites 

carried out by Attaran et al. (2015) have reported no notable change in the nucleation activity 

between neat LDPE and LDPE/OMMT 6 wt% specimens from their differential scanning 

calorimetry (DSC)  analysis. Hemati and Garmabi (2011) have observed improved thermal 

stability of their LDPE/ linear low density polyethylene (LLDPE)/nanocomposites in the air 

and nitrogen atmosphere and observed a weight loss at a lower temperature due to the 

decomposition of the organic modifier. 

There are numerous results published in literature highlighting mix of opinions based on the 

research findings.   Zhang and Sundararaj (2006) published an article claiming that all 

mechanical properties including ductility of LLDPE/ poly(ethyl methacrylate) (PEMA)/clay 

nanocomposites increase with clay loading. The improvement in interfacial adhesion among 

LLDPE, PEMA and clay due to the enhanced miscibility between LLDPE and PEMA is 
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emphasised for the improvement of mechanical properties especially for the improvement in 

ductility. It is a common practice now to add compatibiliser such as ethylene-vinyl acetate 

(EVA) copolymer (Dadfar et al., 2011), low molecular weight oxidized polyethylenes (Durmuş 

et al., 2007), maleic anhydride grafted polyethylene (PEMA) (Parija et al., 2007), zinc‐

neutralized carboxylate ionomer (Sánchez‐Valdes et al., 2006), Oxidized Wax (Geethamma 

and Luyt, 2008) to improve different properties including thermal, mechanical, toughness and 

barrier properties. 

 

2.8 PA6- clay nanocomposites 

 

The application of layered aluminosilicate as fillers in polyamide nanocomposites has 

received attention in recent years. PA6- layered-silicates have been studied over years due 

to its unique properties to reduce flammability, increasing heat resistance, exhibit higher 

tensile strength, improving tensile modulus, increasing flexural strength and also improving 

flexural modulus (Fornes and Paul, 2003; Bourbigot et al., 2002, Njuguna et al., 2008, 

Morgan and Gilman, 2003 and Bourbigot and Duquesne, 2007). The continuous 

improvement of these achievements has attracted researchers to scale up certain properties 

such as thermal stability, flame retardancy, ablation and barrier resistance in the composite 

material to increase the application of this material as advanced structural material in 

different industries including automotive and space industries (Leszczyńska et al., 2007a; 

Leszczyńska et al., 2007b; Seymour and Kirshenbaum, 1986 and Qin et al., 2003). The 

advancement of these properties largely depends upon the nanomorphology of this filler into 

the polymer chain as this morphology related to the chemical structure of the filler which is 

source of origin and surface modification dependent (Pavlidou and Papaspyrides, 2008 and 

Dennis et al., 2001). 

In semicrystalline polymers such as PA6, two interphases which act as immobilised fraction 

are highlighted. One is present between the amorphous fraction and crystal fraction in the 

polymer and the other exists between the inorganic filler and polymer matrix. These 

interphases generate rigid amorphous fraction (RAF) which act between crystal and 

amorphous phase as a result of evolving immobilisation of a polyamide chain due to crystal 

(Schick, 2009 and Schick et al., 2001). The addition of clay particles in the PA6 

nanocomposites can increases the growth rate of these crystals (α or γ form). However, 

increasing the clay content beyond a certain level retards the rate of crystallisation which 

plays the main role in thermodynamic stability of the material (Fornes and Paul, 2003 and 

Wu and Wu, 2002).  
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Shishan et al. (2004) reported that the modulus, bending strength and heat distortion 

temperature of PA6/MMT nanocomposites increased with increasing clay content but 

decreased the tensile strength with the addition of MMT more than 4.3 wt%. Tjong et al. 

(2002) highlighted the improved strength and the stiffness of PA6/MMT nanocomposites at 

the expense of tensile ductility.  

The bulk mechanical properties were studied by Liu et al. (2011) that PA6 with 3 wt% MMTs 

exhibited the best performance in tensile strength and flexural strength. It was also found in 

their study that higher loading of MMT in PA6 matrix-initiated agglomeration and leading to a 

decrease in tensile and flexural strength tests. Borse and Kamal (2006) presented the effect 

of different organophillic treatment of MMT surfaces, residence time and mixing efficiency 

during extrusion process on mechanical properties of PA6/clay nanocomposites. Interesting 

findings were highlighted in their report that longer residence time and higher mixing 

efficiency during extrusion process produced the highest degrees of exfoliation and 

enhanced the mechanical properties of PA6/clay nanocomposites.   

In addition to clay loading in polymer, the source of clay minerals also plays an important role 

in influencing properties in nanocomposite materials (Uddin, 2008 and Carretero and Pozo, 

2009). Considering the different aspects of clay mineral sources and potential applications in 

influencing the mechanical and thermal properties in nanocomposite materials, The Centre 

for Advanced Engineering Materials at Robert Gordon University has initiated an 

investigation on how the reclaimed layered silicate from oil-based mud (OBM) waste 

influence the properties in engineering nanocomposite materials. It is also important to 

mention here that this research group has aimed to investigate the relation between the 

change in amorphosity and crystallinity of polymer chain due to the addition of these OBMFs 

in nanocomposite and the variation in properties of material mainly thermal property of 

material. These OBMFs behave in a similar manner as other inorganic particles which often 

act as nucleating agents in polymer nanocomposites and sometimes cause the retardation of 

crystallisation in the structure. Since the large surface of the nanofiller is contributing the 

greater interphases between filler and polymer matrix, it is believed that the properties of the 

materials are significantly influenced by this interaction between interphases (Wurm et al., 

2010).  

 

2.9 Conclusion 

 

The accumulated drilling fluid wastes in oil and gas industry is different in every operation 

site. The variations in drilling operations including using drilling fluid with different 

compositions and the variations in geological conditions make these waste streams so 
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diverse that there is not any standard drilling fluid waste profile tool to identify the 

composition and character of the wastes. The scenario is even more complex in offshore 

drilling operation as the unique sediment characteristics, benthic community, and 

hydrodynamic regime also influence the drilling waste characteristics.  

To design a sustainable and viable drilling waste management plan/model, the first step is to 

identify the composition and nature of the pollutants in the wastes. Based on this information 

different waste treatment plan can be placed in operation such as, thermal treatment, 

thermo-mechanical treatment, biological treatment, encapsulation of pollutants. To meet the 

current strict environmental regulations with respect to disposal of this waste or to recycle or 

recover valuable components such as certain metals, identification of drilling waste 

composition and characterisation analysis is the obvious first step to move forward to the 

next stages. However, the environment is still facing the biggest challenge - are these 

treatment measures capable of producing pollutants free or environmentally safe discharge 

or producing pollutants free or eco-friendly solid waste? The solution might be very difficult 

as these treatment processes involve space requirements, duration of treatment operation, 

operational cost, investment cost, monitoring requirement, expertise etc. These obligations 

open up a new era of research to use this waste as a raw material to make valuable products 

rather than incurring burden to the environment. This literature review highlighted the 

problems associated with OBM waste, the draining route of potential engineering valuable 

compounds in waste to landfill site and the possible solution of turning waste into valuable 

products as filler in engineering nanocomposite material.  

The key findings of the literature review are 

 

 Drilling mud and its functions in oil and gas exploration industries are discussed 

here. Although OBM waste is considered as a hazardous waste, but due to its 

unique functionality in drilling operation which makes OBM as an essential material 

in drilling operation. However, accumulated of this hazardous OBM waste discharged 

on site for decades due to the lack of law enforcement and knowledge of detrimental 

effects of this waste to the environment. The data of Drilling waste generation and 

the discharged waste in the sea was presented in this review in light of information 

available in literature.  

 The recoverable useful compounds including different clay minerals were highlighted 

in this chapter by presenting OBM waste characterisation. Focusing OBM waste as a 

potential source of useful clay minerals, the technological future of using these clay 

minerals was discussed especially as a filler in nanocomposite manufacturing. 
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 The effects of different clay minerals on influencing morphological, structural, 

rheological, thermal and mechanical properties of different polymer/clay 

nanocomposites were presented.  

 The potential utilisation of OBM waste as a source of nanoclay in developing polymer 

nanocomposites manufacturing was highlighted and supported by the literature 

findings of using clay minerals in polymer matrices to improve different thermo-

mechanical properties.  

 The recycling option of different nanocomposites were mentioned which may save 

the limited resources in the long run.  

  

This research project will scrutinise this and assist towards the development of introducing 

nanoclay recovered from oil-based drilling fluid, which is also called Oil Based Mud (OBM) 

waste from oil and gas industries into nanocomposites with better mechanical and thermal 

properties. 
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Chapter 3: Thermal Treatment Process and Characterisation of Oil Based Mud Waste 

 

3.1. Introduction 

 

A drilling fluid is an essential part of drilling operation in oil and gas industry to perform 

certain functions such as removing and cleaning drill cuttings from the downhole, cooling and 

lubricating the drill bit, controlling the hydraulic pressure to protect well blowouts (Caenn et 

al., 2011; Fink, 2015; Khodja et al., 2010). Among different drilling fluids, (OBM) is preferable 

material, especially where reliable shale inhibition and excellent lubricity is needed (Patel et 

al., 2007). This drilling fluid predominantly OBM which is used in deep drilling operation 

ended up with a large number of pollutants introducing in drilling fluids addressing a big 

concern for the oil and gas industry and government regulators (Veil, 2002; Force, 2009).  

However, Gbadebo et al. (2010) investigated the elements presents in both oil based and 

water based mud using atomic absorbtion spectrophotometry and the content of Fe, Ca, Mg, 

Cr, Pb, Mn and Ni were reported in that study. Another study performed by Adegbotolu et al. 

(2014) also highlighted the presence of heavy and trace metals using inductively coupled 

plasma optical emission spectroscopy (ICP-OES) analysis of oil-based drilling fluid and 

cuttings. To investigate the thixotropy nature of OBM waste, rheology measurements are 

essential. A number of studies have been reported in the literature including Taiwo and 

Otolorin (2009) and McCosh et al. (2009) and the findings from these studies highlighted the 

incremental viscosity of OBM waste comparing the viscosity of fresh OBM due to the addition 

of fine solids from the low density cutting of the formation which trap water to form gels which 

causes the lowering of the free oil/water ratio (OWR) in the given sample.       

Considering the information scarcity in literature, this study focusses onto characterisation of 

oil-based drilling fluid waste and builds on our previous studies and investigations, this study  

provides a comprehensive chemical, thermal and rheological analysis of the oil-based mud 

waste in North Sea Region (Adegbotolu et al., 2014 and Siddique et al., 2017). It is expected 

that the characterisation of this used oil-based drilling fluid gives indications of method 

suitability or the effective level of treatment needed to design a sustainable solid waste 

management measure in oil and gas industry. The microscopy, chemical and elemental 

analysis, calorimetry, thermogravimetry, spectroscopy, energy dispersive X-ray analysis 

(EDXA) and X-ray diffraction were carried out to evaluate the thermo-chemical 

characteristics of the OBM waste. The overview on opportunity and challenges in converting 
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this OBM waste to a source of recovered resources and utilisation as primary and secondary 

raw materials are discussed and conclusions drawn.   

 

3.2. Experiment 

 

3.2.1. Materials and samples preparation 

 

The OBM waste was donated by a local oil and gas service company in Aberdeen, UK. 

Tetrachloroethylene (TCE) was purchased from Sigma Aldrich, UK, and degassed deionised 

water, metal stock solutions in nitric acid (10,000ppm) and hydrochloric acid were obtained 

from Fisher Scientific Ltd, UK. 

To characterise the solid content in this OBM slurry, the petroleum hydrocarbon was 

eliminated by using thermal treatment process. To obtain the solid residue, the OBM slurry is 

heated sporadically by following the stages: 50°C for 12 hours (1st heating) followed by 80°C 

for a further 12 hours (2nd heating); finally, the residue is heated at 700°C for 12 hours (3rd 

heating). To facilitate to carry out different analysis, this solid residue was crushed into 

smaller pieces using a grinder followed by a further size reduction to produce powder by 

using IKA UltraTurrax ball mill.  

The montmorillonite (MMT), K10 was supplied by Sigma-Aldrich, UK which used as a 

reference material to compare different characteristics between MMT and OBM powder.  

   

3.2.2. Structural and morphology analysis 

 

Scanning electron microscope (SEM) was performed using a JEOL JSM-7400F instrument 

with a magnification of 10000X, 8.0 mm working distance (WD) and accelerating potential of 

5.0 kV. The samples were coated with gold and palladium using sputter deposition for 2 

minutes prior to the analysis.  

Attenuated total reflectance- fourier transform infrared (ATR-FTIR) spectroscopy was carried 

out for 32 scans between 4000-400 cm-1 with a resolution of 4 cm-1.  A blank measurement 

was taken to minimise the influence of water vapour and carbon dioxide from the 

atmosphere. The air background was collected and then the sample spectra was collected 

and saved. The dry drilling waste sample was placed between the ATR stage and the 

diamond.  
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Mineralogical composition for both OBM powder and MMT was determined by X-ray 

diffraction (XRD) using a Siemens D5000 diffractometer with Cu Kα radiation (λ = 0.15406 

nm) in the range of 3-60° and 0.1° 2θ step size and scanning speed was 0.02°/s. the 

diffraction details and relative intensities were obtained and compared by using Rietveld 

refinement software.  

 

3.2.3. Element analysis  

  

Elemental compositional analysis was carried over using spent drilling fluids supplied by a 

local company in Aberdeen, UK. The samples were replicated two times to make the results 

more analytically acceptable and reproducible. This analysis can be divided in two sections; 

a) sample digestion procedure and b) sample analysis using inductively coupled plasma 

optical emission spectrometry (ICP-OES) instrument. To determine the elemental 

composition of dry OBM waste, energy dispersive x-ray analysis (EDXA) (Oxford Instruments 

INCA Energy) was carried out. 

The ICP-OES analysis was performed following the same procedure followed by Adegbotolu 

(2016). The following operation parameters of Power: 1500 Watts, frequency: 40.68 MHz, 

nebulizer flow: 0.60 L/min, Argon plasma flow: 15 L/min, Argon auxiliary Flow: 0.2 L/min, 

Argon pump rate: 2.0 mL/min were followed. 0.5g of sample was digested using an aqua 

regia-microwave digestion procedure for 30minutes. An Optima 2100 DV ICP-OES system 

was used to carry out the analyses. A 100mg/l multi-element standard was prepared and 

used to prepare the standards calibration of range 0.5mg/l to 5mg/l.  The elements in multi-

element standard were Heavy metals: The concentrations of alkaline earth metals (Mg, Ca, 

Ba), alkali metals (Na, K), transition metals (V, Cr, Mn, Fe, Ni, Cu, Zn, Cd), post-transition 

metals (Al, Pb), metalloids (Si, As), polyatomic non-metals (P, S), and actinide (U), The acid 

extract was analysed for the selected elements using ICPOES. The analytical results 

obtained were compared against OSPAR threshold guidelines. 

Sample digestion procedure is a step by step process where the drilling fluid sample (0.5 g) 

was transferred to Teflon beakers, followed by adding 8 mL of HNO3 in the beakers. 

Digestion was performed in triplicate for drilling fluid sample. They were kept in a closed 

system in a microwave oven (ETOH) for 15 min on the temperature ramp (13.33ºC/min) until 

to reach at 200ºC. The samples were kept in the same temperature environment in the 

digester for an additional 15 minutes for completing the samples digestion process.  

After digestion, all extracts were filtered through Whatman 1, 542 (Hardened Ashless) filter 

paper and transferred to 50 mL volumetric flasks (Fisher Scientific), filling with deionised 
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water. Glassware was cleaned and decontaminated in a 5% nitric acid solution for 24 h and 

then rinsed with deionised water.  

 

3.2.4. Thermal analysis 

 

TA Q100 instrument under a nitrogen environment was used for performing Differential 

Scanning Calorimetry (DSC) thermal analysis by following heat-cool-heat procedure with the 

temperature ramp of 10°C/min from -20°C to 250°C.  The TA Q500 instrument was used to 

perform Thermogravimetric Analysis (TGA) to identify the degradation and decomposition 

nature of the materials. The temperature was set on ramp mode from room temperature 

(15°C) to 1000°C at a rate of 10°C/minute. 

 

3.3. Result and discussion 

 

3.3.1. Morphology study 

 

In Figure 3.1, the micrograph shows the tightly stacked platelets of montmorillonite and OBM 

waste powder with size ranges up to 1000nm.  

 

 

Figure 3.1 SEM images of (a) Montmorillonite as a reference material and (b) OBM waste 

dry powder 

 

The SEM micrographs were used to investigate the morphological representation of different 

clay minerals present in OBM waste which is compared with that of standard montmorillonite 

sample supplied by Sigma-Aldrich. Both micrographs represent the platelet structure of MMT 
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(a) and OBMFs (b). However, OBM shows tightly stacked the platelets with variant sizes of 

platelets with different shapes whereas montmorillonite shows regular platelet shapes with 

uniform structure. It can articulate here that different clay minerals may influence the 

structure and shape of the platelets present in OBM waste. Detail morphology will be 

discussed in the next study where different clay minerals can be identified by observing the 

structure and shape of different platelets present in OBM waste.    

3.3.2. Chemical structure analysis 

 

The resulting spectra from ATR-FTIR analysis of OBM waste slurry and its solid contents are 

presented in Figure 3.2. and Appendix A.   
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Figure 3.2 ATR-FTIR full scale spectra of (a) OBM waste slurry; (b) OBM waste residue after 

TGA analysis and (c) OBM waste dry powder 

 

Figure 3.2 (a) shows different OH bending presence in OBM slurry which corresponds to the 

hydrocarbon presence in the substance. Figure 3.2 (b) and (c) represents different peaks 
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corresponding to different chemical bonds in OBM waste after TGA and in OBM waste 

powder. A broad band near 3380 cm-1 corresponds to the H-O-H vibrations of adsorbed 

water. The clay minerals in OBM waste show Si-O stretching and bending as well as OH 

bending absorptions in the range of 1300-400 cm-1. Variations in the layers arrangements are 

reflected in the shape and positions of the bands. Strong band peaks at 1120-1000 cm-1 

corresponds to the Si-O stretching vibrations of kaolinite and dickite. The main Si-O band 

peak corresponds to chrysotile is observed at a lower frequency of 980 cm-1. The band peak 

at 1080 cm-1 represents the montmorillonite whereas the band peak at 980 cm-1 corresponds 

to the saponite minerals in OBM waste. The band peaks in the region of 980-900 cm-1 

represents the dioctahedral minerals while the band in the region of 700-600 cm-1 range 

corresponds to the trioctahedral minerals. The band peak at 600 cm-1 represents the 

presence of Mg3OH. The peak at 916 cm-1 reflects the partial substitution of octahedral Al by 

Mg in montmorillonite. Band spectra profile published in the literature is very helpful to 

identify different clay minerals present in OBM waste (Madejova, 2003). This clearly exceeds 

the OSPAR regulation of 1%w/w for drill mud/cuttings (Al-Ansary and Al-Tabbaa 2007).  

 

3.3.3. Mineral composition analysis  

 

Mineralogical analysis for OBM waste showed that it is essentially dominant by muscovite, 

barite, montmorillonite and quartz. However, a trace amount of kaolinite, meionite, halloysite, 

aluminium, silicon chlorite and anorthite are also present in OBM waste.  
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Figure 3.3 WAXD patterns of (a) MMT and (b) OBM waste 

 

XRD patterns of OBM sample in air dried state compared the XRD patterns of 

Montmorillonite as a reference which indicated the presence of sharp montmorillonite peaks 

in OBM waste. The diffraction peaks at 29-1490 in Figure 3.3 corresponded to the sets in 

JCPDS cards and confirmed the presence of montmorillonite by using Rietveld refinement 

software. The d001 spacing was calculated using Bragg’s law nλ = 2d sinθ where λ is the 

wavelength of X-ray radiation used in the analysis, d corresponds the distance between 

diffraction lattice planes and θ is the half diffraction angle. For OBM waste a diffraction peak 

at 2θ = 6.700° was observed which corresponded to a d-spacing of 13.2Å.  

 

3.3.4. Elemental analysis 

 

Calibration was performed for metal analysis using standard 10,000 mg L-1 solution supplied 

by Fisher Scientific, UK. Table 3.1 highlighted the recovered elements present in OBM 

waste. Sample analysis were performed only when the r2 of the calibration curve was higher 

than 0.999. The concentrations of alkaline earth metals (Mg, Ca, Ba), alkali metals (Na, K), 

transition metals (V, Cr, Mn, Fe, Ni, Cu, Zn, Cd), post-transition metals (Al, Pb), metalloids 

(Si, As), polyatomic non-metals (P, S), and actinide (U) in the extracts were determined by 

using PerkinElmer Optima 8000 ICP-OES instrument.  

 

 



53 
 

Table 3. 1 Elemental analysis of raw OBM waste using ICP-OES 

Elements 

Concentration (µg/g) 

Mean ±SD Sample 1-1 Sample 1-2 

Ba 174 108 141 46 

Ca 82241 89799 86020 3779 

Na 77 79 78 2 

Fe 337 356 346 13 

Al 174 177 176 2 

Mg 46 48 47 1 

K 55 49 52 4 

Mn 365 379 372 10 

V 26 27 27 0 

Ni 19 20 19 1 

As 0 0 0 0 

Cr 39 44 42 3 

Cd 0 0 0 0 

Zn 256 278 267 15 

Cu 47 46 47 0 

Pb 138 146 142 6 

Si 51 59 53 4 

P 108 114 111 4 

S 4694 4931 4813 168 

U 199 217 208 12 

 

EDXA was carried out to determine the elemental composition of dry OBM waste which is 

presented below. 
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Table 3. 2 EDXA of OBM waste powder 

Element Weight% 

O  29.12 

Na  0.59 

Al  1.4 

Si  4.49 

S  9.95 

Cl  2.49 

K  0.31 

Ca 6.32 

Fe 0.86 

Ba  44.47 

Totals 100 

 

3.3.5. Thermal properties 

 

In order to investigate the thermal degradation behaviour of OBM waste, non-isothermal 

measurements were taken by using DSC instrument and the results are shown in Figure 3.4. 
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Figure 3.4 DSC thermograms of OBM waste at (a) glass transition temperature (Tg); (b) 

melting temperature (Tm) and (c) crystallisation temperature (Tc) 

 

Comparing different thermograms in Figure 3.4 (b) there are two peaks present in melting 

temperature at 56.64°c and 59.05°c. It can be attributed here that the first peak at 56.64°c 

corresponds to the γ crystal phase whereas the peak at 59.05°c is the representative of α 

phase crystals. It is important to notice here that the crystal phase is dominant in this OBM 

waste which is thermodynamically stronger than γ phase crystals. This observation is also 

established by the amount of residue recovered after TGA study. Figure 3.4 (a) and Figure 

3.4 (c) shows the glass transition temperature (Tg) and crystallisation temperature (Tc) of 

OBM waste respectively. 

