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ABSTRACT 

 

Full Name : MUHAMMAD DAUD 

Thesis Title : [EFFECT OF NANO FILLERS ON THE PRODUCTION AND 

PROPERTIES OF LLDPE USING IN-SITU POLYMERIZATION] 

Major Field : [CHEMICAL ENGINEERING] 

Date of Degree : [December, 2016] 

Linear low density polyethylene (LLDPE) was synthesized using in-situ polymerization 

of ethylene with various alpha olefins (comonomers). Zirconocene/MAO was used as 

catalyst/cocatalyst complex. The comonomers used under study were 1-hexene, 1-octene, 

and 1-decene. In this study, the effect of comonomers on the catalytic activity, melting 

temperature (Tm), degree of crystallinity (DOC), melt crystallization behavior and 

lamellar thickness distribution (LTD) were evaluated. A higher catalytic activity was 

recorded in the presence comonomers. Further, the comonomers have added more short 

chain branching (SCB) to the copolymers, which corresponds to lower DOC and Tm. The 

Mo crystallization model perfectly explained the crystallization behavior of the 

copolymers for all cooling rates under study. The modified Gibbs-Thomson equation was 

utilized to observe the melting behaviors and LTD of the copolymers. Moreover, the 

activation energies (EA) were calculated using Kissinger method. The 1-hexene 

comonomer exhibited the lowest EA. Overall, crystallization was found, to be more 

effected by the degree of branching rather than the comonomer type.  

In another study, LLDPE nanocomposites were synthesized in the presence of nano 

titania doped with 1 % (TiO2/Mn), used as a drop-in nanofiller. The comonomer selected 

for this study was 1-hexene, based on our previous findings. The nanofiller added more 

SCB to the polymer backbone and as result decreased the DOC and Tm. The non-

isothermal crystallization behavior of the synthesized polymer nanocomposites were 

studied by Ozawa and Mo models. Additionally, the EA of the nanocomposites were 

calculated using Kissinger method. An increased EA profiles were observed, confirming a 

slower crystallization process in the presence of nano filler.  
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Further, graphene/layered double hydroxides (G/LDHs) hybrid nanofillers were 

synthesized by co-precipitation technique and were successfully characterized using 

different characterization techniques. The hybrid G/LDHs based ethylene-co-1-hexene 

nanocomposites were synthesized using in-situ polymerization. The activity of the 

zirconocene catalyst was boosted in the presence of hybrid nanofillers. Moreover, the 

synthesized polymer nanocomposites have shown improved thermal stability. EA for the 

synthesized polymer nanocomposites were calculated using Friedman iso-conversional 

method. The G/LDHs based polymer nanocomposites have shown higher EA (more 

thermal stability) compared to bare LDHs based nanocomposites, because of the superior 

thermal properties inherited by these hybrid nanofillers. 

Keywords: Copolymers, Catalytic activity, Melt crystallization, Hybrid materials 

Graphene/Layered double hydroxides nanocomposites 
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situ -inباستخدام طريقة  )LLDPEفي هذه الدراسة تم تصنيع البولي اثيلين الخطي منخفض الكثافة )

polymerization  وقد استخدم  من االثيلين وألفا األوليفيناتzirconocene / MAO   كمحفز معقد. تم استخدام

ايضا في هذه الدراسه تمت دراسة  . decene-1، وhexene ،1-octene-1مختلفة مثل  (comonomersجزيئات )

 lamellarو  (DOC)( ودرجة التبلورmTعلى نشاط المحفز، ودرجة حرارة االنصهار ) comonomersتاثير 

thickness distribution وجود .comonomers  .وعالوة على ذلك، عند اضافة نسب  زاد من نشاط المحفز

لتبلور ، والتي أدت بدورها الى انخفاض درجة ا(SCB)تزداد التفرعات السلسلية القصيرة  comonomerأعلى من 

(DOC. ودرجة االنصهار )  وأوضحت طريقةMo  بصورة جيدة سلوك بلورةcomonomers  عند درجات تبريد

 lamellar thicknessالمعدلة لدراسة سلوك االنصهار و   Gibbs Thomsonمختلفة.  استخدمت معادلة

distribution.  تم حساب طاقات التنشيط باستخدام طريقةKissinger.  هيكسين -1أوضحت نتائج الدراسة ان

comonomer عملية التبلور تعتمد بشكل اكبر على درجة التفرع بدال من نوع  وان له طاقة التنشيط االقل

comonomer. 

% من  1باستخدام   LLDPE)) البولي اثيلين الخطي منخفض الكثافة  وعالوة على ذلك، تم في هذه الدراسة تصنيع

لهذه  comonomer)) هيكسين-1( كمادة مالئة نانونية. تم اختيار2TIO /Mnباوكسيد التيتانيوم )المغنيز المطعم 

وتقليل  SCBالدراسة استنادا إلى النتائج السابقة التي توصلنا إليها. ادى اضافة المادة المالئة النانونية الى زيادة 

DOC  ودرجة االنصهار. وايضا تم دراسة عملية التبلورisothermal)-non)  للمواد المحضرة باستخدام النماذج

( للبوليمر المتناهى الصغر AE. باإلضافة إلى ذلك، تم حساب طاقة التنشيط )Moو Ozawaالمقترحة من قبل 
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، مؤكدا ابطاء عملية  )AEواظهرت نتائج الدراسة الى وجود زيادة في طاقة التنشيط ) .Kissingerباستخدام طريقة 

 بسبب وجود المادة المالئة النانونية. التبلور

 تم ايضا في هذه الدراسة تصنيع مادة مالئة نانونية هجينه بنجاح من الجرافين / هيدروكسيدات مزدوجة الطبقات 

(G/LDHs)  بواسطة تقنيةprecipitation-co.  واستخدمت هذه المالئة النانومترية الهجينة كمادة مالئة في بلمرة

( بسبب وجود zirconoceneو أظهرت نتائج الدراسة وجود زيادة كبيرة في نشاط الحفاز ) ين .هيكس-1االثيلين و

كذلك أن البوليمرات النانونية المحضرة لها استقرار حراري  هذه المالئة النانومترية الهجينة. وأظهرت نتائج البحث

وقد  .onversional Friedman c-isoتم حساب طاقة التنشيط للبوليمرات المحضرة باستخدام طريقة افضل .

البوليمرات النانونية لها طاقة تنشيط أعلى من  G/LDHsباستخدام  أن البوليمرات النانونية المحضرةاوضحت نتائج ب

 الحرارية الفائقة. بسب خواصها LDHsباستخدام  المحضرة 

 الطبقاتهيدرواوكسيدات الجرافين /  ،تذويب التبلور ،النشاط التحفيزي ،البوليمرات المشتركة: كلمات البحث

 .الهجينةالمواد  ،المزدوجة النانوية
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1 CHAPTER 1 

INTRODUCTION 

1.1 Polyethylene synthesis 

Single site metallocene complexes have gained great interest in the synthesis of 

polyethylene (PE). The complexes have opened new avenues for synthesizing polymers, 

having high catalytic activities, high comonomer incorporation, controlled polymer 

tacticity, efficient microstructure control and chemical composition distribution (CCD). 

An increased global demand has been noted during the last few decades for the 

polyethylene (PE) and especially for its derivatives that include high density polyethylene 

(HDPE), low density polyethylene (LDPE), and linear-low density polyethylene 

(LLDPE). Among them, the LLDPE has a very prominent demand because of its special 

applications such as food packaging, shopping bags and beverages bottling, etc. The 

LLDPE’s synthesizedwithmetallocene complexes exhibit several attractive properties

depending on the nature and concentration of comonomer used during polymerization 

reactions [1,2]. 

1.2 Effect of comonomer 

Commercially used comonomers mainly includeα-olefins i.e. 1-hexene, 1-octene, and 1-

decene. The comonomer has a noticeable effect on: catalytic activity, degree of 
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crystallinity (DOC), melting temperature (Tm) and several other properties. The catalytic 

activityofthehigherα-olefins (1-decene) exhibit higher catalytic activity compared to 1-

octene and 1-hexene under the same conditions of pressure, temperature and comonomer 

composition for polymerization reaction. However a contradictory results were observed 

by Mingkwan et al. (2011) by recording a slight decrease in catalytic activity while using 

1-decene comonomer compared to 1-octene, due to steric hindrance effect caused by 1-

decene comonomer. Higher amorphous contents were noted due to increase of 

comonomer ratio in the feed and vice versa [1]. 

1.3 Polymer nanocomposites 

In order to enhance the mechanical properties, dielectric properties, heat resistance 

properties and strength of the PE, various nanofillers can be utilized either by melt 

blending or by in-situ polymerization. During the production of polymer nanocomposites 

the nanofiller remains in a discontinuous phase in the entire polymer matrix thus enabling 

them to have better properties than the unmodified polymer. The thus produced 

nanocomposites have high stiffness and tensile strength.  These nanofillers also have high 

degree of interfacial interaction (due to their nano size) which provides high surface area 

compared to conventional fillers. Several nano fillers including; Titania (TiO2), graphene, 

layered double hydroxides (LDHs) and hybrids of G/LDHs are studied in this thesis. 

Every nanofiller impart their own special characteristics to the polymer nanocomposites 

e.g.  TiO2 is the most promising inorganic nanofiller because of its versatile properties, 

such as unique optical properties, anti-static behavior (used as antibacterial agent), and 

interesting photo catalytic properties. TiO2 bosts the catalytic performance of metallocene 
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catalyst and increases the activation energies. Similarly, the presence of graphene in the 

polymer nanocomposites made them mechanically strong and thermally more stable [1–

4].  

1.4 Melt crystallization   

The polymer crystallization is an important phase transition process. In fact, the rate of 

crystallization and the degree of crystallinity are key factors in polymer processing. The 

comonomer composition and nanofiller both can affects the crystallization kinetics as 

well. The crystallization kinetics are very important, not only for polymer processing but 

also for obtaining the desired characteristics. The non-isothermal crystallization kinetics 

usually have more importance than the isothermal kinetics due to its practical operations 

and implementation in the industry. These non-isothermal melt studies successfully cover 

a wide range of kinetic models including Jeizorny, Ozawa and Mo models for the PE and 

their nanocomposites [2,5].  

1.5 Thesis Summary 

Thesis summary section highlight the summary of each chapter. Each chapter is 

discussed in the manuscript format. 

Chapter-2 described the general literature related to the production of PE. Further, the 

importance of LLDPE and metallocene based complexes for LLDPE synthesis were 

discussed briefly. The chapter also includes the literature review for PE nanocomposites 

and their applications.  
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Chapter-3 described the impact of branching and comonomer type on the crystallization 

kinetics, lamellar thickness distribution and activity of zirconocene catalyst. The 

comonomers used for this study were: 1-hexene, 1-octene and 1-decene. The in-situ 

polymerization were adopted for the polymer synthesis. Initially equal amounts of each 

of the comonomer were added to the ethylene polymerization to analyze the comonomer 

type upon catalytic activity and non-isothermal crystallization kinetics of the synthesized 

copolymers. The comonomer amount in the reaction greatly influences the final product 

properties. The activation energies (EA) were calculated using the Kissinger method and 

found to be lower for the 1-hexene comonomer, which empowers the 1- hexene 

copolymer to crystallize relatively easy as compared to other copolymers. 

Chapter-4 described the synthesis of LLDPE using 1-hexene as a comonomer by in-situ 

polymerization in the presence of nano TiO2. The catalytic activities and comonomer 

incorporation was significantly increased by the addition of nano-TiO2. The 

crystallization analysis fractionation (CRYSTAF) profiles has revealed that the 

microstructure of the copolymers were altered due to TiO2 nanofiller. The Mo-model 

perfectly explains the non-isothermal crystallization behavior of the copolymers. The 

activation energy (EA) required for the polymerization process was found to be increased 

with the TiO2 addition, showing difficulty in the crystallization process.  

Chapter-5 described the various synthesis routes adopted for the hybrid graphene/layered 

double hydroxides (G/LDHs) nanocomposties. The chapter also summarized applications 

of hybrid materials in various arenas such as supercapacitors, catalysis and nanofillers for 

polymer nanocomposites. Further, future challenges to continuous mass production, 

uniform particulated sized were also discussed in detail. 
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Chapter-6 described the synthesis of G/MgAl hybrid nanofiller using co-precipitation 

method. The nanofiller was then characterized using different characterization 

techniques. The synthesized nanofiller was then used as drop-in filler for LLDPE 

synthesis. This chapter also studied the effect of catalytic activity, crystallinity and 

degradational kinetics of the as-synthesized LLDPE nanocomposites due the addition of 

G/MgAl nanofiller. 

Chapter-7 described the brief summary of the conclusion and recommendations along 

with the research outcomes in the form of research publications obtained from this thesis. 
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2 CHAPTER 2 

LITERATURE REVIEW AND BACKGROUND 

2.1 Ethylene polymerization 

 

Polyethylene (PE) is a widely used polymer because of its low production cost and 

remarkable properties thus making them a favorite product to be used in variety of 

application such as toys, food packaging, home appliances etc. [1].  A huge increase in 

the production trends of PE has been noted over the last few decades due to its high 

demand in global plastic consumption [2].  

PE are essentially be synthesize by ethylene polymerization/copolymerization with α-

olefins (comonomers) including 1-hexene, 1-octene and 1-octene etc. [3].  The PEs are 

sub-categorized as high density PE (HDPE), low density PE (LDPE) and linear-low 

density PE (LLDPE) or sometimes called very-low density PE (VLDPE)  illustrated in 

Figure 2-1 [1,4]. The short chain branching (SCB) and long chain branching (LCB) 

attached with ethylene backbone are the basis for the classification of PE. The differences 

between HDPE/LLDPE and LDPE are further summarized in Table 2-1. 