The thermal degradation of OBM waste has been analysed in N2 environment using TA 

instrument TGA Q500. Onset degradation of the sample in different stages are presented in 

Figure 3. 5.   
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Figure 3.5 TGA thermograms of OBM waste at (a) onset degradation at 5% weight loss; (b) 

onset degradation at 10% weight loss; (c) onset degradation at 65% weight loss and (d) 

residue at 1000°C 

 

Figure 3.5 (a), (b) and (c) shows the onset degradation of OBM waste at different stages 

such as 5%, 10% and 65% weight loss respectively. Figure 3.5 (d) shows the weight % of 

residue left after 1000°c. Since this OBM waste is a complex mix of organic and inorganic 
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substances, the thermograms associated with the endothermic reaction of any specific 

materials/minerals is very difficult to establish. However, Table 4 shows the potential 

thermograms peaks associated with different clay minerals. 

 

Table 3.3 Endothermic reactions of different clay minerals at different temperature stages at 

TGA (Grim and Rowland, 1942) 

Clay minerals Reaction temperature profile 

Quartz endothermic reaction at 565°C, 870°C 

Goethite endothermic reaction at 450°C 

Limonite endothermic reaction at 350°C 

Gibbsite endothermic reaction at 350°C 

Diaspore endothermic reaction at 550°-570°C 

Kaolinite endothermic reaction at 550-600°C 

Halloysite, Kaolinite 

and Illite endothermic reaction at 500-650°C 

Illites endothermic reaction at 100-200°C, 500-650°C and about 900°C 

Montmorillonite endothermic reaction at 100-250°C, 600-700°C and about 900°C 

Brucite endothermic reaction at 425-475°C 

Hydrated halloysite 

endothermic reaction same as kaolinite with an additional reaction 

at 100-125°C 

 

3.5. Conclusions 

 

This study, however, on characterisation of the OBM waste is limited to certain wells in North 

Sea region compare to the waste generated millions of tonnes every year worldwide.    

Findings from different characterisation including morphology study, chemical and 

mineralogical study and thermal study it can be concluded that this waste is associated with 

critical raw materials for different industrial applications, environmentally significant materials 

including heavy metals and potentially nanoclay as a green filler in nanocomposite 

manufacturing to improve mechanical, thermal, gas barrier and flame-retardant properties. 
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Chapter 4: The Crystallinity and Thermal Degradation Behaviour of LDPE/Oil Based 

Mud Waste Slurry Nanocomposites 

 

4.1. Introduction 

 

Sustainable waste management in oil and gas industries represents the rational recovery or 

uses of resources, ensure health and safety and thus improvement of life quality, protection 

of eco-systems and to convert waste into valuable products (Elektorowicz and Habibi, 2005; 

Maloney and Yoxtheimer, 2012; Smith et al., 2003; LaGrega et al., 2010; Knight et al., 1999; 

Colborn et al., 2011; Binnemans et al., 2015). Spent drilling fluids, also known as mud 

predominantly OBM is one of the main sources of waste stream in oil and gas industry 

(Onwukwe and Nwakaudu, 2012; Hickenbottom et al., 2013; Rightmire, 1984; Susich and 

Schwenne, 2004 and Ismail et al., 2017).  

The OBM waste slurry is generally composed of clay minerals including metals in a strong 

suspended solid phase condition. This suspended clay slurry has been selected in this study 

as reinforcement in LDPE matrix not only because it improves the thermal stability, but in an 

aspect of valorising an unwanted and unexploited waste discarded at landfill site as an 

existing practice in oil and gas industry. This article highlights other properties of OBM waste 

and delivers the potential opportunity of utilising this OBM waste as nanofiller in developing 

and manufacturing novel nanocomposite materials.    

 

4.2. Materials and experimental details 

 

4.2.1. Materials and samples preparation 

 

The OBM waste slurry was donated by a local oil and gas service company in Aberdeen, UK. 

To characterise the solid content in this OBM slurry and to use this OBM powder as filler in 

nanocomposite, the thermal treatment was performed as mentioned in section 3.2.1.  

Lupolen 1800S (trade name of LDPE, manufactured by Lyondellbasell industries Ltd) was 

supplied by Northern Polymers and Plastics Ltd, UK. It has a melting point of 106°C and a V-

2 rating in accordance to UL 94 (vertical burning test) at 1.6 mm thickness. The 

montmorillonite (MMT), K10 was supplied by Sigma-Aldrich, UK which used as a reference 

material to evaluate characteristics between MMT and OBM nanofiller.  
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4.2.2. LDPE/OBM slurry and LDPE/MMT nanocomposite manufacturing process 

 

LDPE pellets and MMT were dried at 90°C overnight prior to melt compounding. Moisture 

free LDPE (oven dried at 90°C for 12 hours) mixed with slurry prior to melt compounding. 

The weighed OBM slurry was mixed with LDPE pellets with glass stirrer in beakers under the 

fumehood and left there for 30 mins to facilitate mixing OBM slurry with pellets and to 

evaporate the low volatile chemical contents in OBM slurry.  

 

 

Figure 4.1 Manufacturing of LDPE/MMT and LDPE/OBM slurry nanocomposites using (a) 

LDPE pellets; (b) MMT filler; (c) OBM slurry; (d) uniform mixing of LDPE and OBM slurry; 

and (d) LDPE/OBM slurry compounds in pellet forms after extrusion 

LDPE pellets mixed with MMT clay in a tumbler mixer before manufacturing the compounds. 

OBM slurry and MMT direct mixed with LDPE in a different weight percentage as shown in 

Figure 4.1 different compounds were prepared such as 0, 2.5, 5, 7.5 and 10 wt% of filler in a 

respective wt% of LDPE pellets to make 100 wt% raw compounds of LDPE/MMT and 
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LDPE/OBM slurry nanocomposites as required. Since the clay minerals including other 

chemical substances remain in suspended condition, the % of filler loading is considered as 

the weight of slurry which is mixed of solid and liquid phases. The raw mixture of LDPE/MMT 

and LDPE/OBM slurry were compounded using a twin-screw extruder (TwinTech extrusion 

Ltd.) at 60 RPM over five different heating zones: 1st zone (120°C), 2nd zone (200°C), 3rd 

zone (210°C), 4th zone (200°C) and die/5th zone (200°C). The compounded strands were 

sized into pellet form by using a pelletiser which were then injection moulded into a dog-bone 

and bar mould (dual cavity) using the barrel temperature at 230°C with a moulding pressure 

of 10 bar to manufacture nanocomposite materials for different tests and analysis.  

 

4.2.3. Structural and morphology analysis 

 

Scanning electron microscope (SEM) was performed using a JEOL JSM-7400F instrument 

with a magnification of 25000X, 8.0 mm working distance (WD) and accelerating potential of 

5.0 kV. The samples were coated with gold and palladium using sputter deposition for 2 

minutes prior to the analysis.  

The ATR-FTIR characterisation method used in this chapter is described in chapter 3.2.2. 

Mineralogical composition for OBM powder, MMT and LDPE/OBMFs nanocomposites was 

determined by following the same method described in chapter 3.2.2.  

 

4.2.4. Element analysis   

 

To determine the elemental composition of dry OBM waste, LDPE/OBM slurry 

nanocomposites and LDPE/MMT nanocomposites, energy dispersive x-ray analysis (EDXA) 

(Oxford Instruments INCA Energy) was carried out. To determine the inorganic elements 

including heavy metals exist in dry OBM slurry powder, LDPE/MMT and LDPE/OBM slurry 

nanocomposites, an investigation carried out using Malvern Panalytical XRF spectrometers.                      

 

4.2.5. Thermal analysis 

 

The thermal analysis including DSC and TGA method used in this chapter is described in 

chapter 3.2.4.  
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4.3. Result and discussion 

 

4.3.1. Morphology study 

 

In Figure 3.1 in previous chapter shows the tightly stacked  micrographs of clay platelets of 

montmorillonite and OBM waste powder with size ranges up to 1000nm.  

The SEM micrographs were used to investigate the morphological representation of different 

clay minerals present in OBM waste which is compared with that of standard montmorillonite 

sample supplied by Sigma-Aldrich. Both micrographs represent the platelet structure. 

However, OBM shows tightly stacked the platelets with variant sizes of platelets with different 

shapes whereas montmorillonite shows regular platelet shapes with uniform structure. It can 

articulate here that different clay minerals may influence the structure and shape of the 

platelets present in OBM waste.  
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Figure 4.2 SEM images of (a) neat LDPE; (b) LDPE with 2.5 wt% MMT; (c) LDPE with 5.0 wt% MMT; (d) LDPE with 7.5 wt% MMT and (e) 

LDPE with 10.0 wt% MMT 
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Figure 4.3 SEM images of (a) neat LDPE; (b) LDPE with 2.5 wt% OBM slurry; (c) LDPE with 5.0 wt% OBM slurry; (d) LDPE with 7.5 wt% OBM 

slurry and (e) LDPE with 10.0 wt% OBM slurry 
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To identify the surface topography of reclaimed clay from oil-based mud waste reinforced 

LDPE nanocomposites, montmorillonite reinforced LDPE nanocomposites are considered as 

a standard benchmark sample.  It is noticeable in Figure 4.3 that the OBM clay platelets are 

better distributed in polymer matrix compare to MMT clay platelets are distributed in LDPE 

matrix in Figure 4.2. The interfacial adhesion between clay platelets and polymer matrix is 

stronger in LDPE/OBM slurry nanocomposites compare to the adhesion between 

montmorillonite and LDPE matrix. This is predominantly noticeable in samples with higher 

filler content such as LDPE with 7.5 and 10 wt% filler nanocomposites show strong physical 

contact between filler and polymer matrix. From the morphological observation it can be 

concluded here that OBM slurry is distributed evenly throughout the polymer matrix and 

following the regular gap between platelets in LDPE with 2.5, 5 and 7.5 wt% OBM slurry 

nanocomposites. It can be highlighted here that the interfacial gap between platelets and 

LDPE matrix is lesser in LDPE/OBM slurry nanocomposites compare to that in LDPE/MMT 

nanocomposites. This observation leads to articulate the superior interfacial adhesion 

mechanism between OBM slurry and LDPE matrix compare to the adhesion mechanism in 

LDPE/MMT nanocomposites.    

 

4.3.2. Chemical structure analysis 

 

The ATR-FTIR spectrum analysis of neat LDPE, LDPE/MMT nanocomposites and 

LDPE/OBM slurry nanocomposites have been carried out and the resulting spectra are 

overlayed and presented in Figure 4.4 and Figure 4.5. The spectra of neat LDPE, 

LDPE/MMT nanocomposites and LDPE/OBM slurry nanocomposites are stacked and 

presented in Figure B1 and B2 at Appendix B.    
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Figure 4.4 Comparison of ATR-FTIR common scale spectra of LDPE and LDPE/MMT 

nanocomposites 

 

The absorption bands due to structural OH and Si-O groups play an important role to identify 

different clay minerals present in LDPE/OBM slurry and LDPE/MMT nanocomposites. The 

chemical structure of LDPE and LDPE/MMT nanocomposites were identified by using ATR-

FTIR which represents the IR transmittance peaks at 1053.29 cm-1 corresponding to 

montmorillonite in Figure 4.4 (Madejova, 2003), (Nayak and Singh, 2007).  
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Figure 4.5 Comparison of ATR-FTIR common scale spectra of LDPE and LDPE/OBM slurry 

nanocomposites 

 

In Figure 4.5, there are three peaks at 2364.02 cm-1, 1713.90 cm-1 and 1087.37 cm-1 are 

clearly noticeable. The presence of band at 2364.02 cm-1 indicates the possibility of the 

presence of illite (Nayak and Singh, 2007). The peak at 1087.37 cm-1 represents the 

stretching of Si-O which indicates the presence of Kaolinite (Siddique et al., 2019b) (Nayak 

and Singh, 2007). The infrared absorption band at 1713.90 cm-1 corresponds to silica-

aluminium and aluminosilicates present in the nanocomposites (Djomgoue and Njopwouo, 

2013). 

    

4.3.3. Mineral composition analysis  

 

Mineralogical analysis for OBM waste showed that it is essentially dominant by muscovite, 

barite, montmorillonite and quartz. However, a trace amount of kaolinite, meionite, halloysite, 

aluminium, silicon chlorite and anorthite are also present in OBM waste which is shown in 

Figure 4.6 (a) (b).  



73 
 

 

Figure 4.6 WAXD patterns of (a) MMT and (b) OBM waste 

XRD patterns of OBM sample in air dried state compared the XRD patterns of 

Montmorillonite as a reference which indicated the presence of sharp montmorillonite peaks 

in OBM waste. The diffraction peaks at 29-1490 in Figure 4.6 (a) (b) corresponded to the 

sets in JCPDS cards and confirmed the presence of montmorillonite by using Rietveld 

refinement software.  
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Figure 4.7 Different XRD patterns of LDPE and LDPE/MMT nanocomposites at (a) WAXD; 

(b) SAXD 

The d001 spacing was calculated using Bragg’s law nλ = 2d sinθ, where λ is the wavelength of 

X-ray radiation used in the analysis, d corresponds the distance between diffraction lattice 

planes and θ is the half diffraction angle. For MMT and OBM slurry waste, a diffraction peak 

at 2θ = 6.700° was observed which corresponded to a d-spacing of 12.62 Å and 13.2Å 

respectably.  
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The XRD analyses are illustrated in Figure 4.7 (a) (b) and Figure 4.8 (a) (b) addressing the 

diffractograms at (a) wide angle X-ray diffraction (WAXD); and (b) small angle X-ray 

diffraction of LDPE/MMT and LDPE/OBM slurry nanocomposites respectively. In Figure 4.7, 

XRD patterns of LDPE and LDPE/MMT nanocomposites are presented. A clear shift of the 

diffraction peaks of the planes (001) of MMT towards lower angles for the LDPE/MMT 

nanocomposites is noted. The basal spacing of MMT increases with different 

nanocomposites in different ratios. Using Bragg’s law nλ = 2dsinθ, where λ is the wavelength 

of the X-ray radiation applied in the experiment, d corresponds to the distance between 

diffraction lattice plane and θ is the half of the diffraction angle.  
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Figure 4.8 Different XRD patterns of LDPE and LDPE/OBM slurry nanocomposites at (a) 

WAXD; (b) SAXD 

The diffraction peak of MMT was observed at 2θ = 11.40° which corresponds to a d-spacing 

of 7.75 Å. The d-spacings of LDPE with 2.5 wt% and 5 wt% MMT nanocomposites were 

identified at 10.6° and 10.2° which corresponds to the value of 8.34 Å and 8.67 Å, 

respectively. However, the d-spacings of LDPE with 7.5 wt% and 10 wt% MMT 

nanocomposites were analysed at 9.3° and 8.6° which corresponds to the value of 9.50 Å 

and 10.27 Å, respectively. Moreover, the diffraction peak of OBM slurry (dry powder) was 

observed at 2θ = 12.40° which corresponds to a d-spacing of 7.13 Å. The d-spacings of 

LDPE with 2.5 wt% and 5 wt% OBM slurry nanocomposites were identified at 10.9° and 9.7° 

which corresponds to the value of 8.11 Å and 9.11 Å, respectively. However, the d-spacings 

of LDPE with 7.5 wt% and 10 wt% OBM slurry nanocomposites were identified at 9.1° and 

8.2° which corresponds to the value of 9.71 Å and 10.77 Å, respectively. Considering the 

XRD data obtained in this investigation, it can be inferred that OBM slurry showed better 

delamination (higher basal spacing) compare to that of MMT in LDPE matrix.   
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4.3.4. Elemental analysis 

 

EDXA was carried out to determine the elemental composition of dry OBM waste, neat 

LDPE, LDPE/MMT and LDPE/OBM slurry nanocomposites which is presented in Table 4.1. 

 

Table 4.1 EDXA of OBM waste powder, neat LDPE, LDPE/MMT and LDPE/OBM slurry 

nanocomposites 
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C  - 98.12 96.27 96.95 94.65 97.04 91.26 97.20 88.26 97.36 

O  55.3 1.88 3.13 2.79 4.56 2.58 7.47 2.44 10.12 2.20 

Na  1.06 - 0.09 - - - - - - - 

Mg  0.53 - - - - - - - 0.05 - 

Al  2.78 - 0.12 - 0.15 0.10 0.26 0.12 0.32 0.16 

Si  9.92 - 0.39 0.11 0.59 0.13 0.95 0.09 1.19 0.09 

S  5.74 - - - - - - - - - 

Cl  3.61 - - 0.06 - - - - - 0.05 

K  0.4 - - - - - - - - - 

Ca  

10.4

3 - - 0.09 - 0.10 - 0.09 - 0.09 

Mn  1.99 - - - - - - - - - 

Fe  1.61 - - - 0.05 - 0.06 - 0.06 - 

Ba  6.63 - - - - 0.05 - 0.06 - 0.05 

Totals 100 100 100 100 100 100 100 100 100 100 

 

The XRF chemical composition of OBM slurry powder, neat LDPE, LDPE/MMT and 

LDPE/OBM slurry nanocomposites is presented in Table 4.2. 

 

 

 



78 
 

Table 4. 2 XRF analysis of OBM waste powder, neat LDPE, LDPE/MMT and LDPE/OBM 

slurry nanocomposites 
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Sum 

100.0

0 0.45 3.12 1.99 4.43 3.44 6.82 6.02 5.65 8.45 

CaO 15.11 0.14 0.37 0.52 0.31 0.86 0.48 1.49 0.43 2.05 

P2O5 - 0.23 0.33 0.31 0.37 0.34 0.39 0.34 0.40 0.33 

Al2O3 6.06 - 0.17 - 0.25 - 0.42 - 0.34 - 

As 0.12 - - - - - - - - - 

Ba 27.41 - - 0.22 - 0.48 - 1.07 - 1.52 

Cl 3.37 - 0.03 0.08 0.03 0.13 0.04 0.22 0.03 0.27 

Fe2O3 3.71 - 0.85 0.31 1.36 0.56 1.90 0.95 1.52 1.25 

K2O 0.65 - - - - - - - - - 

MgO 0.83 - - - - - - - - - 

MnO 3.35 - - 0.25 - 0.50 - 0.94 - 1.21 

Na2O 0.57 - - - - - - - - - 

SiO2 22.18 - 1.25 0.11 1.89 0.22 3.29 0.36 2.69 0.47 

SO3 15.63 - - - - 0.19 - 0.34 - 0.47 

Sr 0.55 - - - - - - 0.11 - 0.15 

TiO2 0.23 - - - - - - - - 0.48 

Zn - - - - - - - - - - 

Cu 0.01 0.01 0.01 0.01 0.01 - 0.01 0.04 0.01 0.03 

other

s 0.22 0.08 0.10 0.17 0.22 0.17 0.30 0.19 0.23 0.23 

 

XRF analysis confirmed that BaSO4, SiO2, Al2O3, CaO and Fe2O3 were found to be major 

constituents of OBM slurry (dry powder). Silicon dioxides, iron oxides, alumina, barium 

sulphate, calcium oxides and manganese oxides are known to be the hardest substances. 
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The presence of these hard substances in OBM powder suggested that this slurry can be 

used as a particulate reinforcement in polymer matrix.   

 

4.3.5. Thermal properties 

 

To investigate the thermal degradation behaviour of OBM waste, non-isothermal 

measurements were taken by using DSC instrument and the results were shown in Figure 

3.4 in previous chapter. 
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Figure 4.9 DSC thermograms of LDPE and LDPE/MMT nanocomposites at (a) glass 

transition temperature (Tg); (b) melting temperature (Tm) and (c) crystallisation temperature 

(Tc) 
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To identify the influence of OBM slurry on the thermal degradation behaviour of LDPE/OBM 

slurry nanocomposites, non-isothermal DSC studies were conducted. Investigation on the 

thermal degradation behaviour of LDPE/MMT nanocomposites considered as a benchmark 

standard. 

 

Analysing the DSC thermograms in Figure 4.9 (a), it can be highlighted that there are not any 

significant changes in the glass transition temperature (Tg) of LDPE/MMT nanocomposite 

materials, but this Tg is lower than the Tg of neat LDPE. However, there are not any 

significant changes among the Tg of neat LDPE and LDPE/OBM slurry nanocomposites 

which is shown in Figure 4.10. The same trend is noticeable in comparing the thermograms 

between LDPE/MMT and LDPE/OBM slurry nanocomposites. The melting point remains 

almost same for neat LDPE and LDPE/OBM slurry nanocomposites whereas the addition of 

MMT filler lowered the melting point of LDPE/MMT nanocomposites.  
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Figure 4.10 DSC thermograms of LDPE and LDPE/OBM slurry nanocomposites at (a) glass 

transition temperature (Tg); (b) melting temperature (Tm) and (c) crystallisation temperature 

(Tc) 

 

Considering the heat capacity value from the melting thermograms in Figure 4.9 and Figure 

4.10, the % of crystallinity can be identified using the following equation:  

 

% of crystallinity = [ ∆Hm - ∆Hc] / ∆Hm0 * 100%                                  (4.1) 

 

Where ∆Hm is the heat of melting, ∆Hc the heat of cold crystallisation which is 0 in this 

experiment (∆Hc=0 in this case) due to the absence of cold crystallisation phase in this 

experiment, and ∆Hm° is a reference value if the polymer were 100% crystalline. All the units 

are in J/g and the value of ∆Hm° is 293 J/g (Siddique et al., 2019b). The % of crystallinity 

value of LDPE, LDPE/MMT and LDPE/OBM slurry nanocomposites are presented in Table 

4.3. 

It is noticeable that there is a decreasing trend of % of crystallinity in nanocomposites with 

higher (more than 5 wt%) filler contents. However, there is an indication of increasing % of 

crystallinity in nanocomposites with lower (less than 5 wt%) filler contents. This decreasing 

trend in nanocomposites with higher wt% filler contents can be explained by the interruption 
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caused by this filler in LDPE matrix, which hinders the motion of the polymer chain segments 

and inhibit crystal growth. 