  



8 

 

 

Figure  2-1. Classification of PE on the basis of branching structure and densities range [1] with permission from 

John Wiley and Sons 

 

Table  2-1. Sketch of differences between HDPE/LLDPE and LDPE [1] 

HDPE/LLDPE LDPE 

Produced at relatively lower temperature 

and pressure by copolymerization of 

ethylenewithα-olefin. 

Produced by high temperature, high 

pressure process by polymerization of 

ethylene without any co-monomer. 

Follow Co-ordination polymerization.  Free radical polymerization is involved in 

the production of LDPE. 

SCB are the results of copolymerization of 

α-olefin. 

LCB are formed due to polymer chain 

transfer reactions.  

SCB are the results of backbiting reactions.   
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2.2 Linear low density polyethylene (LLDPE) 

 

Linear low density PE (LLDPE) is synthesized by the copolymerization of ethylene in the 

presence of comonomer. Commercially used comonomers for the production of LLDPE 

areα-olefin including 1-butene, 1-hexene and 1-octene [5,6]. The olefins or monomers 

coordinate with the catalyst active sites and get inserted to the growing polymer chain 

shown in Figure 2-2. The final copolymer chemical composition distribution (CCD) is 

highly dependent on different comonomer coordinations and insertion rates [4,7]. LLDPE 

is one of the most important emerging resins of PE not only because of their low 

production cost but also due to the properties that make them of remarkable interest to the 

consumers [8,9]. The most prominent applications of LLDPE including food packaging, 

shopping bags and beverages bottling, etc. [10]. The addition of the comonomer greatly 

affects the final product properties, including the catalytic activity, melting temperature, 

the microstructure of the end polymer and aslo effects the crystallization kinetics [6,11–

13].  

 

Figure  2-2. Structural design of LLDPE ethylene/1-hexene copolymer 
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2.3 High activity catalysts for LLDPE production 

 

Single site (metallocene catalysts) or multiple sites (Ziegler-Natta or Phillips) catalysts 

are widely used for polymerization of HDPE and LLDPE. These catalyst are also known 

as coordination polymerization catalyst, since they polymerized the product through 

coordination polymerization [4,7]. The discovery of Zieglar-Natta (ZN) catalyst in the 

early 1950’s was a major breakthrough to the polyolefin industry. The high catalytic

activity and selectivity of ZN catalysts makes them favorite for the LLDPE production 

commercially [2,14]. Selection of process (gas phase, slurry & solution) and catalyst 

selection (Ziegler-Natta, Phillips or Metallocene) are the important parameters that 

influence the properties of PE and also control the economics of the system. But due to 

the single siteness of the metallocene catalyst, it is preferred over Ziegler Natta catalyst, 

as it gives uniform and narrow microstructure distribution for the copolymers [15,16]. 

The CCD greatly affects the properties of the copolymers, thus a fast and reliable 

quantitative technique is mandatory for CCD analysis rapidly [17,18]. 

2.4 Mettallocene catalyst/cocatalyst complex studies 

 

The LLDPE synthesized with metallocene catalyst/cocatalyst complexes exhibit several 

attractive properties depending on the nature and concentration of comonomer used 

during polymerization reactions [19]. Kaminisky and his coworkers in 1998 suggested 

that, the methylaluminoxane (MAO) is more effective cocatalyst as compared to 

trimethylaluminium (TMA) while using metallocenes as a catalyst [11]. Further in his 

studies, he discovered that metallocene/MAO complex can be used to synthesized 
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LLDPE with high degree of microstructure control, uniform CCD, which cannot be 

possible to achieve while using the conventional heterogeneous Ziegler-Natta catalyst 

[20]. MAO is sometimes modified with glycol, ethers or polyethers to synthesized the 

LLDPE, these polymers have high melt flow index and better thermal processability [21].  

The modified methylaluminoxane type 3 (MMAO) and activated modified 

methylaluminoxane (AMMAO) activators can preferably be used with metallocene 

catalysts for high yield of LLDPE [3,22–24]. Other activators/cocatalyst that are widely 

used for synthesis of LLDPE using metallocene catalyst includes; Borane type 

(polyisobutylaluminoxane and tris(pentafluorophenyl)borane) and Borates type 

(tetrakis(pentafluorophenyl) and Lithium tetrakis(pentafluorophenyl) borates) [25–28]. 

2.5 Polymer nanocomposites 

 

In order to  enhance the mechanical, electrical and heat resistance properties of the PE, 

various nano fillers are utilized either by melt blending or by in-situ polymerization 

[29,30]. During the production of polymer nanocomposites the nano filler remains in a 

discontinuous phase in the entire polymer matrix thus enabling them to have better 

properties than the unmodified polymer. The thus produced nanocomposites have high 

stiffness and tensile strength [31,32].  The nano fillers have a high degree of interfacial 

interaction (due to their nano size) which provides high surface area compared to 

conventional fillers [31]. Several nano fillers including SiO2 [32–34], TiO2 [29,30,35,36], 

Al2O3 [37], LDHs [38]  and graphene [39] are widely studied in literature.  
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2.5.1 PE/TiO2 nanocomposites 

TiO2 is the most promising inorganic nano filler because of its versatile properties, such 

as unique optical properties, anti-static behavior (used as antibacterial agent), and 

interesting photo catalytic properties [29,35]. A detail literature study of PE/TiO2 are 

tabulated in Table 2-2. 

Table  2-2. PE/TiO2 Nanocomposites properties and applications 

Authors Study Findings 

Wang Z et al., 2005 [29] Preparation and 

characterization of 

polyethylene/TiO2 

nanocomposites. 

Significant improvement in the impact 

strength and tensile strength of the 

polyethylene by the addition of filler by 

melt compounding. 

Wathanyoo O. et al., 

2010 [40] 

Synthesis of 

LLDPE/TiO2 

nanocomposites by in-

situ polymerization 

with 

zirconocene/dMMAO 

catalyst.  

The dMMAO is impregnated on TiO2 to 

get white powder of dMMAO/TiO2. The 

catalytic activity is increased by four 

times as compared to rutile TiO2. 
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Kaleel A. et al., 2012 

[30] 

Effect of Mn doped-

titania on the activity of 

metallocene catalyst by 

in-situ ethylene 

polymerization 

In-situ polymerization is the most 

promising technique to produce polymer 

nanocomposites with homogeneous 

distribution of the nanoparticles inside the 

polymer matrix. Polymerization 

temperature greatly effect catalytic 

activity. The filler addition has less effect 

on Tm. Doped titania has four folding 

effect on the catalytic activity. 

Chaichana E. et al., 

2012 [35] 

LLDPE/TiO2 nano 

composites produced 

from different 

crystallite sizes of TiO2 

via in-situ 

polymerization 

Different nano crystallite sizes of TiO2 

influences the catalytic activity and co-

monomer incorporation in the polymer 

nano composites. Larger the crystallite 

size of the nano filler provided better 

catalytic activity while lesser comonomer 

incorporation and vice versa.  

Daud M. et al., 2015 [41] Non-Isothermal 

Crystallization Kinetics 

of LLDPE Prepared by 

In-Situ Polymerization 

in the Presence of Nano 

Titania. 

Doped titania has drastic effect on the 

activity of the zirconocene catalyst by 

increasing the 1-hexene incorporation. 

The optimum dose of the nano filler is 

found to be 15mg. The activation energies 

facts revealed that the crystallization 

process get slower with filler addition. Mo 
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model perfectly explain the crystallization 

behavior of the copolymer. 
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2.5.2 PE/Graphene nanocomposites 

Graphene is one of the new emerging carbon based material of the modern era with Sp2 

hybridized carbon atoms arranged in honey comb hexagonal structure. Thermal and 

mechanical properties of the polymers are dramatically enhanced even with low graphene 

content [42–44]. Detailed literatures of the effect of graphene on the PE nanocomposites 

are tabulated below in Table 2-3. 

 
Table  2-3. Graphene/PE nanocomposites properties and applications 

Authors Study Findings 

Khanam PN. et 

al., 2015 [45] 

Electrical Properties of 

Graphene Polymer 

Nanocomposites 

Significant improvement in the electrical 

properties has been recorded with low 

dosages of graphene addition. The 

dispersion of graphene greatly influences 

the Polymer graphene nanocomposites 

electrical properties.   

Farrukh S. et al., 

2015 [46] 

Synthesis, Characterization and 

Crystallization Kinetics of 

Nanocomposites Prepared by 

in-situ Polymerization of 

Ethylene and Graphene 

 

Thermal and mechanical properties of the 

nanocomposites are greatly improved 

with graphene loading. Decrease 

catalytic activities and increase weight 

average molecular weight (Mw) is 

observed for the PE/Graphene 

nanocomposites. 
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Kuila T. et al., 

2011 [47] 

Effect of functionalized 

graphene on the physical 

properties of linear low density 

polyethylene nanocomposites 

 

An increase in the dimension stability, 

crystallization temperature, storage 

modulus and thermal stability of the 

LLDPE/Dodecyl-amine-modified 

graphene nanocomposites were noted 

over neat LLDPE. However, the % 

crystallinity and oxygen/nitrogen 

permeability decreases. 

Kim H. et al., 

2010 [48] 

Graphene/polyethylene 

nanocomposites: Effect of 

polyethylene functionalization 

and blending methods 

Graphene/PE nanocomposites possess 

better mechanical and electrical 

properties but the effective dispersion of 

graphene is difficult to achieve. The 

LLDPE functionalized with amine and 

nitrile groups can uniformly disperse 

graphene nanosheets using solvent based 

melt blending. The unmodified 

LLDPE/graphene nanocomposites have 

higher electrical conductivity as 

compared to modified one. 

Fim F. et al., 2012 

[49] 

Thermal, Electrical, and 

Mechanical Properties of 

Polyethylene–Graphene 

Nanocomposites Obtained by 

Effective dispersion can be achieved 

using in-situ polymerization of PE using 

zirconocene and MAO complex. The 

onset degradation temperature of the 

nanocomposites is increased by 30⁰C for 
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in-Situ Polymerization 20 weight percent. Percolation threshold 

is recorded at a loading of 8.4 weight 

percent of graphene. The glass transition 

temperature is increased from -111⁰C 

(neat PE) to -106 ⁰C (6.6 wt. % of 

graphene loading). 

Stürzel M. et al., 

2012 [50] 

Novel Graphene UHMWPE 

Nanocomposites Prepared by 

Polymerization Filling Using 

Single-Site Catalysts Supported 

on Functionalized Graphene 

Nanosheet Dispersions 

UHMWPE is synthesized using in-situ 

polymerization filling having 

functionalized graphene as a support for 

MAO activated single site chromium 

(Cr1) catalyst. The complex gives 

excellent catalytic activities and 

morphological to the synthesized 

UHMWPE. The general safety and 

handling problems associated to the 

dispersion of graphene using the 

conventional PE/graphene 

nanocomposites can be much reduced 

using FG/MAO/Cr1 complex. 
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2.5.3 PE/LDHs Nanocomposites 

On the other hand, layered double hydroxides (LDHs) have 2D highly tunable brucite-

like lamellar crystal structure [51]. They are also commonly known as anionic clays with 

metallic hydroxides positive layers with charge neutralizer anions (Cl, NO3, CO3 etc.). 

The water associated within the lamellar geometry comes from the synthesis routes 

followed [52]. Like graphene, LDHs are also employed as nanofillers for the synthesis of 

polymer nanocomposites [53]. These LDHs based polymer nanocomposites have shown 

better thermal stability and flame retardancy [54,55]. PE/LDHs nanocomposites 

properties and applications literature is summarized in Table 2-4. 

Table  2-4. PE/TiO2 Nanocomposites properties and applications 

Authors Study Findings 

Wei Chen. and 

Baojun Qu. 2004 [56] 

LLDPE/ZnAl LDH-

exfoliated 

nanocomposites: effects of 

nanolayers on thermal and 

mechanical properties 

The ZnAl LDHs were synthesized using 

Self-assembly technique. The NO3 anions 

were replaced with dodecyl sulfate (DS) 

through intercalation technique for better 

dispersion of nano LDHs in the polymer 

matrix. Polymer nanocomposites with 5 

wt. % and 20 wt. % were synthesized by 

solution intercalation technique. The as-

synthesized LLDPE/ZnAl 

nanocomposites has shown better thermal 

stability having corresponding activation 

energies as 94, 215 and 150 kJ mol
-1

 for 

control, 5 and 20 wt. % respectively. Also 
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the decomposition temperatures were 

recorded as 384, 440 and 426 ⁰C 

respectively, at 30 % wt. loss was 

considered as reference. Further, the 

young modulus of 20 wt. % was 

increased by 59 % over control LLDPE. 

However, the strength and elongation at 

break slightly decreased due to decrease 

crystallinity.  

Longchao Du. and 

Baojun Qu. 2004 [57] 

Structural characterization 

and thermal oxidation 

properties of LLDPE/ 

MgAl-LDH 

nanocomposites 

The MgAl LDHs were synthesized using 

co-precipitation method and was 

successfully characterized. The 

LLDPE/LDHs nanocomposites were 

fabricated using melt blending. The 10 

wt. % nano blend has shown better 

thermal stability by enhancing the 

degradation temperatures up to 42 ⁰C 

over control LDLPE at 40 wt. % loss 

analysis. These LLDPE/MgAl 

nanocomposites are exhibiting interesting 

fire retardant properties. Further, the 

charring process initiated by MgAl LDHs 

compels the blend to be slowly thermally 

oxidized in the temperature range of 200 
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to 320 ⁰C.  