 

Table 4.3 Structural composition and thermal properties details of neat LDPE, LDPE/MMT 

and LDPE/OBM slurry nanocomposites 

Material % of crystallinity 
RAF= 1-

MAF-CF 

MAF 

(∆Cp/∆Cp(am)) 

Specific heat 

capacity (Cp) JK-

1kg-1 

Neat LDPE 16.16 0.10 0.74 3349 

LDPE+2.5 wt% 

MMT 
17.25 0.31 0.52 3063 

LDPE+5.0 wt% 

MMT 
17.98 0.30 0.52 2975 

LDPE+7.5 wt% 

MMT 
14.76 0.47 0.38 2234 

LDPE+10.0 wt% 

MMT 
12.46 0.49 0.39 2409 

LDPE+2.5 wt% 

OBM slurry 17.17 0.33 0.50 3394 

LDPE+5.0 wt% 

OBM slurry 13.94 0.32 0.55 2871 

LDPE+7.5 wt% 

OBM slurry 15.65 0.17 0.67 3246 

LDPE+10.0 wt% 

OBM slurry 13.56 0.32 0.54 2801 

 

The specific heat capacity value of LDPE, LDPE/MMT and LDPE/OBM slurry 

nanocomposites have been identified by analysing the thermograms in Figure 4.9 (c) and 

Figure 4.10 (c). The specific heat capacity value can be determined by the following 

equations: 

 

Cp = ( δQ / δT )                                                                                            (4.2)                                                                                                                         

Cp = ( δQ / δt ) x ( δt / δT )                                                                           (4.3)                                                                                                                 

 

Where Cp is the heat capacity in Joules per Kelvin (JK-1), Q is heat energy in Joule and T is 

the temperature denoted as °C or K. δQ/δt represents the heat flow and δt/δT corresponds to 
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reciprocal heating rate (Siddique et al., 2019a). By using these two equations, the analysed 

specific heat capacities of neat LDPE, LDPE/MMT and LDPE/OBM slurry nanocomposites 

are identified, as presented in Table 4.3. 

The heat capacity data presented in Table 4.3 shows the negative effects of clay minerals as 

filler in polymer matrix. However, LDPE with lower filler contents (2.5 and 5 wt%) showed 

higher specific heat capacity tendency compare to that of higher filler contents 

nanocomposites. There is a trend noticeable for both of these fillers that the nanocomposites 

with higher percentage filler contents (7.5 and 10 wt% in this case) indicated to act as a 

thermal conductive material. The heat capacity value decreases about 33% in LDPE with 7.5 

wt% MMT nanocomposite whereas it is about 17% heat reduction in LDPE with 10 wt% OBM 

slurry nanocomposites. 

It is important to identify the different phases exist in semi-crystalline polymer 

nanocomposites as this will dictate mechanical and thermal properties of the materials. 

Evaluating the heat capacity value, Cp in glass transition temperature, mobile amorphous 

fraction (MAF) can be identified by the following equation: 

 

 MAF = ∆Cp / ∆Cpamp                                                                                    (4.4) 

  

Where ∆Cp/∆Cp amp are the heat capacity increments at the glass transition temperature of 

LDPE and its nanocomposites and the pure amorphous LDPE polymer, respectively. Using 

the MAF value, rigid amorphous fraction (RAF) can also be identified by the following 

equation: 

 

RAF = 1 – crystallinity - ∆C p/ ∆Cp amp                                                             (4.5) 

 

Using the equations (4.4) and (4.5), the MAF and RAF values are identified and presented in 

Table 4.3. 

It can be highlighted here that the RAF increases up to five times compare to RAF of neat 

LDPE by adding MMT fillers in LDPE matrix. There is an increasing trend of RAF noticeable 

with the increasing amount of MMT content in LDPE/MMT nanocomposites. However, the 

RAF increases about three times compare to the RAF of neat LDPE by adding OBM slurry in 

LDPE matrix. The RAF remains almost constant for different LDPE/OBM slurry 

nanocomposites which indicate there is no influence of filler amounts increasing the RAF in 

LDPE/OBM slurry nanocomposites.   

The thermal degradation of OBM waste has been analysed in N2 environment using TA 

instrument TGA Q500. Onset degradation of the sample in different stages is presented in 

Figure 3.5 in previous chapter.   
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Thermal degradation behaviour of LDPE/MMT and LDPE/OBM slurry nanocomposites has 

been studied under the same environmental condition and analysis method as the 

environmental condition and analysis method followed in identifying the thermal degradation 

behaviour of OBM slurry waste.   

 

 

Figure 4.11 TGA thermograms of neat LDPE and LDPE/MMT nanocomposites 
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Figure 4. 12 TGA thermograms of neat LDPE and LDPE/OBM slurry nanocomposites 

The degradation scenario of these materials at different heating stages are analysed and the 

key findings are presented in Table 4.4.  

 

Table 4.4 TGA analysis at different decomposition stages of LDPE, LDPE/MMT and 

LDPE/OBM slurry nanocomposites  

Material TD5% (°c) TD10% (°c) 
D 1/2 

Time 

Residue (% wt) at 

1000 °C 

LDPE 381.27 407.39 45.03 0.15 

LDPE+2.5 wt% MMT 329.75 368.91 45.05 1.98 

LDPE+5.0 wt% MMT 373.12 399.83 45.16 3.99 

LDPE+7.5 wt% MMT 316.85 350.93 44.06 7.93 

LDPE+10.0 wt% MMT 373.81 401.36 45.84 7.65 

LDPE+2.5 wt% OBM slurry 366.90 386.67 44.59 0.20 

LDPE+5.0 wt% OBM slurry 370.09 365.39 45.44 0.37 

LDPE+7.5 wt% OBM slurry 327.70 383.26 45.59 0.40 

LDPE+10.0 wt% OBM 

slurry 350.07 333.77 44.64 1.97 
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The onset degradation temperature of neat LDPE, LDPE/MMT and LDPE/OBM slurry 

nanocomposites materials are presented at weight % losses of 5% and 10%. In all cases, the 

onset degradation temperature of nanocomposites is less than that of neat LDPE. There are 

not any significant changes in D1/2 time (the time needed to reach 50% degradation) which 

indicates the filler content may not have any influence on degradation time and the increase 

in filler contents in nanocomposites may intensify the heat flow which is shown elevated 

temperature in D1/2 time. It is also noticeable, for both nanocomposites, the residue remains 

after 1000° C increases with the incremental wt% of fillers in nanocomposites. There is a big 

difference in residue amount (in %) left after TGA in two nanocomposites indicates OBM 

slurry may have significant influence in decomposing LDPE matrix which might be an 

interesting area to explore in the future.   

 

4.5. Conclusions 

 

The possibility of manufacturing novel economically valuable engineering nanocomposite 

materials from OBM waste has been demonstrated. Observations from different 

characterisation including morphology study, chemical and mineralogical study and thermal 

study it can be concluded that this waste is associated with critical raw materials for different 

industrial applications, environmentally significant materials including heavy metals and 

potentially nanoclay as a green filler in nanocomposite manufacturing to improve mechanical, 

thermal, gas barrier and flame-retardant properties. 
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Chapter 5: Mechanical and Rheological Properties of LDPE/MMT and LDPE/Oil Based 

Mud Waste Slurry Nanocomposites 

 

5.1. Introduction 

 

The improvement of specific features such as mechanical, thermal, gas barrier, resistance to 

heat and flame in polymer matrices has led to an increasing interest of polymer 

nanocomposites research (Fu and Qutubuddin, 2001; Choudalakis and Gotsis, 2009; Lan 

and Pinnavaia, 1994; Cui et al., 2015 and Bhattacharya, 2016). The addition of layered clays 

even at very low concentration (< 7-8 wt%) in polymer matrices predominantly in several 

polar polymers such as polyamides, polylactic acid and poly (methyl methacrylate) improved 

the properties (Siddique et al., 2019a; Jahromi et al., 2016; Follain et al., 2016; Zhao et al., 

2015; Nam et al., 2015; Dong et al., 2015; Scarfato et al., 2016 and Karaj-Abad et al., 2016). 

An effective polymer-clay affinity leads to strong polymer-clay interfacial adhesion which 

helps to disperse the clays by delaminating the nanoplatelets at nanoscale level (Zare, 2016 

and Li et al., 2015). Although interfacial adhesion between polar polymers and clay platelets 

are successful in some extent, the interfacial adhesion between non-polar polymer such as 

polyethylene and clay platelets are still very poor and limited (Iqbal et al., 2016; Siddique et 

al., 2019b and Herrero et al., 2016). However, different researchers applied various 

techniques including utilising compatibilizers and coupling agents in nanocomposites 

manufacturing process (Hossen et al., 2015; Sánchez‐Valdes et al., 2017; Ibarra-Alonso et 

al., 2015 and Samper-Madrigal et al., 2015). Considering the poor performances/results 

obtained from dispersing clay platelets into non-polar polymer matrices, an effective, and 

suitable to manufacturing, cheap and eco-friendly nanocomposites 

compounding/manufacturing technique is still an attractive area of research. 

Traditionally, a range of biological and non-biological methods have been employed to treat 

the spent oil-based drilling fluid. All these methods are associated with cost, time and space 

requirement and environmentally hazardous. Considering these drawbacks to manage the 

environmentally hazardous waste and existing organically modified clay minerals,  the 

authors initiated an investigation on how the reclaimed layered silicate from oil based mud 

(OBM) waste influence the properties in engineering nanocomposite materials . In chapter 4, 

depth structural, morphological and thermal investigations were carried out based on the 

results obtained from OBM waste slurry reinforced polymers. Different types of clay minerals 

such as muscovite, anorthite, montmorillonite, kaolinite etc remains in strong suspended 



90 
 

condition in the OBM waste slurry. It was anticipated that the cations exist in clay minerals 

layers were replaced by stronger cations in surfactant used in OBM formulation. It was 

hoping to utilise the organophillic nature of clay surfaces exist in OBM waste in its natural 

condition and to investigate the compatibility of this raw OBM slurry with polymer matrix. The 

present work is an extension of chapter 4 and focus on the effect of this novel filler in raw 

slurry condition without any treatment on rheological and mechanical properties of 

LDPE/OBM slurry nanocomposites. 

                     

5.2. Experimental 

 

5.2.1. Materials and samples preparation 

 

The materials and sample preparation method used in this chapter are described in section 

4.2.1.  

 

5.2.2. LDPE/OBM slurry nanocomposite manufacturing process 

 

The manufacturing method of LDPE/MMT and LDPE/OBM slurry nanocomposites used in 

this study is described in section 4.2.2.  

          

5.2.3. Morphology 

 

The dispersion characteristics of MMT and OBM slurry clay platelets in LDPE matrix were 

analysed using a Zeiss EVO LS10 Scanning Electron Microscope (SEM) with a magnification 

of 1.0 KX, 8.5 mm working distance and 20.0 kV accelerating potential. The samples were 

fractured following a cryogenic sampling technique and were gold coated using sputter 

deposition for 2 minutes prior to fit in the equipment for observation.    

 

5.2.4. Mechanical testing 

 

Tensile tests were carried out by following ISO standard 527-3.28 5 specimens for each type 

of nanocomposites were tested. An Instron 3382 universal testing machine using with 

Bluehill 3 software were used to perform tensile test. The addition of montmorillonite and 
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OBM slurry fillers in the LDPE matrix resulted in changes the mechanical properties of 

LDPE/MMT and LDPE/OBM slurry nanocomposites. Array of different materials reinforced 

with different wt% of MMT and OBM slurry fillers are presented in Figure 5.1 (a) and (b) 

respectively. A set of five samples were tested and the average data is taken into account to 

identify the mechanical properties of each material. 

 

 

Figure 5.1 Array of tensile test specimen of (a) neat LDPE and LDPE/MMT nanocomposites; 

(b) neat LDPE and LDPE/OBM slurry nanocomposites and presentation of (c) tensile test set 

up and (d) observation of plastic deformation through the reduced area of sample 

 

The dog-bone shaped samples were prepared according to ASTM method D-638. The tests 

were performed at constant strain rate of 2 mm/min and the data presented here is the 

average of 5 samples. Figure 5.1 (c) shows the equipment set up to perform tensile testing of 

materials. Figure 5.1 (d) shows the change in sample colour and also indicating the plastic 

deformation of sample while the sample under stress during test. 
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Figure 5.2 Array of 3-point bending test specimen of (a) neat LDPE and LDPE/MMT 

nanocomposites; (b) neat LDPE and LDPE/OBM slurry nanocomposites and (c) observation 

of 3-point bending test of sample 

 

Flexural experiments were carried out according to ISO 14125 test standard. All tests were 

performed at a constant strain rate of 2 mm/min using the same equipment as for tensile test 

and the data calculated here is the average of 5 samples. Array of different materials 

reinforced with different wt% of MMT and OBM slurry fillers are presented in Figure 5.2 (a) 

and (b) respectively. A set of five samples were tested and the average data is taken into 

account to identify the flexural properties of each material. 

5.2.5. Rheological characterisation 

 

Rheological characterisation was performed using an oscillatory shear in Dynamic Stress 

Rheometer (AR 1000, TA Instruments) using parallel plate geometry of 8 mm diameter and 

at a gap of 3.1 mm. In all cases, samples were analysed to identify the viscoelastic 
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properties as a function of temperature. The temperature range used in this analysis was 

from 0 to 90°C, with a heating rate of 3°C /min. All the samples were scanned at a fixed 

frequency of 1 Hz, with a strain of 0.2%.   

 

5.3. Results and discussion 

 

5.3.1. Morphology study of LDPE/MMT and LDPE/OBM slurry nanocomposites 

 

The SEM micrographs were used to analyse and compare the changes in morphological 

structure of MMT and OBM slurry in LDPE matrix.  Figure 4.2 and Figure 4.3 in the previous 

chapter shows the morphology of LDPE/MMT and LDPE/OBM slurry nanocomposites.  The 

cavities and uneven surfaces appear in the images due to the cryogenic fractures of 

samples. A higher degree of filler dispersion is observed in LDPE/OBM slurry nanocomposite 

samples compare to the MMT dispersion in LDPE/MMT nanocomposites predominantly in 

higher filler content samples in Figure 4.2 (e) and Figure 4.3 (e). Figure 4.2 (d) and (e) show 

the tendency of MMT agglomeration in LDPE matrix whereas Figure 4.3 (d) and (e) show 

uniform distribution of OBM slurry in LDPE matrix.      

 

5.3.2. Tensile properties of neat LDPE, LDPE/MMT and LDPE/OBM slurry nanocomposites  

 

Observing stress-strain data from tensile test of LDPE/MMT and LDPE/OBM slurry 

nanocomposites in Figure 5.3, different mechanical properties were identified. The stress-

strain graph (Figure 5.3) demonstrates the typical behaviour of LDPE material which shows 

an initial linear elastic region followed by a little drop in graph highlighting the non-linear 

transition to yield (Jordan et al., 2016). These yield points are apparent in both Figure 5.3 (a) 

and (b). It is noticeable in Figure 5.3 that similar behaviour is noticeable in strain softening 

followed by strain hardening stages in both LDPE/MMT and LDPE/OBM slurry 

nanocomposites.  
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Figure 5.3 Stress-strain curves of (a) neat LDPE and LDPE/MMT and (b) neat LDPE and 

LDPE/OBM slurry nanocomposites 

 

For 7.5 to 10 wt% MMT loading, there is a sharp increase in tensile strength which is 

noticeable in Figure 5.4 while only minor changes were observed on tensile strength for 0 to 

7.5 wt% MMT loading.  

 

 

Figure 5.4 Comparison of tensile strength between LDPE/MMT and LDPE/OBM slurry 

nanocomposites considering tensile strength of neat LDPE as a baseline 

 
However, the progressive decrease in tensile strength is highlighted in Figure 5.4 with the 

increasing of OBM slurry filler contents from 0 to 10 wt%. This could be explained by the 

decohesion between the matrix and OBM slurry nanoparticles under stress. This decohesion 

 

(a) (b) 
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generates a stress concentration through the void area between matrix and nanoparticles 

which accelerates the sample break.    

However, the increase in MMT content from 0 to 10 wt% resulted in about 40% increase in 

Young’s modulus whereas the increase in OBM slurry content from 0 to 10 wt% resulted in 

about 30% decrease in Young’s modulus.  

 

 

Figure 5.5 Comparison of modulus of elasticity in tension of neat LDPE, LDPE/MMT and 

LDPE/OBM slurry nanocomposites 

    

A sharp increase in the modulus can be observed when MMT loading increases from 0 to 5 

wt%. Beyond 5 wt% in MMT content, there are not any significant changes noticeable in 

Young’s modulus in Figure 5.5. The opposite trend is evident for LDPE/OBM slurry 

nanocomposites. A sharp decrease in the modulus can be observed when OBM slurry 

loading increases from 0 to 5 wt%. From 5 to 10 wt% of OBM slurry loadings, there is not any 

significant changes in elastic modulus which is highlighted in Figure 5.5. The significant 

enhancement in the tensile modulus is noticeable with increasing the MMT content whereas 

a substantial decrease in tensile modulus is reported with the incremental loading of OBM 

slurry in LDPE matrix. It can be concluded that the addition of MMT improved the stiffness of 

LDPE matrix whereas the stiffness decreased with the addition of OBM slurry in LDPE 
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matrix. However, the percentage elongation at yield decreases with the increase of both 

MMT and OBM slurry filler contents.  

 

 

Figure 5.6 Comparison of percentage elongation at yield of neat LDPE, LDPE/MMT and 

LDPE/OBM slurry nanocomposites 

    

There is a minor effect of ductile property in LDPE/MMT nanocomposites which is presented 

in Figure 5.6 due to the addition of MMT loading in LDPE matrix. Nonetheless, the percent 

elongation at yield in LDPE/OBM slurry nanocomposites decreases enormously due to 

addition of OBM slurry in LDPE matrix. It can be attributed to a reduction in deformability of 

interface between nanoparticles and matrix. From the morphology presented in Figure 4.3, 

the uniform distribution and dispersion of OBM slurry clay fillers intensifies the crack 

propagation through the cross section of the samples and thus resulting in reduced percent 

elongation in LDPE/OBM slurry nanocomposites. The faster crack propagation in LDPE/OBM 

slurry nanocomposites compare to that in LDPE/MMT nanocomposites is due to the close 

distances among the OBM slurry clay platelets which influences the sample fails quicker and 

under lower forces applied on the samples.    
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5.3.3. Flexural properties of neat LDPE, LDPE/MMT and LDPE/OBM slurry nanocomposites 

 

The flexural stress-strain curves of neat LDPE, LDPE/MMT and LDPE/OBM slurry 

nanocomposites are shown in Figure 5.9.  

 

 

Figure 5.7 Flexural stress-strain curves from 3-point bend test of neat LDPE, LDPE/MMT 

and LDPE/OBM slurry nanocomposites 

 

It is observed that the gradient of stress-strain curve in Figure 5.7 (a) increases with the 

incremental loading of MMT fillers in LDPE matrix. However, the gradient of stress-strain 

curve in Figure 5.7 (b), also showed higher for LDPE/OBM slurry nanocomposites compare 

to that of neat LDPE, but these incremental gradients in LDPE/OBM slurry nanocomposites 

are OBM slurry loadings independent. The constituents and the interface interactions are the 

key factors which dictate the flexural strength of fibre or nanoparticle reinforced 

nanocomposites. Homogeneity is another important factor which needs to be taken into 

account when interpreting flexural properties of materials. Since in flexural/bending test, the 

convex side of the sample is extended and the concave side is compressed, the degree of 

distribution of clay nanoplatelets into LDPE matrix plays main role in affecting the flexural 

properties.  

The variation of flexural strength of LDPE/MMT and LDPE/OBM slurry nanocomposites 

reinforced with different weight (2.5, 5, 7.5 and 10) percentage of fillers is presented in Figure 

5.8. 
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Figure 5.8 Comparison of flexural strength of neat LDPE, LDPE/MMT and LDPE/OBM slurry 

nanocomposites 

In Figure 5.8, neat LDPE shows the lowest flexural strength which is considered as a 

reference point. There is a linear improvement of flexural strength is noticeable for 

LDPE/MMT nanocomposites. However, the flexural strength does not show any trend for 

LDPE/OBM slurry nanocomposites. The maximum flexural strength is evident for LDPE/MMT 

nanocomposites with 10 wt% MMT content. However, LDPE with 10 wt% OBM slurry 

nanocomposite shows the lowest flexural strength compared to the flexural strength of other 

LDPE/OBM slurry nanocomposites. 

The flexural modulus of LDPE/MMT and LDPE/OBM slurry nanocomposites is shown on 

Figure 5.9.  
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Figure 5. 9 (a) Comparison of modulus of elasticity in bending of neat LDPE, LDPE/MMT 

and LDPE/OBM slurry nanocomposites; (b) a schematic illustration of applied force in 

tension and bending test and the distribution of MMT and OBM slurry nanoplatelets through 

the sample 

 

It was observed that the flexural modulus decreased steadily in LDPE/MMT nanocomposites 

from 0 wt% to 10 wt%, see Figure 5.9 (a). However, the decreasing trend in flexural modulus 

for LDPE/OBM slurry is not linear and it is not possible to correlate the effect of OBM slurry 

loading influencing the flexural modulus of LDPE/OBM slurry nanocomposites. Both tensile 

and flexural modulus decreases with the incremental load of OBM slurry in LDPE matrix.  

Although the tensile modulus of LDPE/MMT increases with the incremental loading of MMT 

in LDPE matrix, the flexural modulus of LDPE/MMT nanaocomposites decreases with the 

MMT loading from 0 to 10 wt%.  

The extent to which the reinforcing nanoplatelets influencing the modulus of materials 

depended directly on the thickness of the filler particles, dispersion and distribution pattern of 

nanoplatelets in polymer matrix and thus on the aspect ratio (Lee et al., 2010 and Halit, 

2018). The nanomorphology, dispersion and distribution mechanism of OBM nanoplatelets in 

polymer matrix has already been reported recently by the authors (Siddique et al., 2019a and 

Siddique et al., 2019b). Further, in our previous studies, the improvement of thermal stability 

was evident and reported in literature. Although the improvement in thermal stability has 

been achieved utilising reclaimed clay from spent OBM waste, the effect of this novel filler on 

rheological and mechanical properties is unknown.  