Peng Ding. And 

Baojun Qu. 2006 [58] 

Structure, Thermal 

Stability, and 

Photocrosslinking 

Characterization of 

HDPE/LDH 

Nanocomposites 

Synthesized by Melt-

Intercalation 

The co-precipitation synthesis route were 

followed for ZnAl LDHs. The 

organomodification of these LDHs were 

done using the DS. The ZnAl (DS) LDHs 

were used in 1, 5, 10 and 20 wt. % 

loading in HDPE. Approx. 40 ⁰C 

increased were recorded in the 

decomposition temperature for 5 wt. 

loaded blend, when taking reference at 50 

wt. % loss. Further, these LDHs have the 

tendency to absorb UV-irradiation and 

thus the gel contents of 20 wt. % blend at 

2s exposure is 1.4 % compared to control 

HDPE (64.9). Moreover, the photo cross 

linking efficiency of HDPE/LDHs blends 

has shown significant decrease due to 

high uptake of UV light at higher LDHs 

loading. 

Francis RC. et al., 

2007 [59] 

LDPE/MgAl layered 

double hydroxide 

nanocomposite: 

Thermal and flammability 

The melt blend of LDPE/MgAl LDHs is 

fabricated using twin screw extruder. A 

20 ⁰C increased in the decomposition 

temperature were recorded with just 2.43 

wt. % LDHs addition having a peak heat 
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properties release rate (PHRR) value of 600 kW m
-2

. 

The PHRR for virgin LDPE was recorded 

to be 800 kW m
-2

. This reduction in 

PHRR corresponds to better flame 

retardant property of PE nanocomposites. 

Moreover, at high loading of LDHs (16 

wt. %) the PHRR recorded was 300 kW 

m
-2

 with a 44 % reduction in total heat 

release (THR). Further, the burning rate 

of 16.2 wt. % has decreased from 33 to 22 

mm/min. These results have shown that 

better flame retardant polymers can thus 

be fabricated using LDHs as nanofillers. 

Lei Ye. and Qianghua 

Wu. 2011 [60] 

Effects of an Intercalating 

Agent on the Morphology 

and 

Thermal and Flame-

Retardant Properties of 

Low-Density 

Polyethylene/Layered 

Double Hydroxide 

Nanocomposites 

Prepared by Melt 

Three types of anion intercalated MgAl 

LDHs were successfully synthesized by 

the authors. These anions include NO3, 

dodecyl sulfate anion (DS) and stearate 

anion (SA). The LDPE/MgAl 

nanocomposites were synthesized using 

melt intercalation technique. A better 

dispersion and morphology can be 

achieved with MgAl-SA LDHs. Further, 

the thermal stability and fire retardancy of 

the PE nanocomposites obey the order as 
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Intercalation PE/SA ˃ PE/DS ˃ PE/NO3. 

Jean CB. et al., 2016 

[38] 

Metallocene supported 

core @LDH catalysts for 

slurry phase ethylene 

polymerization 

The slurry phase polymerization was 

conducted with metallocene catalysts 

supported on hybrids of silica@LDHs 

and zeolite@LDHs using MAO as a 

cocatalyst. The synergistic effect of 

LDHs has significantly affected the 

catalytic activity both in temperature and 

time domain. As a result of hybridization 

with LDHs, the activity of the 

metallocene catalyst has increased up to 

three times by supporting the 

accessibility, stability of metallocene 

based catalysts. 
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ABSTRACT 

The effect of comonomer and branching on the melt crystallization and lamellar thickness 

distribution was studied for ethylene and 1-alkene copolymers. The comonomers used in 

this study are 1-hexene, 1-octene, and 1-decene. A notable influence of the comonomer 

ratio in the feed was observed on the crystallization and melting behavior. The Ozawa 

and Mo models were found suitable for these copolymers. However, variation of relative 

crystallinity at different heating rates preferred the Mo method over the Ozawa method. 

The melting behavior and lamellar thickness distribution of the copolymers were 

analyzed by the help of modified Gibbs-Thomson equation. The activation energies (EA) 

for the melt crystallization were calculated using the Kissinger method. It was observed 

that 1-hexene comonomer exhibits lower EA, indicating an easier crystallization process 

as compared to other comonomers used. Overall, crystallization was found to be more 

influenced by the degree of branching rather than the comonomer type. 

Keywords: metallocene catalyst, crystallization kinetics, copolymer, lamellar thickness 

distribution.  
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3.1 INTRODUCTION  

 

Single site metallocene complexes have gained great interest in the synthesis of 

polyethylene (PE). The complexes have opened new paths for synthesizing polymer 

having high catalytic activities, high comonomer incorporation, controlled polymer 

tacticity, efficient microstructure control and chemical composition distribution (CCD) 

[1–4]. An increased global demand has been noted during the last few decades for the PE 

and especially for its derivatives that include high density polyethylene (HDPE), low 

density polyethylene (LDPE), and linear-low density polyethylene (LLDPE). LLDPE has 

very prominent demand because of its special applications such as food packaging, 

plastic bags, wraps, and pipes etc. [5,6]. The LLDPE synthesized with metallocene 

complexes exhibits several attractive properties depending on the nature and 

concentration of comonomer used during polymerization reactions [7–10]. PE and all its 

derivatives are semi crystalline in nature, and solidify easily during its crystallization. 

Since the addition of comonomer increases the amorphous contents in the copolymer, 

thus affecting the crystal structure and morphology and as a result the crystallization 

kinetics behavior is altered. Therefore, the knowledge of polymer crystallization kinetics 

and resulting degree of crystallinity are helping tools for its processing and desired 

characteristics [11,12].  Several studies have been done for better understanding of the 

concepts linked with isothermal and non-isothermal crystallization behavior of PE 

[13,14]. The non-isothermal crystallization kinetics has more practical significance over 

the isothermal kinetics study due to its industrial applications [15]. These non-isothermal 

melt studies successfully cover a wide range of kinetic models including Jeizorny, Ozawa 

and Mo models [16–18] for the HDPE, LDPE and LLDPE [14,19,20]. The modeling of 



36 

 

melting behaviors is utilized to study the lamellar thickness distribution (LTD) and 

average lamellar thickness for the PEs using modified Gibbs-Thomson (MGT) equation 

[21–23]. Adamu et al. studied the LTD and average lamellar thickness of the ethylene-α-

olefin homo- and copolymers using metallocene complexes. It was found that the 

lamellar thickness of the homopolymer is much widely distributed than the copolymers; 

with a high weight average lamellar thickness (WALT) calculated using Flory and GT 

equations. This could be ascribed to the resulting decrease in longer lamellae by the butyl 

branching of the copolymer [24].   

In this research work, in-situ polymerization of ethylene with variant amounts of α-

olefins is performed using zirconocene and methyl aluminoxane (MAO) as 

catalyst/cocatalyst complex. The aim is to study the effect of branching and comonomer 

type on crystallization behavior, lamellar thickness distribution and activation energies 

(EA). The crystallization kinetics and the quantitative effect of branching were analyzed 

by the Ozawa and Mo models. The LTD and mathematical correlation of WALT with the 

degree of crystallinity (DOC) was obtained using MGT equation.  Activation energy (EA) 

was evaluated using Kissinger method [25] and compared with all the samples. 

3.2 EXPERIMENTAL  

3.2.1 Chemical Reagents 

All chemical reagents sensitive to oxygen were stored and manipulated in a glove box 

under nitrogen atmosphere. Zirconocene (C10H10Cl2Zr) Bis(cyclopentadienyl zirconium 

(IV) dichloride) > 98 %, methylaluminoxane(MAO),α-olefins (1-hexene, 1-octene, and 
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1-decene) and other solvents (toluene and methanol) were provided by the Sigma Aldrich 

Company and were used as received. 

3.2.2 Polymerization Reaction 

ASchlenk reactorwas chargedwith 6mg (20 μmol) of the zirconocene catalyst with 

subsequentadditionofvaryingamountofα-olefins in 100 mL of solvent (toluene), inside 

the glove box. The reactor equipped with magnetic stirrer and recipe of the copolymer 

formation was air tightened using rubber septum and connected to the ethylene line and 

left for 5 min to get ethylene saturation. After saturation, the MAO was injected into the 

reactor to initiate the polymerization reaction for 25 minutes. The polymerization 

conditions were fixed for all reactions i.e. 303 K and 1.3 bar polymerization temperature 

and ethylene pressure respectively. After a total of 30 min. reaction time, the septum was 

then removed and the copolymer was quenched with acidified methanol (5 Vol %) for 45 

min. The copolymer thus formed was filtered and dried for 24 hours in an oven set at 333 

K [19]. The abbreviations used for the LLDPE in the current studies are: HEX-1, HEX-2, 

OCT-1, OCT-2, OCT-4, DEC-1, DEC-2 and DEC-4, whereas the HEX, OCT and DEC 

represented the comonomers used while the integers associated with them  showed that 

the milliliters utilized of that particular comonomer in the copolymer synthesis. 

3.2.3 Polymer Characterization 

The melting and crystallization behavior of the copolymers were characterized by using a 

DSC Q-1000, TA instruments. The equipment was calibrated using Indium samples. The 

copolymers were analyzed using conventional heat-cool-heat cycle; at a heating rate of 

10 K/min. Melting temperature (Tm) and DOC were recorded from the 2
nd

 heating cycle. 

For the study of crystallization kinetics, the samples were first heated to 423 K and kept 
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isothermal for 3 min. to minimize the effect of thermal history [26,27]. The samples were 

thencooleddownatvariantcoolingrates (β), i.e.1,2,3,5,10,20,and30K/min.For 

baseline and integration of the recorded scans, software (Universal Analysis 2000, TA 

Instruments) was used provided by the vendor. 

Crystallization analysis fractionation (CRYSTAF) was utilized for finding the chemical 

composition distribution (CCD) of the synthesized copolymers (provided by Polymer 

Char Instrument model-200). The samples were first dissolved in 1, 2, 4 trichlorobenzene 

(TCB) at a concentration of 0.1 mg/mL at 423 K for 60 min. The dissolved copolymer 

was then allowed to cool at 0.1 K/min. passing through a dual wavelength infrared 

detector to determine the polymer being crystallized in the solution [28,29]. 

 The comonomer incorporation was determined using carbon 13 nuclear magnetic 

resonance (
13

C NMR). Approx. 70 to 80 mg of the copolymer was dissolved in TCB at 

393 K in 5 mm standard NMR tube with 0.5 mL of deuterated benzene-d6 (lock)  [30]. 

The comonomer mole percentage was determined using ASTM method 5017-96 based 

on integration of peaks relative to main methylene resonance at 30.0 ppm on x-axis [31].  

3.3 RESULTS AND DISCUSSION 

3.3.1 Catalytic Activity and Crystallinity 

The comonomer concentration in the feed greatly affects the properties of the synthesized 

copolymers. This effect is very prominent in terms of activity trends for the copolymer 

(See Figure 3-1).  Increased activities of 18 %, 19 % and 15 % were recorded with just a 

single milliliter addition of comonomers 1-hexene, 1-octene and 1-decene respectively 

(See Table 3-1). A slight decrease in activity of DEC-4 compared to OCT-4 is due to the 
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steric hindrance caused by 1-decene (1-C10) atoms [32]. Furthermore, higher amounts of 

comonomer added up the short chain branching (SCB) to the copolymers, and 

corresponds to lower DOC and Tm [33]. However, this effect is not that much prominent 

and approximately 1 K ± 0.4 K decrease was noted in Tm for each milliliter comonomer 

addition. The comparative CRYSTAF profiles for the copolymers (See Figure 3-2) 

uphold the 
13

C NMR results, (See Table 3-1).  
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Table  3-1. Experimental conditions and properties for ethylene copolymers prepared by in-situ 

copolymerization using zirconocene complex with varying comonomers contents a 

Sample 

No. 

Comonomer 

in feed Activity 
b
 

(kg PE 

mole
-1

 

hr
-1

 bar
-1

) 

 

DOC 
c
 

 

Tm 
d
 

 

(K) 

Apeak 
e
 

Branch 

Density 

(per 

1000C)
 f
 

Weight 

average  

lamellar 

thickness 
g
 

(WALT) 

(nm) 

(mL) mole % 

HEX-1 1 0.85 396 ± 6 
52.12 ± 

0.65 
396.1 69.3 7.77 7.8 

HEX-2 2 1.70 468 ± 12 
31.62  ± 

0.46 
393.5 53.1 16.2 6.8 

OCT-1 1 0.67 424 ± 12 
43.14  ±  

0.56 
394.0 79.5 12.20 7.3 

OCT-2 2 1.34 508 ± 6 
34.16  ± 

0.84 
393.8 61.5 18.17 6.7 

OCT-4 4 2.68 702 ± 8 
24.65  ± 

0.97 
393.4 37.6 28.65 6.4 

DEC-1 1 0.56 452 ± 8 
43.84  ± 

0.36 
395.5 72.1 8.12 7.1 

DEC-2 2 1.12 522 ± 11 
32.32  ± 

0.56 
395.2 46.3 17.69 6.5 

DEC-4 4 2.24 668 ± 8 
30.65  ± 

0.86 
392.5 43.7 25.60 6.2 

 
a
 Copolymerization conditions: temp = 303 K; ethylene pressure = 1.3 bar; solvent used (toluene) 

= 100 mL; catalyst used (zirconocene) = 6 mg (20 μmol);polymerizationtime=30min 
b
 calculated from obtained yields  

c
 determined by DSC based on enthalpy of melting of 100 % crystalline PE, 293.6 J/g 

d
 calculated using 2

nd
 heating cycle of DSC  

e
 calculated using area under the peaks of the CRYSTAF profiles 

f
 determined by 

13
C NMR 

g
 calculated using modified Gibbs-Thomson equations using 2

nd
 heating cycle of DSC  
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Figure  3-1. Catalytic activity variance with comonomer type and composition in the feed 

  



42 

 

 

 

 
 

Figure  3-2. Effect of comonomer addition on the CRYSTAF results of the as-synthesized copolymers:  a) 1-

hexene b) 1-octene c) 1-decene d) comparative profiles using 1 mL comonomer 
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3.3.2 Thermal Analysis 

The crystallization behavior of the copolymers was studied by DSC Q-1000 model 

equipment. The endotherms obtained for DEC-1 crystallization at different cooling rates 