 Based on the observations from these reported studies, it can be highlighted that the 

influence of interfacial interaction between polymer and clay governs the modulus property in 

the nanocomposites which also agrees with the findings by Lee et al. (2010). The large 

interfacial area provides better stress transfer at the interface between polymer and clay 

platelets. In Figure 5.9 (b), a schematic diagram illustrates the dispersion of clay platelets 

into polymer matrix. As the diameter of the white circle (demonstrating clay platelets) in 
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Figure 5.9 (b) is higher than its thickness, the interfacial area between polymer and clay 

platelets is higher in the longitudinal direction. Hence, higher tension load is needed to 

overcome the frictional force generated by the interfacial area between polymer and clay 

platelets. On the other hand, in 3-point bending test, bending/flexural force is applied through 

the width of the sample and at the middle of the beam. As the thickness of platelets is lower 

than its diameter, the frictional force at the interfacial area between clay and polymer is lower 

than the frictional force generated in the longitudinal direction. This statement satisfies the 

decreasing trend in flexural modulus for both LDPE/MMT and LDPE/OBM slurry 

nanocomposites.             

      

5.3.4. Rheological characterisation of neat LDPE, LDPE/MMT and LDPE/OBM slurry 

nanocomposites 

 

The rheological properties of neat LDPE, LDPE/MMT and LDPE/OBM slurry nanocomposites 

were studied using oscillating shear rheometer to investigate the accumulated percolated 

network of the fillers, which may influence the electrical and thermal conductivity of polymer 

nanocomposite materials. This technique is a very effective identifying the filler dispersion, 

structural behaviour of materials and interaction of the filler in polymer matrix.  Figure 5.10 

shows the dynamic temperature sweep analysis conducted to investigate the effect of fillers 

on storage modulus for neat LDPE, LDPE/MMT and LDPE/OBM slurry nanocomposites. 
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Figure 5.10 Influence of applied shear stress on the storage modulus of (a) neat LDPE and 

LDPE/MMT and (b) neat LDPE and LDPE/OBM slurry nanocomposites 

 

The storage modulus (E’) presented in Figure 5.10 highlights the load bearing capacity of 

neat LDPE, LDPE/MMT and LDPE/OBM slurry nanocomposites. It is noticeable from Figure 
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5.10 (a) that the storage modulus of LDPE with 2.5 and 5 wt% MMT nanocomposites is lower 

than the storage modulus of neat LDPE. However, the storage modulus of LDPE with 7.5 

and 10 wt% MMT nanocomposites is higher than the storage modulus of neat LDPE. LDPE 

with 10 wt% MMT nanocomposite shows the highest storage modulus up to 50° C and 

between 50 to 90° C, there is a minor storage modulus difference among neat LDPE and 

LDPE/MMT nanocomposites which is highlighted in Figure 5.10 (a). However, the storage 

modulus of neat LDPE and LDPE/OBM slurry nanocomposites is presented in Figure 5.10 

(b) which shows the storage modulus of LDPE/OBM slurry nanocomposites is higher than 

the storage modulus of neat LDPE up to the temperature of 50°C. There is a minor storage 

modulus difference among neat LDPE and LDPE/OBM slurry nanocomposites which is 

highlighted between 50 to 90° C in Figure 5.10 (a). From this observation, it can be 

concluded here that the influence of MMT and OBM slurry fillers on storage modulus 

decreases with the increase of temperature. It is noticeable that 50 to 90° C, the storage 

modulus of LDPE/MMT and LDPE/OBM slurry nanocomposites is filler independent.   

The loss modulus curves of neat LDPE, LDPE/MMT and LDPE/OBM slurry nanocomposites 

are presented in Figure 5.11 which shows the relaxation peak of neat LDPE shifted from 60° 

C to lower temperatures due to the addition of fillers in LDPE matrix. 
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Figure 5.11 Influence of applied shear stress on the loss modulus of (a) neat LDPE and 

LDPE/MMT and (b) neat LDPE and LDPE/OBM slurry nanocomposites 

In Figure 5.11 (a) and Figure 5.11 (b), it is noticeable that there is a sharp decrease of loss 

modulus between 0 to 50° c for neat LDPE, LDPE/MMT and LDPE/OBM slurry 

nanocomposites. However, there is a very minor changes in loss modulus is noticeable 

between 60 to 90° c. The same trend as storage modulus of LDPE/MMT and LDPE/OBM 

slurry nanocomposites is also evident for loss modulus of LDPE/MMT and LDPE/OBM slurry 

nanocomposites which can be presented as below. 

 Loss modulus of LDPE/MMT nanocomposites: LDPE with 2.5 and 5 wt% 

MMT < neat LDPE< LDPE with 7.5 and 10 wt%; and  

 Loss modulus of LDPE/OBM slurry nanocomposites: neat LDPE< LDPE/OBM 

slurry nanocomposites. 

To identify the damping properties of the materials, the ratio of loss modulus to storage 

modulus is calculated and presented in Figure. 5.12 (a) and 5.12 (b).  

 



104 
 

 

 

Figure 5. 12 Influence of applied shear stress on damping property of (a) neat LDPE and 

LDPE/MMT and (b) neat LDPE and LDPE/OBM slurry nanocomposites 
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The damping peak in both Figure 5.12 (a) and Figure 5.12 (b) showed an increased 

magnitude of tan δ compare to that of neat LDPE. This graphical representation highlighted 

the balance between the elastic and viscous phases in the polymeric structures. The highest 

tan δ peak of neat LDPE shifted to lower temperatures for both LDPE/MMT and LDPE/OBM 

slurry nanocomposites.     

 

5.4. Conclusions 

 

The objective of this study was to evaluate if the surfactants present in OBM slurry may 

improve the interfacial adhesion between OBM slurry and LDPE matrix and thus improve the 

thermo-mechanical properties of new materials. The tensile, flexural and the rheological 

properties were investigated. It was observed that addition of this novel filler was ineffective 

in improving mechanical properties and the mechanical strength of these new materials 

decreases significantly comparing the results with neat LDPE and LDPE/MMT 

nanocomposites as a benchmark standard. The morphology was studied in details in another 

study which is presented in next chapter highlighting the  better dispersion capability of this 

filler after heat treatment compare to those of MMT  which also shows similar distribution and 

dispersion mechanism when the filler was used in raw condition and without any treatment in 

this study. Furthermore, Observing tensile and flexural test data, it can be inferred that MMT 

intensifies the anisotropic properties in LDPE/MMT nanocomposites. OBM slurry develops 

homogeneous dispersion throughout the LDPE matrix and indicates non-structural 

delamination of clay platelets in LDPE matrix and thus showing isotropic properties in 

LDPE/OBM slurry nanocomposites. This statement is further validated by investigating shear 

rheology properties of LDPE/MMT and LDPE/OBM slurry nanocomposites. The storage 

modulus and loss modulus of LDPE/OBM slurry nanocomposites is higher than that of neat 

LDPE supports the anticipation of non-structural delamination of OBM slurry clay platelets in 

LDPE matrix.       
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Chapter 6: Structural and thermal degradation behaviour of reclaimed clay nano-

reinforced low-density polyethylene nanocomposites 

 

6.1. Introduction 

 

Incorporating of fillers in polymer matrix is an interesting area of research in recent years 

(Moniruzzaman and Winey, 2006 and Potts et al., 2011). This addition of fillers is not limited 

to saving costs, it improves the mechanical, thermal and flammability properties too (Jordan 

et al., 2005). The addition of fillers is function specific (Sahoo et al., 2010 and Usuki et al., 

2005) such as adding clay in enhancing physical, thermal, and mechanical properties of 

polymer matrix (Okada and Usuki, 2006).  Polymer/clay nanocomposites have drawn an 

enormous interest recently due to significantly influencing on the physical, thermal, 

mechanical and flame retardancy properties of nanocomposites (Choudalakis and Gotsis, 

2009; Gilman, 1999; Pappalardo, 2016 and Sheng et al., 2004). Findings from the literature 

highlight that layered silicate fillers provide the most successful results by acting as nano-

filler precursors (Peeterbroeck et al., 2004; Sachse et al., 2012 and Fu and Qutubuddin, 

2001). However, the literature findings are very limited identifying an information gap to 

understand the effect of this nanoclay in influencing the physical, thermal, mechanical, and 

flame retardancy properties of low-density polyethylene (LDPE) polymer in details.   

The LDPE is produced on a large industrial scale and one of the most widely consumed 

polymer materials due to its excellent and desirable properties such as light weight, low cost, 

low dielectric constant and losses, high chemical resistance and easy manufacturing process 

(Costa et al., 2007 and Wen et al., 2012). However, the use of LDPE is still limited due to its 

inherent chemical nature (Zhao et al., 2005), poor thermal stability and flammability (Shah 

and Paul, 2006 and Zhang and Wilkie, 2003). Improvement of the thermal and flammability 

properties of synthetic polymeric materials such as LDPE is desirable to replace more 

traditional inorganic and natural polymeric materials (Zhao et al., 2005 and Kashiwagi et al., 

2005). For this improvement, it is common practice to apply flame retardant additives within 

the polymer matrix. However, some flame retardant additives are considered harmful for the 

environment and hence have been phased out (Blum and Ames, 1977 and Lu and 

Hamerton, 2002). Considering the stringent environmental regulations and the need to 

improve thermal and flammability properties of the polymers, development of an alternative 

environmentally friendly flame-retardant material is becoming an area of polymer research 

interest (Sain et al., 2004).  
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Utilising of industrial by-products as filler in nanocomposite manufacturing is an interest area 

of research in recent years. Waste fly ash (Khan et al., 2011), waste iron ore tailing (Giri et 

al., 2014), waste pineapple leaves (Shih et al., 2017), coir (Haque et al., 2012), waste rubber 

powder (Wang et al., 2016), waste husks ash (Vlaev et al., 2009) etc are predominantly 

considered as a sustainable source of filler for improving different properties in polymers.    In 

view of the different influential effects of clay minerals on mechanical, thermal and flame 

retardancy behaviour of nanocomposite materials, the recovery on significant amount of 

nanoclays in waste drilling fluids warrant investigations. This study inspired by the use of less 

explored LDPE polymer matrix incorporated with addition of reclaimed clay as nanofiller from 

oil-based mud waste in oil and gas industry.  

In oil and gas industry, driling through rock generally requires the use of some type of fluid to 

clear cuttings from the borehole formed by the drill. In some applications, the drilling fluid can 

be as simple as compressed air. However, when drilling is conducted to tap fossil fuel 

resources, the drilling fluid used (Caenn and Chillingar, 1996). The drilling fluid (also called 

drilling mud) is an essential component of the drilling process.  In most deep drilling 

operation, oil-based fluids (OBMFs) are used instead of water-based fluids (WBFs) 

depending on the drilling conditions for efficient and cost-effective operations (Berthezene et 

al., 1999). It is quite common practice to use both WBFs and OBMFs in drilling the same 

well, with WBFs for shallow portion of the well and OBMFs for deep drilling (Zhong et al., 

2011). The well drilling process produces waste drilling fluid composed of drill cuttings and 

spent mud waste. When the drilling process is finished, the drilling fluid waste is composed of 

drilling fluid, cuttings, water, oil and many additives. The sources of drilling wastes largely 

depend on the cuttings based on the geological condition of the borehole, the depth of the 

well, and the fluid used in the drilling operation (Onwukwe and Nwakaudu, 2012).  

This study focus on the reclamation and usage of layered silicates from OBM waste, in 

particular their utilisation in engineering nanocomposite materials, specifically in low-density 

polyethene (LDPE) matrix. Detailed investigations were performed to identify the dispersion 

characteristics of OBMFs in LDPE polymer matrix based on the thermal analysis results, 

which also lead to highlighting the rigid amorphous fraction (RAF), mobile amorphous 

fraction (MAF) and percentage of crystallinity along with the mechanical property study.       

 

6.2. Experimental 

 

6.2.1. Materials 
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The polymer material used in this chapter is described in section 3.2.1.  

 

6.2.2. OBMFs manufacturing process 

 

The development process of OBMFs used in this chapter to manufacture LDPE/OBMFs 

nanocomposites is mentioned in section 3.2.1. 

 

6.2.3. LDPE/OBMFs nanocomposite manufacturing process 

 

The manufacturing process to produce LDPE/OBMFs nanocomposites in this chapter is 

described in section 4.2.2 with exception of using OBMFs as filling material in this chapter 

whereas MMT and OBM slurry are used in section 4.2.2.   

 

6.2. 4. Sample characterisation 

 

To observe the morphology of OBMFs and their dispersion characteristics in LDPE polymer 

matrices, a cryogenic sampling technique was followed for sample preparation. The fractured 

samples were gold coated using sputter deposition for 2 minutes prior to the experiment. The 

fractured sample sections were observed using a Zeiss EVO LS10 Scanning Electron 

Microscope (SEM) with a magnification of 2.5 KX, 4.5 mm working distance and 25.00 kV 

accelerating potential. To determine the approximate elemental composition of the samples, 

energy dispersive x-ray analysis (EDXA) (Oxford Instruments INCA Energy) was carried out 

by following the same method which is described in section 4.2.4. The morphology of cryo-

fractured samples were analysed using SEM.  

The ATR-FTIR characterisation method used in this chapter is described in chapter 3.2.2. 

The thermal analysis including DSC and TGA method used in this chapter is described in 

chapter 3.2.4.  

The XRD analysis method used in this chapter is described in section 3.2.2. 

Dynamic shear measurements are obtained in this chapter by following the method has 

described in section 5.2.5.  
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6.2.5. Testing 

 

Tensile test method used in this chapter is described in section 5.2.4. 

 

6.3. Results and discussion 

 

6.3.1. Elemental analysis of nanocomposite materials using ATR-FTIR study and EDXA 

 

The ATR-FTIR spectrum analysis of neat LDPE and its nanocomposite has been carried out 

and the resulting spectra are presented in Figure 6.1. Review to individual spectra is 

provided in Figure B3 at Appendix B. 

 

Figure 6.1 Comparison of ATR-FTIR common scale spectra of LDPE and its nanocomposite 

A summary of ATR-FTIR peak assignments is presented in Table 6.1 based on information 

published in the literature (Zhao et al., 2005; Costa et al., 2005; Lu et al., 2006; Morlat-

Therias et al., 2008 and Zanetti et al., 2004). 

The chemical structure of LDPE/OBMFs nanocomposites has been identified by using ATR-

FTIR which shows the IR transmittance peaks at 2914 cm-1 and 2850 cm-1 corresponding to 

CH2 stretching, the peaks at 1465 cm-1 and 718 cm-1 representing to the bending and rocking 

of CH2, respectively. The peaks at 1377 cm-1 highlight the presence of interlayer carbonate 
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ions. The peak at 1082 cm-1 represents the stretching of Si-O, and the peaks at 640 cm-1, 

630 cm-1 and 608 cm-1 correspond to the oxide bonds of metals such as Si, Al, Mg etc. The 

peak at 580-525 cm-1 represents the crystalline forms of rare earth oxides which is observed 

in LDPE nanocomposite samples with 5.0, 7.5 and 10.0 wt% OBMFs content. It can 

articulate that the peaks at lower bands between 640-540 cm-1 correspond to the chemical 

structure formed by different minerals present in the OBMFs nanoclay. 

 

Table 6.1 ATR-FTIR peak assignments of LDPE and its nanocomposites 

Wave number (cm-1) Assignments 

2914 CH2 stretching 

2850 CH2 stretching 

1465 bending of CH2 

1377 inter layer carbonate ions 

1082 stretching of Si-O 

718 rocking of CH2 

640, 630, 608 oxide bands of metals like Si, Al, Mg, etc. 

525-580 δ(M-O-M) clay 

 

To identify the elemental composition and explain the addition of OBMFs in the LDPE 

polymer matrix, Energy Dispersive X-ray (EDXA) analysis was carried out as presented in 

Figure 6.2 (a-e). 

Figure 6.2 (a) (b) (c) (d) and (e) show the EDX spectra and also the elemental composition of 

neat LDPE, LDPE with 2.5 wt% OBMFs, LDPE with 5.0 wt% OBMFs, LDPE with 7.5 wt% 

OBMFs and LDPE with 10 wt% OBMFs nanocomposite. Elemental analysis of this filler has 

been reported in Naxos 2018 conference proceedings (Siddique et al., 2018) which showed 

the presence of O, Na, Al, Si, S, Cl, K, Ca, Fe and Ba. The EDXA study here also confirmed 

the addition of different elements exist in clay minerals distributed in the LDPE matrix, as 

highlighted in Figure 6.2. The lower limit of detection of EDXA is 0.01wt%.  
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Figure 6.2 EDXA spectra of (a) LDPE; (b) LDPE+2.5 wt% OBMFs; (c) LDPE+5 wt% OBMFs; 

(d) LDPE+7.5 wt% OBMFs and (e) LDPE+10 wt% OBMFs 
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6.3.2. Morphology study of OBMFs and LDPE/OBMFs nanocomposite materials 

To identify the surface topography of reclaimed clay particles from oil based mud waste and 

LDPE/OBMFs nanocomposite, morphological studies were carried out by using SEM. The 

SEM micrographs were used to analyse the changes in morphological structure of OBMFs in 

LDPE matrix. Figure 6.3 (a) shows the presence of tightly stacked clay platelets with size 

ranges up to 1000 nm. Figure 6.3 (b) shows the cavity and uneven surfaces due to the 

cryogenic fracture of the sample. However, Figure 6.3 (c) shows that there is loosely 

dispersed OBMFs in the LDPE matrix which has higher concentration of OBMFs, noticeable 

in the LDPE matrix in Figure 6.3 (d). Figure 6.3 (e) shows a mix of agglomeration of OBMFs 

and local scattered filler in LDPE matrix indicating intercalation of clay platelets. However, 

Figure 6.3 (f) shows poor dispersion of OBMFs with a remarkable agglomeration of OBMFs 

in the LDPE matrix. 
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Figure 6.3 SEM images of (a) OBMFs; (b) neat LDPE; (c) LDPE with 2.5 wt% OBMFs; (d) LDPE with 5.0 wt% OBMFs; (e) LDPE with 7.5 wt% 

OBMFs and (f) LDPE with 10.0 wt% OBMFs 
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6.3.3. Micro-structure by XRD and TEM 

 

The XRD analyses are illustrated in Figure 6.4 addressing the diffractograms at (a) wide 

angle X-ray diffraction (WAXD); (b) small angle X-ray diffraction; (c) comparing XRD patterns 

between MMT (as a reference) and OBMFs and (d) illustrating a few extra peaks for the 

LDPE polymer matrix potentially caused by adding these phases through OBMFs addition to 

the polymer matrix. 

 

 

Figure 6.4 Different XRD patterns of LDPE and its nanocomposites at (a) WAXD; (b) SAXD; 

(c) WAXD patterns of MMT and OBMFs and (d) potential peak initiation in LDPE polymer 

matrix due to addition with OBMFs 

 

In Figure 6.4, XRD patterns of LDPE and its nanocomposites are reported. A clear shift of 

the diffraction peaks of the planes (001) of OBMFs towards lower angles for the 

LDPE/OBMFs nanocomposites is noted. However, it can be seen that the basal spacing of 
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OBMFs increases with different nanocomposites in different ratios. The d001 spacings were 

calculated using Bragg’s law nλ = 2dsinθ, where λ is the wavelength of X-ray radiation used 

in the experiment, d corresponds to the distance between diffraction lattice planes and θ is 

the half of the diffraction angle. Analysing different peaks from these XRD data, it can be 

highlighted that the basal spacing increases with the increase of filler contents in 

nanocomposites. The diffraction peak of OBMFs was observed at 2θ = 11.40° which 

corresponds to a d-spacing of 7.75 Å. The d-spacings of LDPE with 2.5 wt% and 5 wt% 

OBMFs nanocomposites were identified at 9.6° and 5.6° which corresponds to the value of 

9.02 Å and 15.77 Å, respectively. Moreover the d-spacings of LDPE with 7.5 wt% and 10 

wt% OBMFs nanocomposites were determined as 9.06 Å and 16.06 Å.  

Analysing the d-spacing data of the corresponding peaks of reclaimed clay and 

LDPE/OBMFs nanocomposites, it can be highlighted here that the trend of d-spacings 

among OBMFs and LDPE/OBMFs nanocomposites are not consistent. However, the peak 

positions of LDPE with 5 wt% and 10 wt% OBMFs nanocomposites are noticeable. In both of 

these materials, the peaks of the planes (001) are shifted towards lower angles, which 

corresponds to the highest d-spacing value of these materials. This finding also agreed with 

the findings of the SEM (in Figure 6.3) study. Based on this SEM study, it is important to 

mention here that LDPE with 10 wt% OBMFs nanocomposites indicates both local exfoliation 

and also shows agglomeration of clay minerals in the morphology study. Considering the 

data obtained in this XRD analysis, it can be inferred that OBMFs is exfoliated in LDPE with 

5 wt% and apparently OBMFs might locally exfoliated in the LDPE polymer matrix. 

Transmission electron microscopy analysis is believed to clarify the nanomorphology in more 

detail in the next section. 

TEM analyses were carried out to validate the results obtained from thermal and morphology 

analyses. It can be highlighted in Figure 6.5 (a) that the clay plates are barely connected with 

each other, representing the exfoliation nature of the clay platelets which is also noticeable in 

Figure 6.5 (b). Figure 6.5 (b) clearly shows the tendency of dispersion characteristic from 

exfoliation towards intercalation. It can be referred as the exfoliation-intercalation interphase. 
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Figure 6.5 TEM micrographs of (a) LDPE with 2.5 wt% OBMFs; (b) LDPE with 5.0 wt% 

OBMFs; (c) LDPE with 7.5 wt% OBMFs ;(d)  LDPE with 10.0 wt% OBMFs nanocomposite 

and (e) schematic diagram of  nanoparticles orientation and tensile stress direction 

 

In Figure 6.5 (c), the loose but structured network of clay platelets is visible which indicates 

the intercalation nature of these platelets. However, the dark shades and spots in Figure 6.5 

(d) highlight the agglomeration of platelets, although a few light spots indicate the local 

exfoliation of clay platelets. 