(β) are shown in Figure 3-3a. The peak crystallization temperature (Tp) decreases with an 

increase in β, indicating that at lower cooling rates, the polymer chains have sufficient 

time to move from the melt phase to the crystal structure phase [14].  On the other hand, 

the high comonomer content in the feed decreases the crystallization onset and peak 

temperatures as shown in Figure 3-3b for different concentrations of 1-decene 

comonomer. The DEC-1 crystallizes earlier followed by DEC-2 and DEC-4, showing 

relatively less ethylene long chains in DEC-2 and DEC-4 because of the increase in the 

non-crystallizable fractions constituted by branched octyl- groups [See Table 3-1]. Figure 

3-3c illustrates the comparative endotherms profiles for the comonomers HEX-1, OCT-1 

and DEC-1, with the 
13

C NMR analysis given in Table 3-1. The analysis of the results 

presented in Table 3-1 has shown that HEX-1 sample has the least comonomer 

incorporation and thus has the longest ethylene sequences compared to OCT-1 and DEC-

1. The half-time for crystallization (t½) increased with an increase in comonomer contents 

indicating that the high comonomer contents retarded the crystallization process (See 

Table 3-2). 
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Figure  3-3. Differential Scanning Calorimetry (DSC) endotherms for: (a) different cooling rates; (b) different 

comonomer compositions; (c) different comonomer type. 
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Table  3-2. Evaluated half time for crystallization (t½) at different cooling rates for all copolymers 

β (K/min)  

Sample 

1  2  3  5  10  20  30  

t½ (min) 

HEX-1 
15.23 6.28 4.03 2.14 1.03 0.49 0.31 

HEX-2 
19.79 9.66 6.28 3.55 1.26 0.51 0.28 

OCT-1 
21.38 9.36 6.22 3.43 1.34 0.63 0.40 

OCT-2 
22.18 9.35 5.80 3.39 1.53 0.74 0.45 

OCT-4 
27.68 12.65 7.90 4.49 2.21 1.04 0.58 

DEC-1 
18.34 8.42 5.56 3.21 1.40 0.65 0.42 

DEC-2 
22.18 9.77 6.14 3.46 1.16 0.61 0.47 

DEC-4 
22.82 9.79 6.17 3.56 1.20 0.65 0.53 
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3.3.3 Melt Crystallization 

The crystallization kinetics of polymers can be explained by the well-known Avrami 

model which relates nucleation rate and lamellar crystal growth of the polymer as a 

function of crystallization time. The Avrami model is given by Equation (1). 

1 exp( )n

tX kt        (1) 

The term Xt represents the volume fraction of the polymer being transformed, n and k 

stands for the Avrami exponent and crystallization rate constant respectively. The 

parameter n is a function of nucleation process and it provides qualitative information 

about the nature of nucleation and growth process while k is the rate constant and it 

depends on the nucleation and crystal growth. For the non-isothermal crystallization 

kinetics study, direct use of Avrami model is not suitable since it holds good for the 

isothermal case and also excludes the secondary crystallization process. Thus for the non-

isothermal process, a modified model in the growth rate constant is proposed by Jeizorny 

[16]. Further modification to the basic Avrami model is done by Ozawa [17] by 

considering that the crystallization process occurred in an infinite small isothermal steps 

at a constant cooling rate. The Ozawa model is given by the expression below: 

  exp
1  t m

K T
X




       (2) 

K(T) is the crystallization rate constant which is cooling rate dependent function, β is a 

cooling rate and  m is the Ozawa exponent. Normally, Ozawa model is preferred over the 

conventional Jeizorny-Avrami model while operating at non-isothermal crystallization 
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conditions [34]. The relative crystallinity tX can be calculated from the DSC exotherm. 

The weight fraction t is calculated using the following expression: 

 
  *100

i

o

o

T

T

t
T

total

T

dH
dt

H t dt

dHH
dt

dt




 
    

  
 
 




   (3) 

Whereas, ΔHtotal and ΔH(t) are the total heat released and heat released at a time t for the 

crystallization process respectively. The relation between weight fractions to volume 

fraction for the relative crystallinity is evaluated using the following formula: 

 
 

1

t
t

c
t t

a

X



 





 

     (4) 

The crystalline phase and amorphous phase densities for the PEs are given by ρc = 1.004 

and ρa = 0.853 respectively [19]. The melt crystallization was studied using DSC.  The 

effect of comonomer type and the degree of branching were evaluated by using the 

Ozawa and Mo models. 

Analysis by Ozawa Model 

The Ozawa model given by equation (2) can be linearized to the following form 

     1 tLn Ln X Ln K T mLn             (5) 

Equation 5 can be fitted to data obtained at different cooling rates. The data can be 

arranged in the form of Ln(-Ln(1- Xt)) vs. Ln(β) at different temperatures. The slope and 

intercept of the Ozawa-plots corresponds to m and Ln(K(T)) respectively. The Ozawa-

plots can be easily generated for any selected temperatures (Ta) and plotting the 
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crystallinity at that temperature against the corresponding β. For the current study, four 

temperatures were used for the analysis. Since, the fraction of the total transformation of 

any copolymer is strictly a function of temperature, it is different from each copolymer at 

that specified temperature as shown in Figure 3-4, and therefore, undermining the 

comparison of different copolymers by Ozawa analysis albeit, the temperature is same. 

The temperatures for the analysis were selected in the close vicinity of the onset 

crystallization temperature for all the copolymers. The Ozawa-plots are shown in Figure 

3-5, with the corresponding values of m and K(T) listed in Table 3-3. For the Ozawa 

analysis, four cooling rates were used i.e. 1, 2, 3, and 5 K/min. as these heating rates 

provided better fitting. The suitability of the Ozawa model decreased with large variation 

in the cooling rates such as 1-30 K/min. This behavior can be due to the negligence of the 

secondary crystallization in the Ozawa theory, as the cooling rates are increased the 

crystallization peak is shifted towards a lower temperature. Therefore, when the 

difference in cooling rates is high, the phase of crystallization can be different for the 

copolymer at a specific temperature, which leads to the inapplicability of the Ozawa 

model [35]. For instance, let us consider HEX-1, at 1 K/min. and 380 K, the fraction of 

the total transformation is nearly 40%, while at 20 and 30 K/min., the fraction of the total 

transformation is nearly 23% and 11% respectively. Therefore, to avoid this issue, we 

have used only four cooling rates for the Ozawa analysis. Sajkiewicz et al. also reported 

that linear function by Ozawa model is obtained at lower cooling rates only, which was 

due to the fact that higher cooling rates, reduces the absolute crystallinity and an increase 

in the amorphous phase within the spherulites. Similarly, the crystallinity at which the 

spherulites impingement become dominant also increases with the cooling rate [36]. 
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From the results listed in Table 3-3, it is evident that, for all the copolymers K(T) 

decreases with an increase in temperature indicating a slower crystallization process at 

higher temperatures. The value of m was found close to 2, in the early stage of 

crystallization of all the copolymers indicating a 2 dimensional crystal growth. However, 

this value decreased rapidly with the decreasing temperature. The reason for this decrease 

can be the spherulites impingements which is dominant at low temperature. As stated 

earlier, the comparison of crystallization process for the different copolymers cannot be 

carried out through the Ozawa method. Therefore, for more quantitative analysis of the 

crystallization process, Mo-method should be evaluated. 
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Figure  3-4. Variation of relative crystallinity with temperature for: (a) HEX-1; (b) DEC-1 
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Figure  3-5. Ozawa-plots for: (a) HEX-1; (b) HEX-2; (c) OCT-1; (d) OCT-2; (e) OCT-4; f) DEC-1; (g) DEC-2; (h) 