 

6.3.4. Thermal properties by DSC and TGA 

 

Non-isothermal DSC studies were conducted to elucidate the influence of novel filler OBMFs 

on the thermal degradation behaviour of nanocomposite materials. Different phases of 

degradation stages are shown in Figure 6.6. 
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Figure 6.6 DSC thermograms of LDPE and its nanocomposites at (a) Tg; (b) Tm and (c) Tc 

 

Analysing the DSC thermograms in Figure 6.6 (a), it can be highlighted that there is not any 

significant change in the glass transition temperature of these nanocomposite materials 

compared to that of neat LDPE polymer. There is a minor change in glass transition 

temperature (less than 1°C) in LDPE with 2.5 wt% OBMFs nanocomposite. However, the 

melting point remains almost unchanged, only a fraction of a degree celsius change is 

noticeable in the Figure 6.6 (b). Figure 6.6 (c) shows a consistent higher recrystallization 

temperature compares to that of LDPE. These three main heat flow curves in thermograms 

are discussed in more detail, addressing the potential different thermal properties possessed 

by these materials. 

There is a distinctive peak present in neat LDPE and its nanocomposites in Figure 6.6 (b) 

which represents the melting behaviour of alpha phase crystals associated with the 

materials. There is not any associated heat curve shoulder noticeable corresponding to the 

absence of other crystalline phases or the other phases might be very weak compared to the 

presence of alpha phase in the materials. Considering the thermograms in melting peaks 

representing the heat capacity value of LDPE and its nanocomposites, the % of crystallinity 

can be identified using the following equation:  
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% of crystallinity = [ ∆Hm  -  ∆Hc ] / ∆Hm0  * 100%                                      (6.1) 

 

Where ∆Hm is the heat of melting, ∆Hc the heat of cold crystallisation which is 0 as not 

present in this experiment (∆Hc=0 in this case), and ∆Hm° is a reference value if the polymer 

were 100% crystalline. All the units are in J/g and the value of ∆Hm° is 293 J/g (Gaska et al., 

2017). The % of crystallinity value of LDPE and its nanocomposites are presented in Table 

6.2. 

 

Table 6.2 Structural composition and thermal properties details of LDPE and its 

nanocomposites 

Material % of crystallinity 
RAF= (1-

MAF-CF) 

MAF 

(∆Cp/∆Cp(am)) 

Specific heat 

capacity (Cp) JK-

1kg-1 

LDPE 16.71 0.13 0.70 4828 

LDPE+2.5 wt% 

OBMFs 
13.00 0.29 0.58 3990 

LDPE+5.0 wt% 

OBMFs 
12.48 0.28 0.59 3891 

LDPE+7.5 wt% 

OBMFs 
12.48 0.23 0.64 4160 

LDPE+10.0 

wt% OBMFs 
11.07 0.31 0.58 3794 

 

It is clearly evident that there is a decreasing trend of % of crystallinity as the percentage of 

filler content increases. The decreasing trend in the % of crystallinity degree of the 

nanocomposite materials can be explained by the presence of filler contents in polymer 

matrix, which can hinder the motion of the polymer chain segments and inhibit crystal growth. 

The specific heat capacity value of LDPE and its nanocomposites have been identified by 

analysing the thermograms in Figure 6.6 (c). The specific heat capacity value can be 

determined by the following equations: 

 

Cp = ( δQ / δT )                                                                                            (6.2)                                                                                                                         

Cp = ( δQ / δt ) x ( δt / δT )                                                                           (6.3)     

                                                                                                             

Where Cp is the heat capacity in Joules per Kelvin (JK-1), Q is heat energy in Joule and T is 

the temperature denoted as °C or K. δQ/δt represents the heat flow and δt/δT corresponds to 
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reciprocal heating rate. By using these two equations, the analysed specific heat capacities 

of neat LDPE and its nanocomposites are identified, as presented in Table 6.2. 

The heat capacity data presented in Table 6.2 shows the negative effects of OBMFs in 

polymer matrix. However, LDPE with 2.5 and 7.5 wt% OBMFs show higher heat capacity 

property in nanocomposites, LDPE with 10 wt% shows the lowest heat capacity indicating a 

superior thermal conductivity property of this material among different nanocomposites. The 

heat capacity value decreases about 21% in LDPE with 10 wt% OBMFs nanocomposite. 

In addition to the SEM observation, it is also important to understand that different 

interphases exist between LDPE and layered silicate nanocomposites. It is believed that 

there are two interphases present in LDPE polymer matrix and layered silicates in OBMFs. 

One of these interphases represents the interphases between the crystal fraction and 

amorphous fraction of the polymer matrix and the other is between filler and polymer matrix 

(Wurm et al., 2010). To understand the thermal degradation behaviour of any nanocomposite 

material, it is important to identify the different phases present in the polymer matrix 

predominantly crystalline and amorphous phases exist in the material. Analysing the heat 

capacity value, Cp in glass transition temperature, mobile amorphous fraction (MAF) can be 

identified by the following equation: 

 

 MAF = ∆Cp / ∆Cpamp                                                                                    (6.4)      

                                                                                                

Where ∆Cp/∆Cp amp are the heat capacity increments at the glass transition temperature of 

LDPE and its nanocomposites and the pure amorphous LDPE polymer, respectively. Using 

the MAF value, rigid amorphous fraction (RAF) can also be identified by the following 

equation: 

 

RAF = 1 – crystallinity - ∆C p/ ∆Cp amp                                                            (6.5) 

 

Using the equations (6.4) and (6.5), the MAF and RAF values are identified and presented in 

Table 6.2. 

It can be highlighted here that although RAF is non-crystalline, it does not participate in the 

glass transition due to the parts of the molecules are fixed due to the immobilisation of 

molecules in the polymer chain (Wurm et al., 2010 and Craig et al., 2001). The crystalline 

fraction in polymer chain, inorganic based filler (OBMFs) (assumed mostly in crystalline 

phase) and RAF incurs immobilisation in the polymer chain which is evident in the data 

presented in Table 6.2. It is also manifested based on the data presented in Table 6.2 that 

the RAF value is increased more than 100% in nanocomposites compared to that of neat 
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LDPE. The reason can be explained that the incremental filler content acts as a nucleating 

agent and increases the nucleation ratio. 

Thermal degradation of LDPE/OBMFs nanocomposites has been studied under a dry 

nitrogen environment using a TA instrument TGA Q500. 
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Figure 6.7 TGA thermograms of LDPE and its nanocomposites at: (a) onset degradation at 

5% weight loss; (b) onset degradation at 50% weight loss; (C) D-half (50% weight loss) time 

and (d) residue at 1000°c 

 

The degradation scenario of these materials at different heating stages are analysed and the 

key findings are presented in Table 6.3.  
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Table 6.3 TGA analysis at different decomposition stages of LDPE and its nanocomposites 

with different clay contents 

Material TD5% (°c) TD50% (°c) D 1/2 Time 
Residue (% wt) at 

1000°c 

LDPE 381.27 448.42 45.03 0.22 

LDPE+2.5 wt% OBMFs 321.24 413.14 44.34 1.27 

LDPE+5.0 wt% OBMFs 336.26 427.18 43.79 4.01 

LDPE+7.5 wt% OBMFs 313.73 395.60 43.81 5.40 

LDPE+10.0 wt% 

OBMFs 
340.83 449.72 45.68 7.24 

 

The onset degradation temperature of these materials is identified at weight % losses of 5% 

and 50%. In both cases, LDPE with 10 wt% OBMFs shows the highest onset degradation 

temperature among the nanocomposites with different wt% filler contents which represents 

LDPE with 10 wt% OBMFs nanocomposite possessing the highest thermal stability. 

However, the thermal stability property is significantly affected in LDPE with 7.5 wt% OBMFs. 

Considering the lowest temperature at D-half (50% weight loss), the presence of peak 

assignments representing amorphous phase in FTIR analysis and heat capacity value from 

DSC analysis, it can be inferred here that LDPE with 7.5 wt% OBMFs possesses a good 

heat capacity property. It is also noticeable that the addition of OBMFs into LDPE matrix 

significantly reduces the thermal stability of the material based on TD5% and TD50% data.  

However, the degradation trend is distinctly noticeable as it does not show any significant 

changes of weight loss % until 300°C. Degradation mainly occurred between 300-500°C and 

the poor thermal stability of nanocomposites is clearly visible except for LDPE with 10 wt% 

OBMFs nanocomposite. In Figure 6.7 (c), LDPE with 10 wt% OBMFs shows the longest time 

needed to reach the D-half point which also indicates superior thermal stability property 

among the samples. It is also manifested in this figure that at this D-half point LDPE with 10 

wt% OBMFs shows the highest temperature which gives an indication of improving of 

thermal conductivity property of this material. It is also verified with the lowest heat capacity 

value obtained from DSC study. It is articulated here that the incremental filler contents may 

have a strong influence on the thermal stability of LDPE/OBMFs nanocomposites. Filler 

contents below 10 wt% reduce the thermal stability of the materials whereas LDPE with 10 

wt% possesses the best thermal stability and thermal conductivity properties among the 

nanocomposites with different wt% filler content. 
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6.3.5. Dynamic mechanical properties  

 

The storage modulus (E’) represents the load bearing capacity of a material. The effect of 

OBMFs in influencing this storage modulus is graphically enumerated in Figure 6.8 (a). It is 

noticeable from Figure 6.8 (a) that there was a significant decrease in the storage modulus of 

LDPE/OBMFs nanocomposites compares the storage modulus of neat LDPE matrix. This is 

perhaps due to the decrease in the stiffness of LDPE matrix with the reinforcing effect of the 

fillers prone to decrease in stress transfer at the interfacial surface. As noticeable in Figure 

6.8 (a), the storage modulus decreased drastically with the increase in temperature and the 

degree of storage modulus drop was significant in the temperature regions between 20 and 

70°C. 
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Figure 6.8 Variation of (a) storage modulus, (b) loss modulus and (c) damping intensity 

(tanδ) with temperature of LDPE and its nanocomposites 
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The loss modulus curves of neat LDPE and its nanocomposites are presented in Figure 6.8 

(b) which shows a relaxation peak at 50°C in neat LDPE decreased to lower temperatures for 

nanocomposites such as the peaks were at 25°C, 10°C, 5°C and 15°C for LDPE with 2.5, 

5.0, 7.5 and 10 wt% OBMFs respectively. There is a significant change in loss modulus 

noticeable in the temperature regions between 40 to 55°C which clearly shows the loss 

modulus is higher for LDPE with 2.5 and 5 wt% OBMFs compare to that of neat LDPE. 

However, the loss modulus decreased in LDPE with 7.5 and 10 wt% OBMFs in those 

temperature regions. This trend is also clearly shown between 70 to 90°C temperature 

regions. This trend completely agreed with the tensile results mentioned in the next section. 

The equipment which we used for rheology analysis (TA AR1000) is associated with an open 

hot plate which is not environmentally controlled and we assume the temperature reading in 

the software may not the same as the actual temperature in the sample due to the heat 

absorption by the samples and heat dissipation from the hot plate to open air. It is noticeable 

that loss modulus reduced drastically from 40°c which we assume is nearly in the same room 

temperature the tensile tests were performed at 25°c. 

The ratio of loss modulus to storage modulus is measured which is graphically presented in 

Figure 6.8 (c) to identify the damping properties of the materials. The damping peak in the 

nanocomposites showed an increased magnitude of tan δ in comparison to neat LDPE. This 

graph represents the balance between the elastic phase and viscous phase in the polymeric 

structure. It is noticeable the maximum peak of neat LDPE at 50°c which is assumed Tg of 

neat LDPE shifted significantly to lower temperatures for LDPE/OBMFs nanocomposites.   

              

6.3.6. Tensile properties of LDPE/OBMFs nanocomposites 

 

The mechanical properties of LDPE/OBMFs nanocomposites are presented in Table 6.4.  

It can be seen that the addition of 10 wt% OBMFs can improve tensile strength and 

elongation at break by 17.5% and 13.7% respectively. However, the tensile strength and 

elongation at break of other nanocomposites are remained almost same as tensile strength 

and elongation at break of neat LDPE. 
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Table 6.4 Mechanical properties of LDPE and its nanocomposites 

Sample 

Tensile modulus 

(MPa) 

Tensile strength 

(MPa) 

Elongation at break 

(%) 

LDPE 28 ± 1.1 8.0 ± 0.4 66± 4 

LDPE+2.5 wt% 

OBMFs 26 ± 1.6 7.5 ± 0.2 64± 6 

LDPE+5.0 wt% 

OBMFs 27 ± 1.4 7.2 ± 0.1 62± 3 

LDPE+7.5 wt% 

OBMFs 31 ± 1.1 7.9 ± 0.4 61± 5 

LDPE+10.0 wt% 

OBMFs 32 ± 1.2 9.4 ± 0.1 57± 4 

 

There is an increasing trend of improving tensile modulus among nanocomposites, but only 

LDPE with 7.5 wt% and 10 wt% nanocomposites show higher tensile modulus than that of 

neat LDPE.  

 

 

Figure 6.9 Tensile stress-strain curves of neat LDPE and its nanocomposites 

 

The improvement in mechanical properties of Polyethylene/clay nanocomposites were 

reported by using compatibilisers by different researchers (Singh et al., 2016; Wang et al., 

2001 and Arrakhiz et al., 2013). However, in our recent studies on LDPE/OBMFs 

nanocomposites, it is clearly noticeable that there is a little but consistent improvement in 
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tensile property among LDPE/OBMFs nanocomposites. A slight decrease in the tensile 

strength and modulus can be observed when the OBMFs loading increases from 0 to 5 wt%. 

The significant enhancement in the tensile strength and modulus were obtained with 7.5 wt% 

and 10 wt% OBMFs loading. In addition, the decrease trend of elongation at break may be 

attributed to a reduction in deformability of the rigid interface between nanofillers and matrix 

(Fu and Lauke, 1996).  The OBMFs used in this study is nanoparticle in considering size and 

shape, but observing the micrographs in Figure 6.5, it can highlighted that without adding any 

grafting compatibilisers, the OBMFs nanoparticles are uniformly dispersed and no 

agglomeration is noticeable in LDPE with 2.5 wt% and 5 wt% fillers loading which are difficult 

to visualise in SEM images in Figure 6.3. However, the orientation of nanoparticles due to 

the OBMFs compatibility facilitates to act this nanoparticle in a similar manner as fibre which 

is highlighted in Figure 6.5 (e). After observing carefully the TEM micrographs in Figure 6.5 

(a) to (d), schematic diagrams are presented in Figure 6.5 (e) considering the applied force in 

tensile test and the direction in nanoparticles orientation. It is noticeable that the gradient 

between nanoparticle orientation and crack propagation plane is decreasing with the 

increase of filler contents in LDPE matrix which may be attributed to an improvement in 

materials strength predominantly the fracture strength.  

 

6.4. Conclusions 

 

A series of the LDPE/OBMFs nanocomposites with OBMFs content ranging from 2.5 – 10 

wgt% have been prepared by using a melt-blending technique in a twin-screw extruder. The 

structure of the LDPE/OBMFs nanocomposites was presented using XRD, SEM and TEM. 

The thermal degradation behaviour of the LDPE/OBMFs nanocomposites was demonstrated 

by using DSC and TGA. The results of XRD, SEM and TEM indicate that the LDPE/OBMFs 

nanocomposites are a hybrid material consisting of OBMFs nanoplatelets and LDPE polymer 

matrix. Moreover, it is highlighted that the OBMFs nanoplatelets exist as aggregates and 

contribute to different dispersion behaviour with a change of OBMFs content in the LDPE 

matrix. In this study, OBMFs shows exfoliation characteristics with LDPE with 5 wt% OBMFs 

nanocomposites whereas it shows structure intercalation in LDPE with 7.5 wt% OBMFs. In 

addition, OBMFs creates a mix of agglomeration and local exfoliation which was detectable 

by thermal analysis. 

The thermal properties of the LDPE and its nanocomposites were studied by means of DSC 

and TGA. No changes in melting and recrystallization temperatures due to the addition of 

OBMFs in the polymer matrix were detected. However, there was a decrease in the 

percentage of crystallinity noticeable with an increase in filler content. In addition, heat 
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capacity reduced in nanocomposites compared to the neat LDPE matrix which indicate the 

inclusion of OBMFs in LDPE improves the thermal conductivity of these nanocomposites in 

general.  LDPE with 10 wt% OBMFs nanocomposites showed the lowest heat capacity 

(about 21% reduction) addressing the superior thermal conductivity of this material. A 

significant increase of thermal stability was also achieved with LDPE with 10 wt% OBMFs 

nanocomposite. Furthermore, the viscoelastic investigation revealed the storage modulus, 

loss modulus and damping intensity properties of materials which also agreed with the 

mechanical properties of the material. LDPE with 10 wt% of OBMFs content showed both 

thermal stability and superior tensile properties compare to those properties of neat LDPE 

and LDPE with 2.5, 5 and 7.5 wt% OBMFs content nanocomposites.  
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Chapter 7: The Crystallinity and Thermal Degradation Behaviour of Polyamide 6/Oil 

Based Mud Fillers (PA6/OBMFs) nanocomposites 

 

7.1. Introduction 

 

The application of layered aluminosilicate as fillers in polyamide nanocomposites has 

received attention in recent years. PA6- layered-silicates have been studied over years due 

to its unique properties to reduce flammability, increasing heat resistance, exhibit higher 

tensile strength, improving tensile modulus, increasing flexural strength and also improving 

flexural modulus (Fornes and Paul, 2003; Bourbigot et al., 2002; Njuguna et al., 2008; 

Morgan and Gilman, 2003 and Bourbigot and Duquesne, 2007). The continuous 

improvement of these achievements has attracted researchers to scale up certain properties 

such as thermal stability, flame retardancy, ablation and barrier resistance in the composite 

material to increase the application of this material as advanced structural material in 

different industries including automotive and space industries (Leszczyńska et al., 2007a; 

Leszczyńska et al., 2007b; Seymour and Kirshenbaum, 1986 and Qin et al., 2003). The 

advancement of these properties largely depends upon the nanomorphology of this filler into 

the polymer chain as this morphology related to the chemical structure of the filler which is 

source of origin and surface modification dependent (Pavlidou and Papaspyrides, 2008 and 

Dennis et al., 2001).     

Although it is clearly evident that clay/nanoclay improves the mechanical and thermal 

properties of PA6/clay nanocomposite materials (Zope et al., 2016 and Pereira and Martins, 

2014), but there is no information available in literature on the influence of recovered 

nanoclay from OBM waste on the mechanical and thermal properties of composite materials. 

Investigations have been carried out in this study to determine the effects of OBMFs on 

thermal properties in PA6/OBMFs nanocomposites. As part of these investigations, different 

analysis have been undertaken including scanning electron microscopy (SEM), fourier 

transform infra-red (FTIR) spectroscopy, energy dispersive x-ray analysis (EDXA), thermo-

gravimetric analysis (TGA) and differential scanning calorimetry (DSC) to determine 

morphological and chemical structure changes, thermal degradation and decomposition 

behaviour of materials. Additionally the changes in amorphous and crystal fractions have 

been discussed in this paper. 
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7.2. Experimental 

 

7.2.1. Materials 

 

Tarnamid® T27 (trade name of PA6) polymer was supplied by Grupa Azoty, Poland. It has 

melting point of 250°C and a V-2 rating in UL94 (vertical burning test) at 1.6 mm thickness. 

Prior to melt compounding, PA6 was dried at 90°C for 24 hours in a convection oven. Melt 

mixing of different wt. % concentrations of OBMFs with PA6 was carried out using TwinTech 

Extrusion LTD 10 mm twin screw extruder at 40 RPM under the following test conditions 1st 

zone (190°C), 2nd zone (250°C), 3rd zone (240°C), 4th zone (210°C) and die/5th zone (210°C). 

The granulated material was injection moulded into bar mould (dual cavity) for different 

analysis using temperature at 270°C with moulding pressure of 10 bar.  

7.2.2. OBMFs manufacturing process 

 

The processing method of spent oil based mud used in this chapter is described in section 

3.2.1. 

 

7.2.3. PA6/OBMFs nanocomposite manufacturing process 

 

To investigate the influence of reclaimed clay from spent OBM mud in changing different 

mechanical properties of PA6/OBMFs nanocomposites, PA6 was melt compounded with 

different wt% of Oil Based Mud fillers (OBMFs) such as 2.5, 5, 7.5 and 10 wt%. Prior to 

manufacture PA6/OBMFs nanocomposites, PA6 pellets and OBMFs were dried at 90°C for 

24 hours in a convection oven. The PA6 pellets and OBMFs were then mixed in Brabender 

mixer before passed through the co-rotating twin screw extruder at 250°C which was 

attached to the pelletiser at the end to cut the compounds into small pieces. This 

manufacturing process is shown step by step in the following figure Figure 7.1. 
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Figure 7.1 Flow diagram of PA6/OBMFs nanocomposites sample manufacturing process 

 

The obtained compound pellets were stored in thermally insulated bags for storing the 

compounds and protecting from absorbing moisture from air. These compounds were used 

to manufacture tensile, flexural and impact test bars using injection moulding machine. 

Before using compounds to manufacture different test bars, compounds were dried at 90°C 

for 12 hours in a convection oven to ensure the effect of moisture in test results are as little 

as possible. The test bars were stored in two layers of aluminium foil followed by polythene 

zip bags for moisture absorption protection before performing different tests and analysis. 

 

7.2.4. Characterisation 

 

To observe the morphology of OBMFs and its dispersion in polymer matrix, samples were 

broken into small pieces using liquid N2. The sections were observed using a Zeiss EVO 

LS10 Scanning Electron Microscope (SEM) with a magnification of 4000X, 4.5 mm working 

distance (WD) and accelerating potential of 25.00kV. To minimise the sample being altered 

all the samples are gold coated using sputter deposition for 2 minutes prior to the 

experiment. To determine the approximate elemental composition of the samples, energy 

dispersive x-ray analysis (EDXA) (Oxford Instruments INCA Energy) was carried out by 

following the same method which is described in section 4.2.4.  The cryo-fractured surface 

morphologies and the associated failure mechanisms were analysed using SEM.  
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The ATR-FTIR characterisation method used in this chapter is described in chapter 3.2.2. 

The thermal analysis including DSC and TGA method used in this chapter is described in 

chapter 3.2.4.  

The XRD analysis method used in this chapter is described in section 3.2.2. 

TEM images of PA6/OBMFs nanocomposites were obtained at 80 kV, using the Titan 

Themis 200 scanning transmission electron microscope (S/TEM). In order to prepare TEM 

samples, small sections of the injection moulded samples were embedded in epoxy resin 

and cured in histology cassettes overnight at room temperature following the same sampling 

technique reported by Williamson et al., (2007) except epoxy resin was used instead of 

paraffin wax which is normally used for soft tissue analysis. Finally, thin sections were cut 

using Leica microtome and deposited on copper grids.  

 

7.3. Results and discussion 

 

7.3.1. ATR-FTIR analysis of materials 

The resulting spectra from the ATR-FTIR analysis of the PA6 and PA6/OBMFs 

nanocomposites is presented in Figure 7.2.  
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Figure 7.2 Comparison of FTIR full scale spectra of PA6 and its nanocomposite 
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Review to individual spectra are provided in Appendix C (Figure C.1-C.5) and a summary of 

ATR-FTIR peak assignments presented in Table 7.1  based on literature (Chen et al., 2004; 

Pramoda et al, 2003; Socrates, 2004 and Vasanthan and Salem, 2001). 

 

Table 7.1 ATR FT-IR peak assignments (Chen et al., 2004; Pramoda et al, 2003; Socrates, 

2004 and Vasanthan and Salem, 2001) 

Wave number (cm-1) Assignments 

3295 Hydrogen-bonded N-H stretching 

3079 Fermi-resonance of N-H stretching 

2930 Vas(CH2)  

2859 Vs(CH2) 

1633 Amide I 

1539 Amide II 

1462 CH2 deformation 

1435 CH2 deformation 

1370 Amide III & CH2 wag 

1259 Amide III & CH2 wag 

1200 Amide III & CH2 wag 

1169 CO-NH, skeletal motion (Am) 

1118 C-C stretching (Am) 

1074 C-C stretch (Am) 

973 CO-NH in plane vibration 

680 Amide V 

525-580 Primary aliphatic nitriles (CΞN) 

 

The presence of band peak at 3294-3296 cm -1 for all samples, it is evident that nearly 100% 

hydrogen bonding in linear aliphatic homopolyamides at room temperature. Since the 

transmittance coefficients of the band at 3295 cm-1 for the five specimens are different and 

then the strength of hydrogen bonds among these five samples is not comparable. However, 

the wavenumbers of these five samples are similar representing the OBMFs had little effect 

on the average strength of hydrogen bonding.  

It is interesting that these FTIR spectra are applicable effectively to qualitatively analyse the 

crystallinity phase changes (e.g. amorphous phase to crystal phase or γ form to α form). To 

investigate the amorphous and both α and γ crystalline phases in this study, certain band 

assignments positions are important. The band at 1118 cm-1 is attributed as the amorphous 

phase whereas the band at 973 cm-1 is attributed as the γ phase crystal form. In addition the 
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band at 930 cm-1 and 1200 cm-1 are attributed as α phase crystal form (Chen et al., 2004 and 

Vasanthan and Salem, 2001).  

 

Figure 7.3 Comparison of FTIR spectra between 1200-525 of PA6 and its nanocomposite 

 

Figure 7.3 shows a magnified comparison of ATR-FTIR spectra for the studied materials 

between 1200-525 cm-1. In this study, there is a band at 1200 cm-1 for neat PA6 and its 

nanocomposite, showing the strong α form although the band at 930 cm-1 is very weak for all 

the samples. However, the γ crystalline phase is noticeable at band 973 cm-1 in neat PA6 

with 7.5 wt.% OBMFs and PA6 with 10 wt.% OBMFs nanocomposites whereas this phase is 

very weak for other nanocomposites. It is attributed here that this influencing γ crystalline 

phase contributes the incremental % of crystallinity for neat PA6 with 7.5 wt. % OBMFs and 

PA6 with 10 wt. % OBMFs nanocomposites than the % of crystallinity of PA6 with 2.5 wt. % 

and 5 wt. % OBMFs nanocomposites. This is agreed with the % of crystallinity results 

presented in Table 7.3.  

Investigating the spectrum for individual material in Appendix C, it can be highlighted that the 

bands at 1169 cm-1, 1118 cm-1 and 1074 cm-1 represents the amorphous phase. The 

intensity of bands at 1169 cm-1 and 1118 cm-1 is similar for neat PA6 and PA6 with 2.5 wt.% 

OBMFs materials whereas the intensity of these bands are stronger for PA6 with 5 wt.% 

OBMFs and PA6 with 7.5 wt.% OBMFs materials. However, PA6 with 10 wt. % OBMFs 

shows a weaker intensity in this amorphous bands compare to PA6 with 5 wt. % OBMFs and 
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PA6 with 7.5 wt. % OBMFs materials. It is important to mention here that there is another 

additional band at 1074 cm -1 in PA6 with 7.5 wt. % OBMFs spectra which is characterised as 

amorphous phase. Only PA6 with 7.5 wt. % OBMFs material shows strongest intensity and 

subtle peaks at these three 1169 cm-1, 1118 cm-1 and 1074 cm-1  amorphous bands which is 

also agreed with the superior heat capacity value for PA6 nanocomposite materials from 

DSC results presented in Table 7.4. Identifying the intensity and frequency nature of these 

materials, it can be attributed that the band at 1169 cm -1 represents the Mobile Amorphous 

Fraction (MAF) and the bands at 1118 cm-1 and 1074 cm-1 represents the Rigid Amorphous 

Fraction (RAF). 

 

7.3.2. Morphology of OBMFs and polyamide/OBMFs nanocomposite materials 

 

Morphological studies are carried out to understand the surface topography and composition 

of the specimen. A visual inspection of the thermally treated OBM sample (Figure D.1 at 

Appendix D) and subsequent SEM image (Figure D.2 at Appendix D) suggests perforation at 

the surface of the OBM sample which is attributed to the formation of bubbles as a 

consequence of the vaporisation of volatile organic compounds during the heating stage. 

In Figure D.2 at Appendix D, the micrograph of treated/untreated OBMFs clearly shows the 

presence of tightly stacked spherical particles with size ranges up to 1000nm. 
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Figure 7.4 SEM images of (a) montmorillonite; (b) OBMFs; (c) PA6; (d) PA6 with 2.5 wt% 

OBMFs; (e) PA6 with 5.0 wt% OBMFs; (f) PA6 with 7.5 wt% OBMFs; and (g) PA6 with 10.0 

wt% OBMFs 
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The SEM micrographs were used to investigate the effect of OBMFs on the morphology of 

PA6 and its nanocomposite. Figure 7.4 (a) shows morphology of montmorillonite as a 

reference clay mineral to compare to the morphology of OBMFs which is presented in Figure 

7.4 (b). Both Figure 7.4 (a) and Figure 7.4 (b) illustrate the shape and size of the clay 

platelets which is in nanoscale. Fig. 3(c) shows some cavitation and uneven surfaces for the 

fractured PA6 structures. The SEM micrograph of the composite made with 2.5 wt. % filler 

(OBMFs) shows dispersed (unsaturated) OBMFs into PA6 matrix and also these particles 

are scattered over the PA6 matrix which is also noticeable in Figure 7.4 (d). The well 

dispersed OBMFs in PA6 matrix is clearly visible in Figure 7.4 (e). It can be articulated from 

the investigation of the geometrical structure of the particles that mostly exfoliation occurs in 

this nanocomposite. Figure 7.4 (f) shows a clustering of small particles which is suggested to 

be the intercalation between PA6 and layered silicates and also an agglomeration of 

particles. An uneven and poor dispersion of OBMFs into the PA6 polymer matrix with a 

noticeable (Figure 7.4 (g)) agglomeration of particles is observed.   

 

7.3.3. Elemental Composition  

 

To determine the elemental composition and elucidate the effect of filler interactions with the 

PA6 matrix at varying filler compositions, Energy Dispersive X-ray (EDX) analysis was 

carried out as shown in Figure 7.5 (a-e). 

 

    

                                    (a) 

 

Element Atomic%

O 61.85

Na 0.87

Al 1.77

Si 5.43

S 10.55

Cl 2.38

K 0.27

Ca 5.36

Fe 0.52

Ba 11

Totals 100
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                                   (b) 

 

   

                                    (c) 

 

  

                                 (d) 

Element Atomic%

    

C 77.42

O 22.58

Totals 100

Element Atomic%

C 85.06

O 14.8

Si 0.12

S 0.02

Totals 100

Element Atomic%

O 66.06

Na 0.93

Al 1.53

Si 11.19

S 6.42

Cl 1.2

K 0.53

Ca 3.34

Fe 0.84

Ba 7.97

Totals 100
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                                (e) 

 

  

                              (f) 

Figure 7.5 EDX spectra of (a) OBMFs; (b) PA6; (c) PA6+2.5 wt% OBMFs; (d) PA6+5.0 wt% 

OBMFs; (e) PA6+7.5 wt% OBMFs and (f) PA6+10.0 wt% OBMFs 

 

In Figure 7.5 (a) (b) (c) (d) (e) and (f) shows the EDX spectra and also the elemental profile 

(atomic wt %) of OBMFs, neat PA6, PA6 with 2.5 wt. % OBMFs, PA6 with 5 wt. % OBMFs, 

PA6 with 7.5 wt. % OBMFs and PA6 with 10 wt. % OBMFs nanocomposites respectively.  

As the filler content in the nanocomposites increases, there is an apparent increase in 

intensity and presence of other elements such as barium (Ba), silicon (Si), sulphur (S), iron 

(Fe), sodium (Na) and aluminium (Al). The presence of zinc (Zn) is noticeable only in PA6 

with 7.5 wt. % nanocomposite sample. The intensity of C and oxygen (O) increase 

significantly with the addition of filler in nanocomposite as shown in Figure 7.5. It can infer 

here that the incremental intensity of C and O and also the presence of other elements are 

originated from the OBMFs which have been used in manufacturing this nanocomposite.  

Element Atomic%

C 68.02

O 19.76

Al 0.34

Si 0.84

S 3.35

Cl 0.46

Ca 1.58

Fe 0.24

Zn 0.02

Ba 5.38

Totals 100

Element Atomic%

C 76.32

O 21.09

Al 0.08

Si 0.07

S 1.06

Ca 0.07

Ba 1.3

Totals 100
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Analysis of the EDX spectra for PA6 and its nanocomposites as shown in Figure 7.5 

indicates a high wt. % of barium (Ba) is present in the sample. This is probably a reflection of 

the large quantities of barium sulphate (BaSO4) as weighting agent used in the formulation of 

the drilling fluid. The presence of silicon (Si) and oxygen (O) peaks is expected due to the 

silicate matrix known to be present in bentonite clays. The incremental intensity of Carbon 

(C) peaks implies limestone (CaCO3) may have been used as an additive in the drilling fluid 

to control circulation loss amongst other functions whereas the sulphur (S) and iron (Fe) 

peaks could be from iron sulfide (FeS2) resulting from the use of iron oxide (Fe3O4) usually 

used as an additive for scavenging hydrogen sulfide (H2S).  Also, peaks of chlorine from the 

analysis are an indication that chloride salts (NaCl or KCl) may have been used as an 

electrolyte. Finally, the calcium (Ca), potassium (K), aluminium (Al) and sodium (Na) peaks 

may be characteristic of the ion exchange surface of the clay or the minerals associated with 

the clay reclaimed from drilling fluid waste.  

 

7.3.4. Thermogravimetric analysis (TGA) 

 

The thermal degradation of PA6/OBMFs nanocomposite has been analysed in N2 

environment using TA instrument TGA Q500. Weight loss curves of the samples in different 

stages are given in Figure 7.6.  

In addition Table 7.2 shows the degradation at different stages such as at 250 °C, 

temperature and time at D1/2 (50% weight loss) and the residue at 600 °C. Although the 

analysis temperature has been selected from room temperature (20 °C) to 1000 °C at 10 

°C/minute rate, there were not any significant changes in decomposition curve noticeable in 

the Figure 7.6 after 600 °C. 
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Figure 7.6 TGA of PA6 and PA6/OBMFs nanocomposites at: (a) complete thermograms of 

all samples; (b) 250°C; (c) D ½; (d) 600 °C 
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However, the neat PA6 shows the lowest thermal stability among the samples. The 

degradation trends for all the samples were similar until the temperature reached to 300 °C. 

Between 350 °C to 450 °C temperature, PA6 decomposed distinctly faster than any other 

samples. This is the temperature range when maximum weight has been lost in PA6 and its 

nanocomposite samples. However, the onset decomposition of PA6 starts at 300° C whereas 

the onset decomposition of other samples starts at 420°C. This indicated that PA6/OBMFs 

nanocomposites had greater thermal stability than neat PA6.  

 

Table 7.2 TGA analysis at different decomposition stages of PA6 and its nanocomposites 

with different clay loadings 

Material 

% wt loss at 

250 °C 

TD10% (° 

C) TD50% (° C) 

D 1/2 

Time 

Residue (% wt) at 

600 °C 

PA6 3.37 399.24 431.42 40.82 0.00 

PA6+2.5 wt% 

OBMFs 2.93 407.77 442.23 41.61 2.03 

PA6+5.0 wt% 

OBMFs 2.87 416.87 446.21 42.42 6.79 

PA6+7.5 wt% 

OBMFs 3.19 412.32 439.38 41.35 7.59 

PA6+10.0 wt% 

OBMFs 2.65 416.87 447.35 42.27 6.09 

 

Investigating D1/2 for PA6 and its nanocomposite, it is clearly noticeable that PA6 with 5 wt. 

% OBMFs nanocomposite took the longest time (42.42 min) to reach D1/2 that is related to 

the flame retardancy property of polymeric material and it is believed this result is a 

consequence of combined effects of clay dispersion and confinement of polyamide chains in 

the interlayers of clay platelets. This is in a good agreement with the morphological 

observations in Figure 7.4 (c) which indicated exfoliated structure for PA6 with 5 wt. % 

OBMFs nanocomposite. However, PA6 with 10 wt. % OBMFs showed the highest 

temperature (447.35 °C) at D1/2 which indicated the best thermal stability among the 

samples. In addition, the onset degradation temperature in both 10% and 50% weight loss 

cases showed the thermal stability trend as: PA6 + 10 wt% OBMFs > PA6+5 wt% OBMFs > 

PA6+2.5 wt% OBMFs/PA6+ 7.5 wt% OBMFs >PA6. These findings also agree with the 

results obtained from heat capacity in Table 7.4 which suggested PA6 with 7.5 wt% showed 

the maximum heat capacity property. It is assumed the excess energy is stored by 

nanocomposite during the solid-liquid phase change process.   
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It is manifested here that the incremental filler contents which are mostly clay minerals may 

influence the thermal stability in PA6 with 10 wt. % OBMFs nanocomposite. In addition to 

this,  the heat capacity results presented in Table 7.4  showed significant number in heat 

capacity reduction (about 47% decrease) which also indicated the increase in thermal 

conductivity of the material and also indicated the potential incremental heat release property 

of the material under combustion condition. These findings are also agreed with the 

morphological observations in Figure 7.4 (e) which showed 10 wt. % of OBMFs incurred the 

agglomeration in PA6 with 10 wt. % OBMFs nanocomposite.  

It is interesting to mention here that the time needed for PA6 with 7.5 wt. % OBMFs to reach 

D1/2 is less than the time needed for PA6 with 2.5 wt. % OBMFs (unsaturated exfoliation). 

On the other hand PA6 with 7.5 wt. % nanocomposite took more time to reach D1/2 than the 

time is taken by neat PA6. Additionally the temperature at D1/2 for PA6 with 7.5 wt. % 

OBMFs is the lowest among the PA6/OBMFs nanocomposites indicating the best heat 

capacity material among these PA6/OBMFs nanocomposite material. The ordered 

intercalated structure within the PA6 with 7.5 wt. % OBMF may have influenced its heat 

capacity in this manner which is also noticeable in the morphological observations in Figure 

7.4 (d). There is an incremental trend of residue left at 600 °C except PA6 with 10 wt. % 

OBMFs nanocomposite presented in Table 7.2. It can be explained by the findings in this 

analysis for PA6 with 10 wt. % OBMFs nanocomposite which showed the incremental 

thermal conductivity may generate excessive heat in the interlayer between clay platelets 

which may affect the decomposition of fractions of total filler contents.  

 

7.3.5. Differential Scanning Calorimetry (DSC)  

 

In order to obtain information about the polymorphic behaviour in PA6/OBMFs and to 

evaluate the influence of fillers on thermal degradation behaviour of nanocomposite 

materials, nonisothermal measurements were conducted using a differential scanning 

calorimeter (DSC) and the results are shown in Figure 7.7.  
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Figure 7.7 DSC thermograms of PA6 and its nanocomposites at (a) Tg; (b) Tm and (c) Tc 

 

Comparing different thermograms in Figure 7.7 (b) no major changes in melting temperature 

is observed and there are two peaks present in thermograms at melting temperature of PA6 

and PA6/OBMFs nanocomposites. there is a peak at 212.5 oC which is representative of the 

gamma crystal phase whilst a stronger melting peak at ~220 oC typically associated with the 

alpha phase is observed in the neat PA6 and PA6/OBMF nanocomposites.  

Heat capacity is believed to be one of the main factors influencing the thermal degradation 

nature and behaviour of polymer nanocomposites (Pramoda et al, 2003). This heat capacity 

has become an important part of nanocomposite material characterisation. Based on the 

three distinct peaks obtained in thermograms in Figure 7.7, the important features explored 

for PA6 and its nanocomposites (Tg, Tm and Tc) are discussed in this section. 

The heat capacity peak at melting temperature phase was used to identify the % of 

crystallinity of the material. The % of crystallinity of PA6 and its nanocomposites is calculated 

using the following equation: 

 

% crystallinity= [∆Hm - ∆Hc]/∆Hm0 *100%                                                   (7.1) 

 

Where ∆Hm is the heat of melting, ∆Hc the heat of cold crystallisation which is not present in 

this experiment (∆Hc=0 in this case), and ∆Hm° is a reference value if the polymer were 

100% crystalline. All the units are in J/g and the value of ∆Hm° is 230.1 J/g (Sichina, 2000). 
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It is clearly evident from the investigation that there is not any significant effect of OBMFs on 

the melting temperature and % of crystallinity in PA6/OBMFs nanocomposite. It can be 

inferred here that there is an increasing trend of % of crystallinity in PA6 nanocomposites 

with the increase of filler content in the materials except in 10 wt. % which showed a drop in 

% of crystallinity presented in Table 7.3.  

 

Table 7.3 % of crystallinity of PA6 and its nanocomposite using DSC 

Material ∆Hm (J/g) ∆Hc(J/g) ∆Hm-∆Hc(J/g) ((∆Hm-∆Hc)/∆Hm°) *100% 

PA6 52.83 0 52.83 22.96 

PA6+2.5 wt% OBMFs 48.05 0 48.05 20.88 

PA6+5.0 wt% OBMFs 49.32 0 49.32 21.43 

PA6+7.5 wt% OBMFs 51.56 0 51.56 22.41 

PA6+10.0 wt% OBMFs 50.73 0 50.73 22.05 

 

The heat capacity of PA6 and its nanocomposites have been identified using the integrated 

two points at crystallisation peak baseline presented in Figure 7.7 (c). The heat capacity of 

material can be represented by the following equation: 

 

Cp = (δQ/δT)                                                                                           (7.2) 

 

Where Cp is the heat capacity and expressed in JK-1, Q is the heat energy in Joule and T is 

the temperature expressed as °C or K. To determine the heat capacity from a heat flow (W/g) 

thermogram against temperature, the Eq. (7.2) may be represented as the following: 

 

Cp = (δQ/δT) X  (δt/δT)                                                                          (7.3) 

 

In Eq. (7.3) δQ/δt is the heat flow and δt/δT is the reciprocal heating rate (Coleman and 

Craig, 1996). By using Eq. (7.3), the specific heat capacity of PA6 and PA6/OBMFs 

nanocomposite samples are presented in Table 7.4.  
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Table 7.4 Heat capacity of PA6 and its nanocomposite 

Material 

Mass of samples (m) 

mg 

Heat capacity 

(J/g) 

Specific heat capacity (Cp) 

Jk-1kg-1 

PA6 6.20 60.57 2523 

PA6+2.5 wt% 

OBMFs 6.30 55.87 2327 

PA6+5.0 wt% 

OBMFs 6.30 57.66 2402 

PA6+7.5 wt% 

OBMFs 7.80 60.55 2522 

PA6+10.0 wt% 

OBMFs 6.30 64.69 1321 

 

The heat capacity of PA6/OBMFs nanocomposites also shows the similar trend as % of 

crystallinity. It can be articulated by investigating the results in Table 7.4 that these 

nanocomposite materials may absorb the optimum heat energy when the polymer 

intercalated with the OBMFs platelets. Based on the findings of this study, it may be inferred 

that if the OBMF content exceeds 7.5 wt. % in the PA6 content limit in PA6/OBMFs 

nanocomposites, the material may deteriorate the heat capacity property significantly as 

noticeable in the results in Table 7.4. By increasing filler content from 7.5 wt. % to 10 wt. %, 

the heat capacity of the material decreases about 47%. Investigating these results, 7.5 wt. % 

OBMF may be the optimal content to ensure maximum heat capacity.  

Investigating the aforementioned two important properties (% of crystallinity and heat 

capacity) of polyamide semi crystalline polymer nanocomposite, it is also interesting to see 

how the polyamide chain reacts with the crystalline nanofiller. It is believed that there are two 

interphases present in polyamide/layered silicate nanocomposites. One is between the 

crystal fraction and amorphous fraction in polyamide chain and the other one is between 

inorganic filler and polymer matrix (Wurm et al., 2010). The heat capacity, Cp at the glass 

transition phase is identified and using this heat capacity, the RAF is calculated using the 

following equations. 

 

RAF = 100 – crystallinity – ∆Cp/∆Cp pure                                                        (7.4)     

                                                                                   

Where ∆Cp and ∆Cp pure are the heat capacity increments at the glass transition temperature 

of semi crystalline polymers such as PA6 and PA6/OBMFs nanocomposites in this analysis 

and the pure amorphous polymer respectively. Schick (2017) also mentioned in DSC 
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application note that the RAF can also be calculated from heat capacity according to eq. 7.4 

replacing the crystallinity by the nanoparticle fraction. 

 

RAF = 100 - filler content - ∆Cp/∆Cp pure                                                       (7.5)                                                                                        

 

 Based on the eq. 7.5, the crystal fraction of neat PA6 in this analysis is avoided and hence 

the CFꞋ value in Table 7. 5  for neat PA6 is 0, to describe the net incremental fraction of 

crystallinity in nanocomposite due to adding the inorganic filler (assumed 100% crystal phase 

in filler structure) and also to identify the net changes in interface between amorphous 

fraction of polyamide chain and nanofiller crystals. It can be concluded that the rigid 

amorphous fraction which is noncrystalline but does not participate in the glass transition due 

to parts of the molecules which are fixed because of immobilisation of molecules in polymer 

chain (Wurm et al., 2010 and Schick et al., 2001). 

 

Table 7. 5 TIF determination using DSC 

Material MAF CF CFꞋ 

RAF= 100-

MAF-CF 

RAFꞋ= 100-

MAF-CFꞋ TIF 

PA6 27.26 22.96 0.00 49.78 72.74 72.74 

PA6+2.5 wt% 

OBMFs 27.46 20.88 2.50 51.66 70.04 72.54 

PA6+5.0 wt% 

OBMFs 58.91 21.43 5.00 19.66 36.09 41.09 

PA6+7.5 wt% 

OBMFs 46.01 22.41 7.50 31.58 46.49 53.99 

PA6+10.0 wt% 

OBMFs 55.04 22.05 10.00 22.91 34.96 44.96 

 

Investigating the measured curves at Tg as illustrated in Figure 7.7 (a) there is not any 

significant changes in glass transition temperature for neat PA6 and PA6/OBMFs 

nanocomposites. To determine the RAF and MAF value of PA6 and its nanocomposite, the 

heat capacity peak at Tg was considered. The reference value for ∆Cp pure for PA6 and its 

nanocomposites was 0.15 J/(gK) in this study (Wurm et al., 2010). 

Considering both eq. 7.4 and eq. 7.5 there is a good agreement found in this analysis termed 

as total immobilised fraction (TIF) which is the sum of either RAF and CF or RAF’ and CF’, 

highlighted in Table 7. 5.  
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Figure 7.8 Relation between TIF and dispersion behaviour of OBMFs in PA6 matrix 

From the findings in Table 7. 5 and the Figure 7.8, one can infer that when the ratio between 

TIF and MAF is 1 (50% TIF line in Figure 7.8) in PA6/OBMFs nanocomposites, there are 

three significant points found in its sigmoidal curve. These three points represent exfoliation 

(first point), intercalation (second point) and agglomeration (third point).  

 

Figure 7.9 Schematic diagram of OBMFs platelets associated with MAF and RIF of PA6 

matrix 
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It is also articulated here that from the Figure 7.8 one can conclude that upto 4.2 wt% 

OBMFs content generate exfoliation, 4.2 to 6.8 wt% OBMFs content influence exfoliation 

induced intercalation, 6.8 to 9 wt% OBMFs incur intercalation induced agglomeration and 

above 9 wt% OBMFs cause agglomeration in the nanocomposite structure. This MAF, RAF 

and OBMFs platelets and their schematic structures are shown in Figure 7.9. 

 

7.3.6. X-ray Diffraction (XRD) analysis 

 

Figure 7.10 (a) displays the wide-angle XRD patterns of OBMFs nanoclays and PA6/OBMFs 

nanocomposites associated with different weight percentage of OBMFs in stacked form 

whereas in Figure 7.10 (b) displays the overlaid XRD patterns of nanocomposite materials in 

common scale. Low-angle peaks in WAXD assists in quantifying the changes in layer 

spacing. Considering low-angle in WAXD pattern in Figure 7.10 (a) the graph clearly shows 

that the original peak of OBMFs (marked by red circle in Figure 7.10) is completely absent in 

the diffraction patterns of PA6 with 2.5 wt%, 5 wt% and 10 wt% OBMFs nanocomposites 

(marked by green circle in Figure 7.10) demonstrating that the clay is dispersed on a 

nanometric scale in these systems (Scarfato et al., 2016). XRD patterns of polymeric layered 

silicates are well established in the literature. Comparing qualitatively the XRD patterns of the 

materials in this study and literature findings, it can be concluded that OBMFs is exfoliated in 

PA6 with 2.5 wt%, 5 wt% and 10 wt% nanocomposites and it is intercalated in PA6 with 7.5 

wt% OBMFs nanocomposite (marked by blue circle in Figure 7.10) (Vaia and Giannelis, 

1997; Liu et al., 2003 and Ray and Okamoto, 2003). However, by monitoring the position, 

shape, and intensity of the basal reflections from phase initiation in PA6 with 10 wt% OBMFs 

(marked by golden circle in Figure 7.10) it can be assumed that the incremental loading of 

fillers (here more than 7.5 wt% OBMFs) generates agglomeration in PA6/OBMFs 

nanocomposites.      
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Figure 7.10 WAXD patterns of (a) OBMFs and PA6/OBMFs nanocomposite in stack form; 

(b) nanocomposite in common scale; and (c) OBMFs and MMT 

 

Figure 7.10 (c) shows the peaks of OBMFs nanoclays compared with those of the different 

minerals present in the montmorillonite sample (reference material). 

In this study full dispersion is not achieved which is attributed due to the insufficient shear 

stress and the short residence time in extrusion process. This poor dispersion is noticeable in 

SEM images in Figure 7.4. From the findings from literature it is articulated that PA6 

exhibited two dominant monoclinic crystalline forms α and γ (Chiu et al., 2005). Although it is 

highlighted in the literature that the XRD peaks of α form at room temperature are located 

around 2θ = 21 and 24°, and also indexed as (200) and (002) / (202) diffractions, in this 

study a strong peak attributed of α form is found at 21° (Chiu et al., 2005 and Cho and Paul, 

2001). However, at 23° a weak peak is noticeable in composite materials. There are a few 

small but sharp peaks are noticeable in PA6 with 5 wt% OBMFs, PA6 with 7.5 wt% OBMFs 

and PA6 with 10 wt% OBMFs nanocomposites which is evident of the influence of barite 

phases present in OBMFs and the presence of this barite phases in PA6 with 5 wt% OBMFs 

nanocomposite is presented in Figure 7.3 as an example. The strong peaks of barite is 

clearly noticeable at 2θ = 27.2°, 29.1°, 35.9°, 42.7°, 47.3° and 54.1° locations which is 

believed to influence PA6 with 10 wt% OBMFs nanocomposite behaving as a thermal 

conductive material. It is noticeable in Figure 7.11 (a) and (b), numerous peaks were 
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appeared and smoothing the XRD patterns was avoided due to the aim of this study was to 

identify the specific peaks incurred by the specific phases of minerals present in the material. 

Matching the peaks with their degree of intensity of different nanocomposite materials with 

the help of Rietveld refinement leading to a clear representation of new peaks addition in 

nanocomposite material due to addition of OBMFs which is composed of different clay 

minerals.   

  

 

 

Figure 7.11 WAXD patterns of (a) mineral composition of different nanocomposite; (b) new 

peaks identification in nanocomposites 
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Figure 7.11 (a) shows the different mineral phases present in nanocomposite materials, in 

particular the different clay minerals present in nanocomposites. By using Rietveld 

refinement software, the peaks corresponding to the sets in JCPDS cards 12-219 and 29-

1499 were identified as montmorillonite, as presented in Figure 7.11 (a). Since OBMFs is a 

complex mixture of different minerals and compounds, it is difficult to present a complete 

compositional database profile, but from this study it is highlighted that muscovite, barite and 

montmorillonite are the main dominant clay mineral phases present in PA6/OBMFs 

nanocomposites. 

The d001 spacing was calculated from peak positions using Bragg’s law nλ = 2d sin θ where λ 

is the wavelength of X-ray radiation used in the experiment, d represents the distance 

between diffraction lattice planes and θ is the half diffraction angle. In the case of OBMFs 

(Figure 7.12 a), a diffraction peak at 2θ = 7.500° was observed which corresponds to a d-

spacing of 9.1 Å. This is very close to the XRD pattern of neat PA6 (Figure 7.12 a) at 2θ = 

8.000° with a d-spacing of 11.042 Å. The d-spacing of PA6 with 2.5 wt% and 5 wt% OBMFs 

nanocomposites were identified 14.477 Å and 15.768 Å corresponding the reflection peaks at 

2θ = 6.100° and 2θ = 5.600° respectively. The d-spacing of PA6 with 7.5 wt% and 10 wt% 

OBMFs nanocomposites were determined at 2θ = 6.700° and 2θ = 6.400°, respectively, 

which represent the values of 13.182 Å and 13.799 Å. The trend of d-spacing increment is 

not consistent. The incremental trend of d-spacing in PA6/OBMFs is noticeable with PA6 with 

2.5 wt% and 5 wt%. Surprisingly d-spacing reduces in PA6 with 7.5 wt% OBMFs and then a 

little increase of d-spacing is observed in PA6 with 10 wt% nanocomposites. It can be 

inferred here that exfoliation of clay minerals may increase the basal spacing in PA6 with 2.5 

and 5 wt% OBMFs nanocomposites, whereas intercalation of clay platelets may influence the 

basal spacing in PA6 with 7.5 wt% OBMFs nanocomposite. The basal spacing in PA6 with 

10 wt% OBMFs is not understood clearly. On investigating the SEM images in Figure 7.4, it 

might be anticipated that PA6 with 10 wt% OBMFs nanocomposites may possess 

agglomeration of platelets and also some platelets may have exfoliated locally.  

Furthermore, Kim et al. (2002) described two parameters which can dictate the degree of 

exfoliation – Bragg’s d(001) and apparent crystallite size of silicate (Dc). In addition of the 

interlayer spacing which is presented in previous paragraph, full width at half maximum 

(FWHM) of the (001) reflections is also useful to identify the degree of filler dispersion in this 

study. The FWHM of OBMFs, PA6 with 2.5 wt% OBMFs, PA6 with 5 wt% OBMFs, PA6 with 

7.5 wt% OBMFs and PA6 with 10 wt% OBMFs are 0.600, 0.700, 0.400, 1.000 and 0.600 

respectively. The broader the width of the diffraction peak, the smaller the thickness of 

silicate layers and the relation of the thickness of silicate layers with the degree of exfoliation 

is highlighted in the literature (Kim et al., 2002 and Strawhecker and Manias, 2000).  
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Figure 7.12 SAXD patterns of (a) OBMFs and PA6/OBMFs nanocomposite in stack form; (b) 

nanocomposite in common scale; and (c) smoothed nanocomposite profile 

 

It can be assumed considering the FWHM data that OBMFs exfoliated in PA6 with 5 wt% 

OBMFs and this layered silicates intercalated in PA6 with 7.5 wt% OBMFs. It was expected 

that the FWHM of PA6 with 2.5 wt% would be the lowest number, but this inconsistent result 

is not clearly understood.       

X-ray diffraction patterns of the nanocomposites prepared with different weight percentage of 

OBMFs contents such as 2.5 wt%, 5 wt%, 7.5 wt% and 10 wt% are illustrated in Figure 7.12 

b (original data with smoothed line) and Figure 7.12 c (smoothed line only). Observing Figure 

7.12 a, c, the basal space in PA6 with 2.5 wt% and 5. wt% OBMFs nanocomposites is wider 

than the basal space in neat PA6, resulting that the XRD pattern is wider than that of PA6. 

The presence of very week XRD peak/crest in PA6 with 2.5 wt% and 5 wt% OBMFs 

nanocomposites probably suggests the formation of an exfoliated nanostructure. However, 

PA6 with 7.5 wt% OBMFs nanocomposite shows a distinct sharp peak, which may indicate 

the formation of an intercalated nanostructure. The XRD pattern in PA6 with 10 wt% OBMFs 

shows both intercalation and exfoliation characteristics. The XRD patterns in PA6 with 
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10 wt% OBMFs nanocomposite show exfoliated characteristic up to 2θ = 5.4° location, 

whereas the XRD pattern shows not the same as exfoliated structure or intercalated 

structure. The intensity of the diffraction in nanocomposites except PA6 with 7.5 wt% OBMFs 

nanocomposites also suggests the disordered feature of clay platelets in the nanocomposite. 

However, the sharp XRD pattern in PA6 with 7.5 wt% OBMFs nanocomposite indicates the 

intercalation characteristic of platelets in the PA6 matrix. 

 

7.3.7. TEM analysis 

 

TEM images of OBMFs filled PA6 polymer nanocomposites are shown in Figure 7.13. A 

generally good state of dispersion was observed in PA6 polymer matrix. There were small 

clusters of OBMFs platelets observed in PA6 matrix in lowest concentration of fillers content 

such as 2.5 wt% of OBMFs in PA6 matrix in this study. However, these clusters tended to 

create agglomeration in higher weight percentage of OBMFs in PA6 matrix which is shown in 

Figure 7.13 (c) and (d).  

 

 

Figure 7.13 TEM images of PA6 with 2.5 wt% OBMFs nanocomposites (a) and (b) and PA6 

with 10.0 wt% OBMFs nanocomposites (c) and (d) 
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The size of the agglomerates was in the range of 100 to 150 nm, whereas the size of the 

small clusters was in the range of 10 to 30 nm. From the micrographs in Figure 7.13 (a) (b), it 

could be observed that OBMFs was exfoliated randomly. However, there were agglomerates 

noticeable in Figure 7.13 (c) (d), which can be inferred that an incremental addition of 

OBMFs in PA6 matrix may hinder the platelets to be separated from each other. In addition, 

the higher content of OBMFs is prone to cause agglomeration in PA6 matrix and a number of 

local exfoliation is also visible which is observed in Figure 7.13 (c) (d).      

    

7.4. Conclusion 

 

In this work, we have investigated the thermal degradation behaviour of PA6 nanocomposite 

containing oil based drilling fluid waste as nanofiller. PA6/OBMFs nanocomposite exhibit 

different characteristics under different conditions mainly due to variation in nanomorphology 

(exfoliation, intercalation and presence of tactoids or agglomeration). From the findings in 

TGA investigation, OBMFs platelets exfoliated in PA6 matrix in PA6 with 5 wt% OBMFs 

nanocomposite showed maximum heat resistant property (maximum D1/2 time), OBMFs 

platelets intercalated in PA6 matrix in PA6 with 7.5 wt% OBMFs nanocomposite showed 

optimum heat absorbance capacity whilst PA6 with 10 wt% OBMFs nanocomposite showed 

maximum thermal stability. Furthermore, the heat capacity data at Tg using DSC provided 

very useful RAF and MAF information which depicts a sigmoidal curve showing exfoliation 

point, exfoliation induced intercalation point, intercalation induced agglomeration point and 

finally the agglomeration point. This new technique to identify the nanomorphology is step 

forward in the mechanical and thermal characterisation of PA6/OBMFs nanocomposites.             

 

 

 

 

 

 

 

 

 

 

 

 

 



161 
 

Chapter 8: Mechanical properties of PA6/ Oil Based Mud Fillers nanocomposites 

 

8.1. Introduction 

 

Polymer/montmorillonite (MMT) nanocomposites become an interesting area of research 

since Toyota group first successfully developed PA6/MMT nanocomposites in 1987 (Choi et 

al., 2001; Huskić and Žigon, 2007 and Ma et al., 2003). Since 1987 numerous reports have 

been published and claiming the improvements of different properties of material including 

increased stiffness and strength (Shah et al., 2016 and Zare et al., 2019), improved thermal 

stability (Leszczyńska et al., 2007, Davis et al., 2004, Lakshmi et al., 2008), reduced 

flammability (Qin et al., 2004 and Li et al., 2009), improved chemical and solvent resistance 

(Wang et al., 2012 and Huang et al., 2001), enhanced energy absorption (Sun et al., 2009, 

Silva et al., 2013) and augmented gas barrier properties (Priolo et al., 2011, Kalendová et al., 

2013) by reinforcing only a few percent of MMT platelets in polymer matrix. MMT platelets 

are generally tightly stacked together due to the strong electrostatic forces between them 

and inhibit them to easily exfoliate in most polymers due to the incompatible nature of 

chemical features between MMT and polymer matrix surfaces (Zheng et al., 2004; Xie et al., 

2001 and Liu, 2007). 

In our previous work (shohel et al., 2017, 2018, 2019a and 2019b), detailed investigations 

were completed based on the morphological, structural and thermal degradation study of 

heat treated reclaimed nanoclay reinforced PA6/OBMFs nanocomposites. The present work 

is an extension of previous study showing the influence of this novel filler in different 

mechanical properties of PA6/OBMFs nanocomposites.    

 

8.2. Experiments 

 

8.2.1. Materials 

 

The PA6 (AlphalonTM 27C) manufactured by Grupa Azoty was donated by Grupa Azoty. It 

has a melting point of 220°C, relative viscosity of 2.7±0.10, density 1.13 g/cm3, cylindrical 

chip shape and chip size is 2.5 mm. the spent OBM slurry was supplied in kind by a local oil 

and gas service company in Aberdeen, United Kingdom.  
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8.2.2. OBMFs manufacturing process 

 

The processing method of spent oil-based mud used in this chapter is described in section 

3.2.1. 

8.2.3. PA6/OBMFs nanocomposite manufacturing process 

 

The method to manufacture PA6/OBMFs nanocomposites in this chapter is described in 

section 7.2.3. 

8.2.4. Testing and characterisation 

 

The sample processing and SEM equipment settings were mentioned in previous chapter in 

section 7.2.4. 

 

Figure 8.1 Tensile test of PA6/OBMFs nanocomposites: (a) test rig set up and (b) plastic 

deformation of sample is on progress  
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Tensile tests were performed according to the EN ISO 527 standard on a Zwick (Ulm, 

Germany) Z030 universal testing machine. The gauge length was 80 mm and the test speed 

was 2 mm/min. the test process including elongation was monitored by video extensometer. 

Figure 8.1 (a) shows the test rig for tensile test. A close visualisation of plastic deformation of 

sample is presented in Figure 8.1 (b).  

 

 

Figure 8.2 Flexural test of PA6/OBMFs nanocomposites: (a) test rig set up and (b) 

deformation of sample is on progress 

 
The latest technology developed by Zwick, the laserXtens is the technique which is able to 

determine the extension without marking on the sample surface or other contact 

extensometer. In this technique, the surface structure of sample is considered as a 

fingerprint to generate a virtual measurement mark. However, calibration was carried out to 

confirm the accuracy of the measurement before the test performed. When the gauge length 

and other dimension including width and thickness of samples updated in the data acquision 

software as part of the method development, the laser targets the specific point on the 

sample surface. When the sample surface is being changed and thus the speckle pattern, 

the laser detector continuously follows the extension occurred and is continuously evaluated 

during the specimen deformation. The more detailed information is available in the literature 
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published by Dripke (2008).  The data acquisition software TestXpert III reported the results 

while the test was performed including the raw data in excel spreadsheet form. The 

calculation based on these raw data confirmed the accuracy of the test performed. 

Different mechanical properties were determined based on the acquired load-extension data. 

The equations followed to convert applied load to stress and the extensions to strain as 

follows: 

 

Stress = 
𝐹𝑜𝑟𝑐𝑒

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
 unit (N/mm2)                                              (8.1) 

 

Strain =
𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑙𝑒𝑛𝑔𝑡ℎ

𝑔𝑎𝑢𝑔𝑒 𝑙𝑒𝑛𝑔𝑡ℎ
 (non-dimensional)                                                     (8.2) 

The stiffness of these samples was identified by measuring Yong’s modulus (E) which 

determined the stress required to cause a unit strain in the sample. Using the load-extension 

data, different tensile properties were detrmined and presented the data in Figure 8.6 and 

8.7.  

 

The three point bending tests were performed according to the EN ISO 178 standard on a 

Zwick (Ulm, Germany) Z050 universal testing machine. The span length for the tests was 64 

mm and the test speed of 2 mm/min. Figure 8.2 (a) shows the test rig for flexural test. A 

close visualisation of sample deformation is presented in Figure 8.2 (b). 

The Charpy impact tests were performed according to the EN ISO 179 standard with a on a 

Zwick (Ulm, Germany) Impactor instrument using both notched and un-notched specimens. 

Figure 8.3 shows equipment setting to prepare v-notch samples for impact test. Figure 8.3 

(a) shows a set of 5 samples were in progress for V-notch test. The notch was ‘A’ type with a 

radius of 0.25 mm notch tip, 45° angle and 2 mm depth.  
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Figure 8.3 Impact test of PA6/OBMFs nanocomposites: (a) V-notch sample cutter; (b) a set 

of 5 samples are on progress for v-notch sample; (c) impact test rig and (d) V-notch sample 

sitting on sample holder for test  

 

The cross section of the notched specimens was 4X8.1 ± 0.5% variance and the cross 

section of un-notched specimens was 4.01X9.9 ± 0.4% variance among different samples. 

Figure 8.3 (c) shows the impact test rig and Figure 8.3 (d) shows a V-notch sample was 

sitting on the sample holder during the test. 

 

The energy absorbed by the sample was recorded during test and impact strengths αcU and 

αcN were calculated with the following equation (Deák et al., 2010): 

 

  𝛼𝑐𝑈 𝑜𝑟 𝛼𝑐𝑁 =
𝐸𝑐

ℎ.𝑤
 . 103                                                                                 (8.3) 

 

Where Ec is the energy absorbed by the tested sample, h is the thickness and w are the 

width of the samples. For notched test, w is the residual width of the samples.  

Dynamic mechanical analysis (DMA) was performed using Perkin Elmer DMA 8000. The 

sample dimension was 11.5mm X 10 mm X 4 mm and the testing temperature ranged from 

25°c to 70°c at the temperature ramp of 2°c/ min. the samples were tested under single 

cantilever-rectangle mode.   
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8.3. Results and discussion 

 

8.3.1. Morphology of PA6/OBMFs nanocomposites  

 

The difference in OBMFs dispersion in PA6 matrix and micromechanical deformation 

behaviour among different nanocomposites is obvious from SEM observations of fractured 

surfaces is shown in previous chapter in Figure 7.4. A lesser extent of plastic deformation is 

noticeable in nanocomposites with 7.5 and 10 wt% OBMFs contents in comparison with neat 

PA6 matrix and nanocomposites with 2.5 and 5 wt% OBMFs loadings. For the PA6/OBMFs 

nanocomposites specimens studied at room temperature, significant particles dictating 

dispersion characteristics showed in Figure 7.4. 

The morphology of OBMFs is presented in Figure 7.4 (a) which illustrates the shape and size 

of clay platelets present in OBMFs. The fracture surface in PA6 matrix demonstrates elastic 

deformation in Figure 7.4 (b) and is different from brittle fracture. However, the matrix was 

plastically deformed due to addition of OBMFs in matrix and the degree of plastic 

deformation increased with the incremental addition of OBMFs in PA6 matrix. The elastic 

deformation is visible in Figure 7.4 (c) and Figure 7.4 (d) where clay platelets were closely 

embedded in matrix. The matrix/OBMFs adhesion was much stronger in Figure 7.4 (e) and 

Figure 7.4 (f) such that the clay particles had to break instead of just pulling out of the matrix. 

This explains the higher tensile strength and Young’s modulus of OBMFs reinforced 

polyamide while observing the tensile test.  

      

8.3.2. Tensile properties of PA6/OBMFs nanocomposites  

 

In this study, tensile properties of polyamide-6/OBMFs nanocomposites were investigated. a 

set of five samples for each material were tested which are shown in Figure 8.4 (a-e). The 

average data is taken into account to identify different mechanical properties of each 

material. 
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Figure 8.4 Tensile test samples before and after the test 

 

Figure 8.4 (a-e) presents the plastic deformation of materials by observing the colour 

changes in sample while the sample was under stress during tensile test. Figure 8.5 

illustrates the tensile stress vs tensile strain curves for PA6/OBMFs nanocomposites. 

 

 

Figure 8.5 Stress-strain curves of neat PA6 and PA6/OBMFs nanocomposites 
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The materials showed an incremental brittle behaviour without yield point which are observed 

in Figure 8.4 (a-e) and stress-strain curves in Figure 8.5. It can be observed that the Young’s 

Modulus was improved with the OBMFs loading from 0 to 10 wt% in Figure 8.6. On the other 

hand, the deformation failure at lower stress and strain values are increases as the filler 

concentration decreases from 10 to 0 wt% (neat PA6) which is highlighted in Figure 8.5.  

 

 

Figure 8.6 Young’s modulus and tensile strength of neat PA6 and PA6/OBMFs 

nanocomposites with filler loading of 2.5, 5, 7.5 and 10 wt% 

 

This deformation characteristic indicates the improvement in brittleness in nanocomposites 

due to the OBMFs reinforcement in PA6 matrix. These results can be explained by the 

relation highlighted in our previous report (shohel et al., 2019a and shohel et al., 2019b) 

where the effect of OBMFs loadings on structural and dispersion characteristic has been 

presented. It was found in that previous study that 2.5 and 5 wt% of OBMFs loadings in PA6 

matrix showed exfoliation of OBMFs in PA6 matrix whereas 7.5 wt% of OBMFs in PA6 matrix 

showed intercalation of OBMFs platelets and 10 wt% OBMFs loading in PA6 matrix resulting 

agglomeration of OBMFs in PA6 matrix. The Young’s modulus and tensile strength results 

highlighted in Figure 8.6 indicates that the larger the diameter of OBMFs, the stress 

concentration factor is lower, but the maximum stress acts when the cross sectional area of 

filler increases.  Based on this argument, the superior Young’s Modulus and tensile strength 
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can be explained when OBMFs were intercalated and agglomerated in PA6 with 7.5 and 10 

wt% OBMFs nanocomposites respectively. The Yong’s moduli were increased by 42% and 

35% in PA6 with 7.5 and 10 wt% OBMFs nanocomposites respectively. In addition to 

Young’s moduli, the tensile strength was increased by 24% and 16% in PA6 with 7.5 and 10 

wt% OBMFs nanocomposites respectively.  

 

 

Figure 8.7 Comparison of percentage elongation at yield of neat PA6 and OBMFs reinforced 

PA6 nanocomposites 

 

The percentage of elongation was decreased by 236% and 240% in PA6 with 7.5 and 10 

wt% OBMFs nanocomposites respectively. The relation between stress concentration and 

dispersion behaviour of OBMFs in PA6 matrix also helps to understand the reduction of 

percentage elongation among neat PA6 and PA6/OBMFs nanocomposites which is 

presented in Figure 8.7. 

 

The fractured surfaces of the tensile samples tested at 23°C correspond to an increasing 

trend of brittle fracture of samples as the filler concentration increases which is presented in 

Figure 8.4 (a-e). Figure 8.4 (a-e) illustrates the decreasing tendency of plastic deformation in 

samples transforming ductile fracture of samples to brittle failure of samples due to 

increasing the filler concentration from 0 to 10 wt% of OBMFs in PA6 matrix. Observing the 

effect of the nano-fillers content on mechanical properties and failure behaviour showed that 
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the increase of OBMFs in PA6 matrix influenced the brittleness of the material. It can also be 

highlighted observing the morphology and tensile test results that the distances among the 

OBMFs in PA6 matrix increase with the OBMFs loading from 0 to 10 wt% in PA6 matrix 

which hinders chain scissioning reflecting the mechanical properties and fracture behaviour 

of materials.     

       

8.3.3. Flexural properties of PA6/OBMFs nanocomposites  

 

In this study, flexural properties of polyamide-6/OBMFs nanocomposites were investigated. A 

set of five samples for each material were tested which are shown in Figure 8.8 (a-e). The 

average data is taken into account to identify different mechanical properties of each 

material. 

 

 

Figure 8.8 Presentation of flexural test sample after the test 

 

To identify different flexural properties of neat PA6 and PA6/OBMFs nanocomposites, 

flexural stress-strain curves were presented in Figure 8.9. 
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Figure 8.9 Flexural stress-strain curve from 3-point bend test of neat PA6 and PA6/OBMFs 

nanocomposites with varying OBMFs concentrations 

 

Figure 8.9 showed that PA6/OBMFs nanocomposites have a higher stress points in respect 

to the corresponding strain points. It is also noticeable that the gradient of stress-strain curve 

increases with the increase of OBMFs loadings from 0 to 10 wt%. In Figure 8.10 shows the 

flexural strength and flexural modulus of neat PA6 and PA6/OBMFs nanocomposites as a 

function of OBMFs loadings. The flexural strength and flexural modulus of PA6/OBMFs 

nanocomposites increase with the incremental OBMFs loadings from 0 to 10 wt% which is 

presented in Figure 8.10.    
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Figure 8.10 Comparison of modulus of elasticity in bending and flexural strength of neat PA6 

and OBMFs reinforced PA6/OBMFs nanocomposites with varying OBMFs concentrations 

 

A sharp increasing trend in flexural strength and flexural modulus is presented in Figure 8.10. 

The significant improvement in both flexural strength and flexural modulus is noticeable in 

PA6 with 7.5 and 10 wt% OBMFs nanocomposites. The flexural strength increases by 26% 

with the addition of OBMFs from 0 to 10 wt% in PA6. However, PA6 with 10 wt% OBMFs 

shows a more than 30% higher flexural modulus than the one with a neat PA6 matrix.  

 

8.3.4. Impact fracture toughness properties of PA6/OBMFs nanocomposites  

 

The Charpy impact test is a versatile method for evaluating the fracture behaviour of 

polymeric materials at high strain rates due to the simplicity and convenience of the test. The 

test equipment setting and the sample preparation process in this study is described in 

previous section.  

 

The influence of OBMFs on the toughness of PA6/OBMFs nanocomposites were evaluated 

comparing to the toughness of neat PA6 matrix. The toughness of both notched and un-

notched neat PA6 and PA6/OBMFs nanocomposites samples is plotted against OBMFs 

contents in Figure 8.11.   
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Figure 8.11 Impact strength of both notched and un-notched neat PA6 and OBMFs 

reinforced PA6/OBMFs nanocomposites with varying OBMFs concentrations 

 

The toughness is distinctly enhanced at lower OBMFs contents up to 5 wt% for notched 

samples whereas there is not any significant change noticeable for un-notched samples. 

However, the toughness is drastically reduces for both notched and un-notched PA6/OBMFs 

nanocomposites samples with OBMFs loadings from 5 to 7.5 wt%. For both notched and un-

notched samples, there is not any remarkable effect is noticed in samples with 7.5 and 10 

wt% OBMFs content. Stress whitening can be readily noticeable in the impact specimens of 

various wt% of OBMFs reinforced PA6 nanocomposite samples which is presented in Figure 

8.12. 
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Figure 8.12 Comparison and fracture analysis of Impact test samples 

 

For notched samples, the stress whitening can be clearly noticeable through the fracture 

surfaces of samples which is not apparent to the top surfaces of samples which implies the 

total fracture energy is completely dissipated in the inner region near the fracture surface, 

and no sign of energy dissipated in the outer plastic zone. The dispersion characteristics of 

OBMFs platelets influence the yielding or deforming behaviour of PA6/OBMFs 

nanocomposites. Findings from the previous study (shohel et al., 2019a), it is anticipated that 

the exfoliation of OBMFs platelets in PA6 with 2.5 and 5 wt% OBMFs increases the 

toughness of materials whereas the toughness of PA6 with 7.5 and 10 wt% OBMFs 

nanocomposites are severely reduced due to the intercalation and agglomeration of OBMFs 

platelets in PA6 matrix. However, among different wt% contents of OBMFs in PA6 matrix, the 

impact strength of exfoliated OBMFs reinforced PA6 (PA6 with 2.5 and 5 wt% OBMFs 

nanocomposites) were higher than that of intercalated and agglomerated (PA6 with 7.5 and 

10 wt% OBMFs nanocomposites respectively) OBMFs in PA6 matrix.    
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8.3.5. Dynamic mechanical analysis of PA6/OBMFs nanocomposites  

 

Figure 8.13 shows the storage modulus as a function of temperature for the PA6/OBMFs 

nanocomposites. It is clearly evident that OBMFs increased the storage modulus of PA6 

within the temperature range tested. This result agrees with the tensile and flexural tests, 

where at ambient temperature it is also increased gradually with the incremental loading of 

OBMFs in PA6 matrix. The improvement in modulus of PA6/OBMFs nanocomposites is 

caused by the stiffness of the OBMFs layers and the constraining effect of OBMFs platelets 

on molecular motion of PA6 chains. 

 

Figure 8.13 Dependence of storage modulus on temperature for neat PA6 and OBMFs 

reinforced PA6/OBMFs nanocomposites with varying OBMFs concentrations 

However, observing Figure 8.13 it can be highlighted here that the storage modulus of the 

nanocomposite containing 10 wt% OBMFs was 16% higher than the storage modulus of neat 

PA6 at 30°C, whereas at 60°C (glass transition temperature, Tg of neat PA6) the storage 

modulus of PA6 with 10 wt% OBMFs was 56% higher than that of neat PA6. It is also clearly 

noticeable that the storage modulus of PA6 with 2.5 and 5 wt% OBMFs nanocomposites 

were very close to that of neat PA6 which governs the exfoliation of OBMFs in PA6 matrix 

does not have any significant effect on storage modulus of nanocomposite materials 

whereas the intercalation (PA6 with 7.5 wt% OBMFs) and agglomeration (PA6 with 10 wt% 

OBMFs) of OBMFs in PA6 matrix significantly increase the storage modulus property of 

materials.  
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The loss modulus curves of neat PA6 and its nanocomposites are presented in Figure 8.14. 

 

 

Figure 8.14 Dependence of loss modulus on temperature for neat PA6 and OBMFs 

reinforced PA6/OBMFs nanocomposites with varying OBMFs concentrations 

 

Observing the loss modulus curves of neat PA6 and its nanocomposites in Figure 8.14, it can 

be articulated that there was not any significant change in loss modulus for PA6 with 2.5 and 

5 wt% OBMFs nanocomposites compare to that of neat PA6. However, there were significant 

drop in loss moduli of PA6 with 7.5 and 10 wt% OBMFs noticed in Figure 8.14 which 

indicates that PA6 with 7.5 and 10 wt% OBMFs showed higher viscosity compare to that of 

neat PA6 in the same temperature profile. The relaxation peak of neat PA6 at 60°C shifted to 

higher temperature for PA6 with 7.5 (65°C) and 10 (above 70°C) wt% OBMFs 

nanocomposites.  

Tan delta is the ratio of loss modulus to storage modulus which represents the damping 

properties of material. It is a way of measuring the energy dissipation of a material which 

identifies the energy absorbing characteristics of material.  
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Figure 8.15 Dependence of loss factor (tan delta) on temperature for neat PA6 and OBMFs 

reinforced PA6/OBMFs nanocomposites with varying OBMFs concentrations 

Figure 8.15 shows the magnitude of dynamic loss increased with the incremental loading of 

OBMFs in PA6 matrix. When the OBMFs platelets exfoliate in PA6 polymer chain, it is 

believed that the smaller crystallites produce more interfacial area. The increase in interfacial 

area influences to increase the restraint of tie chains between crystallites which results the 

reduction in the alpha loss tangent peak and thus increase in Tg which also agrees with 

findings reported by Gendre et al., (2015) and Yu et al., (2004). The tan delta curves 

between 60 to 70°C indicates the rubbery state of neat PA6 at this temperature range 

whereas the tan delta peak shifts to higher temperature for PA6 with 10 wt% OBMFs 

nanocomposite represents the enhancement of relaxation peak due to the agglomeration of 

OBMFs in PA6 matrix.         

 

8.4. Conclusions 

 

The effect of OBMFs addition in PA6 matrix in different weight percentage was studied by 

manufacturing several PA6/OBMFs nanocomposites using melt compounding process. 

Addition of OBMFs clearly increased Young’s modulus and tensile strength with 

compromising reductions in ductility and fracture toughness of PA6. Tensile testing shows 
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that the tensile modulus and strength of PA6/OBMFs nanocomposites increase with the 

incremental loading of OBMFs in PA6 matrix. The observed high elastic modulus, tensile 

strength, flexural modulus and flexural strength were attributed to reclaimed OBMFs 

nanoclay aggregation which was confirmed microscopically. A potential correlation between 

the filler surface area governed by the dispersion and distribution features of OBMFs in PA6 

matrix was observed and discussed. The storage modulus and loss modulus curves of DMA 

highlight information regarding the quality of interface exist between OBMFs and PA6 

polymer chains. The peak height of tanδ reflects the close relationship with the mobility of 

PA6 molecular chain segments and OBMFs nanoclay platelets. These properties make 

OBMFs reinforced PA6 matrix as a suitable candidate in polymeric engineering 

nanocomposite materials which can be used in industry in all fields where environmentally 

toxic, expensive, non-recyclable or limited recyclable nanocomposites have gained attention.  
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Chapter 9: Conclusion and future work 

 

9.1. Summary 

 

Nanotechnology is a niche area of research in both academic and industrial domain. 

Recently polymer-clay nanocomposites have attracted a great interest due to its potential 

application in improving different properties including thermal, mechanical, barrier, flame 

retardant and chemical and solvent resistant materials. Although the future of polymer-clay 

nanocomposites is promising due to its superior properties compare to that of conventional 

composites, the application of this nanocomposite is still limited. The major barriers to 

achieve this goal can be categorised in three factors such as uneven distribution and 

dispersion of clay platelets in polymer matrices, poor understanding of clay surface chemistry 

which causes poor interfacial adhesion and poor control on clay platelets orientation. These 

factors become more complex if the source of this clay mineral is from a waste source.  

In this thesis, objectives were designed in such a way to tackle these factors mentioned 

above. In depth literature review and detailed characterisation of OBM slurry and powder is 

completed to highlight the possibility of harnessing environmentally hazardous OBM waste 

as filler in polymer nanocomposites which is highlighted in chapter 2 and 3. Findings from 

chapter 3 and 4 create a solid foundation to develop novel reclaimed nanoclay to utilise in 

polymer matrix. Chapter 4 highlighted the superior thermal stability of OBM slurry compare to 

that of MMT while reinforced these two fillers in LDPE polymer. However, LDPE with higher 

OBM slurry content (7.5 and 10 wt% in this case) indicated to act as a thermal conductive 

material based on thermal analysis data.  

However, it was observed in chapter 5 that addition of this novel filler was ineffective in 

improving mechanical properties and the mechanical strength of these new materials 

decreases significantly comparing the results with neat LDPE and LDPE/MMT 

nanocomposites as a benchmark standard. The possible reasons of damaging mechanical 

properties were studied thoroughly and decision was made to follow the thermal treatment to 

produce OBM powder which is also mimicking the treatment process of OBM waste in the 

industry. Further thermo-mechanical investigations were carried out by manufacturing 

thermally treated OBMFs reinforced LDPE polymer which is discussed in chapter 6. LDPE 

with 10 wt% OBMFs showed superior thermal stability property, higher thermal conductivity 

and highest mechanical strength.  

Observing the outcomes from chapter 3, 4, 5 and 6, the question aroused does this filler act 

in the same way when reinforce in polar polymer? PA6 was selected as a polymer to find the 
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answers for this question. Detail morphological, structural and thermal analyses were 

performed which is highlighted in chapter 7. PA6 with 10 wt% OBMFs nanocomposites 

showed the maximum thermal stability and indicated to act as a thermal conductive material 

too. Chapter 8 highlighted the mechanical properties of PA6/OBMFs nanocomposites. 

Addition of higher loading (7.5 and 10 wt%) of OBMFs in PA6 increased the tensile and 

flexural properties with compromising ductility which is presented in chapter 8.  

It can be claimed now based on the performance of this OBM waste in this study that there is 

an enormous possibility to explore a new window of extracting or utilizing renewable 

resources which are now abandoned in landfill site. To protect the exploitation of this source 

of resources, a combined action to utilize the natural resources is needed particularly 

contributions from different levels of disciplines from engineering to biotechnology, 

environmental sciences, health and safety executives, occupational health security, 

governmental agencies and mainly oil and gas industries. The combined initiative may lead 

to apply innovative technologies and approaches that may bring the sustainable OBM waste 

management practices in oil and gas industries. 

 

9.2. Recommendations for future work 

 

Based on the findings and understandings of this novel filler throughout this research, the 

following recommendations were made: 

 

 The composition of oil based mud waste is versatile. There is no standerdisation or 

customised process developed yet which can convert this waste into useful 

reproducible products. Although the potential application of this waste as filler in new 

nanocomposite material manufacturing is promising based on the observation of 

different thermo-mechanical properties in this study, but the limitation is to 

reproducibility and quality of this filler produced. Hence, observing the drawbacks, it 

would be a really ground-breaking step to design a process which can control the 

composition and quality of this filler. Some ingredients which are common in drilling 

fluid processing all over the world such as bentonite and barium sulphate which ends 

up as waste after the drilling operation. These useful and limited source compounds 

regardless the wellfield being drilled or the geological boundaries-could be an 

opportunity to extract or recover and developing a standard process which ensures 

the reproducible and well quality controlled secondary raw materials.          

 Since this novel filler showed superior thermal stability property, an investigation is 

logical to explore in details the thermal conductivity and flammability studies which 
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may open up a candidate material to use as an under-bonnet component in 

automotive industry. It would be interesting to identify the emission level and level of 

toxicity if this material is used in high temperature environment such as engine area 

in a car.    

 Clay is hydrophilic by its nature, but OBM clay remains suspended condition in liquid 

due to strong surfactants are used in drilling mud formulation. Generally, thermal 

treatment agglomerates the clay platelets. It would be quite interesting to use this 

dispersed clay as in its natural phase (multiphase) to separate this from continuous 

phase (liquid phase) and then transfer/preserve in nanoscale clay platelets. However, 

it would be interesting to identify the mechanism of dispersed clay platelets exist in 

suspended condition in OBM waste which may applicable to disperse clay in powder 

form to mix homogeneously and disperse evenly in polymer matrix.  

 Findings from this study showed even distribution and dispersion of clay platelets 

throughout the polymer samples which dictates sort of barrier/shielding between 

polymer chains. The formation of these shielding layer may facilitate to lower the 

water/gas permeation property in polymeric materials which may be an interesting 

area to explore in the future.  

 Test and analysis results from LDPE/OBM slurry and LDPE/OBMFs nanocomposites, 

it was highlighted that the residue left over after TGA study increases with the 

incremental loading of OBM slurry and powder. It would worth to investigate how this 

novel filler affect the biodegradability of polymer nanocomposite material which is a 

necessary area of research considering different aspects of pollutions routes 

associated with this polymer material. 

 Chapter 7 highlighted and proposed a hypothesis on relationship between % of 

crystallinity and degree of dispersion of filler in polymer nanocomposites. Further 

work is needed by investigating using different fillers in different polymer matrix to 

establish this theory which might be a new technique to predetermine the amount of 

fillers needed to any specific target dispersion required for any specific application. 

For example, high density of fillers are expected to increase the electroconductivity 

property in polymer nanocomposite material.  

 Elemental analysis revealed some precious metals including rare earth metals are 

exist in this waste. It might be interesting to design a separation process which will 

recover the natural resources- an economic gain for the industry and safer 

environment for all. It would be worth investigating to separate certain clay minerals 

from this waste too and explore the effect of these clay minerals both in individually 

or synergistically in improving engineering polymer materials. 
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Appendix A 

 

Figure A. 1 OBM waste 
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Figure A. 2 OBM waste residue after TGA 
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Figure A.3 OBM waste dry powder
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Appendix B 

 
 

Figure B.1 Comparison of ATR-FTIR spectra of LDPE and LDPE/MMT 

nanocomposites 
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Figure B.2 Comparison of ATR-FTIR spectra of LDPE and LDPE/OBM slurry 

nanocomposites 
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Figure B. 3 FTIR spectra of (a) LDPE; (b) LDPE with 2.5 wt% OBMFs; (c) LDPE with 5.0 

wt% OBMFs; (d) LDPE with 7.5 wt% OBMFs; and (e) LDPE with 10.0 wt% OBMFs 

nanocomposites 
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Appendix C 

 

 

Figure C.1 ATR-FTIR spectra of PA6 

 

 

Figure C.2 ATR-FTIR spectra of PA6 with 2.5 wt% OBMFs 
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Figure C.3 ATR-FTIR spectra of PA6 with 5 wt% OBMFs 

 

Figure C. 4 ATR-FTIR spectra of PA6 with 7.5 wt% OBMFs 
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Figure C.5 ATR-FTIR spectra of PA6 with 10 wt% OBMFs 
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Appendix D 

 

Figure D.1  Inspection of recovered drilling fluid waste (a) visual inspection and (b) SEM 

analysis 

 

Figure D.2 SEM images of untreated OBMFs in different magnifications settings (a) 10.00 

KX and (b) 25.00 KX 
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