DEC-4 
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Table  3-3. Resulting values for m and K(T) from Ozawa analysis 

HEX-1 

Temp (K) 386.00 385.50 385.00 384.00 

m 2.85 1.62 1.10 0.70 

K(T) 0.47 0.48 0.49 0.56 

HEX-2 

Temp (K) 384.50 384.00 383.50 383.00 

m 1.99 1.36 0.90 0.53 

K(T) 0.18 0.21 0.22 0.23 

OCT-1 

Temp (K) 387.00 386.50 386.00 385.50 

m 1.94 1.24 0.78 0.48 

K(T) 0.13 0.15 0.17 0.18 

OCT-2 

Temp (K) 384.50 384.00 383.50 383.00 

m 2.09 1.32 0.74 0.36 

K(T) 0.20 0.22 0.22 0.23 

OCT-4 

Temp (K) 385.00 384.50 384.00 383.50 

m 1.96 1.47 1.10 0.76 

K(T) 0.21 0.23 0.25 0.26 

DEC-1 

Temp (K) 386.50 386.00 385.50 385.00 

m 1.87 1.02 0.43 0.26 

K(T) 0.26 0.27 0.28 0.32 

DEC-2 

Temp (K) 386.50 386.00 385.50 385.00 

m 2.20 1.47 0.92 0.50 

K(T) 0.32 0.34 0.36 0.38 

DEC-4 

Temp (K) 384.00 383.50 383.00 382.50 

m 1.83 1.17 0.74 0.43 

K(T) 0.16 0.17 0.18 0.19 
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 Analysis by Mo Model 

Mo method was first proposed by Liu et al. [18]. The Mo model equation can be derived 

by linearization and addition of Equation 1 and Equation 2. 

         tnLn t Ln k Ln K T mLn     (6) 

     Ln Ln F T Ln t       (7) 

Equation (7) represents the straight line, with slope α = n/m and intercept 

 
 

1/m

t

K T
F T

k

 
  
 

α is the ratio of Avrami and Ozawa exponent. The parameter F (T) 

represents the degree of super cooling required to obtain a specific degree of crystallinity 

in unit time which simply indicates the degree of difficulty found in the crystallization 

process [18] . Mo plots can be generated by plotting Ln(β) vs. Ln(t) for any selected value 

of the fraction of total transformation. These relative crystallinities are used in calculating 

the time required to achieve that particular relative crystallinity at different cooling rates 

β. The calculated values for time thus obtained i.e. Ln(t) is then plotted against Ln(β). To 

successfully describe the crystallization process, Mo plots must be linear and straight line 

for a specific value of crystallinity [14]. For the current study, the Mo plots for all the 

samples were generated by selecting the relative crystallinities value of 0.2 to 0.8 with a 

step size of 0.2, which are shown in Figure 3-6 and the corresponding values obtained 

from model are listed in Table 3-4. The Mo plots are perfectly aligned and straight for all 

the copolymers samples which indicate that Mo method can suitably describe the 

crystallization process. From the analysis of the results in Table 3-4, it can be seen that F 

(T) value increased more with the comonomer addition (degree of branching) as 
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compared to comonomer type, which reveals that the crystallization is more affected by 

the degree of branching rather than comonomer type. The value of α is almost constant 

indicating that Mo method is suitably describing the crystallization process.
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Figure  3-6. Mo-plots for: (a) HEX-1; (b) HEX-2; (c) OCT-1; (d) OCT-2; (e) OCT-4; f) DEC-1; (g) DEC-2; (h) 

DEC-4 
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Table  3-4. Summary of Mo model results 

Sample 

 

Relative crystallinity 

0.2 0.4 0.6 0.8 

HEX-1 

F(T) 2.27 6.31 15.96 33.57 

α(T) 1.20 0.93 0.88 0.92 

HEX-2 

F(T) 3.56 9.80 18.91 34.96 

α(T) 0.82 0.72 0.84 0.90 

DEC-1 

F(T) 2.82 7.72 19.08 34.97 

α(T) 0.95 0.89 0.90 0.93 

DEC-2 

F(T) 3.51 9.43 17.17 33.19 

α(T) 1.11 0.87 0.90 0.95 

DEC-4 

F(T) 3.73 12.11 22.00 40.14 

α(T) 0.78 0.70 0.82 0.89 

OCT-1 

F(T) 3.87 9.35 19.42 35.02 

α(T) 0.84 0.83 0.87 0.91 

OCT-2 

F(T) 3.95 11.05 20.40 36.13 

α(T) 0.92 0.88 0.90 0.93 

OCT-4 

F(T) 4.60 14.14 26.65 42.97 

α(T) 0.91 0.85 0.91 0.94 
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3.3.4 ACTIVATION ENERGY 

Activation energy (EA) is the amount of energy that is released during the propagation of 

the crystalline chains within the polymer matrix during the phase transition. Kissinger 

method can be used for the calculation of EA for LLDPE [19], which includes Tp and β 

[25].  EA is calculated using the following expression: 

2

1

p
A

p

d Ln
T E

R
d

T

  
    

    
 
  
 

   (8) 

Where, R is the universal gas constant. The values EA can be evaluated from the slopes of 

2

p

Ln
T

 
  
 

vs. 
1

pT
 (See Figure 3-7) for the as-synthesized copolymers. Whereas, the 

negative sign is representing that the crystallization process is exothermic in nature. Thus 

the lower values of EA corresponds to easier crystallization process [19]. It is found that, 

for higher comonomer composition in the feed increases EA, thus indicating a difficult 

crystallization process, (See Table 3-5). The EA for the comonomers follows the order as 

HEX-1<OCT-1<DEC-1. 
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Figure  3-7. Kissinger plots for ethylene copolymers 
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Table  3-5. Summarized activation energies (EA) obtained from Kissinger-plots 

Sample 

No. 
HEX-1 HEX-2 OCT-1 OCT-2 OCT-4 DEC-1 DEC-2 DEC-4 

(EA) 

kJ/mol 
-940.1 -840.4 -856.8 -797.3 -677.8 -789.6 -681.1 -623.6 
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3.4 CRYSTAL THICKNESS DISTRIBUTION 

The copolymers synthesized from polymerization of ethylene-1-alkene are semi 

crystalline in nature. The DOC of the copolymers decreases with addition of comonomers 

(See Table 1). The melting temperatures (Tm) at each point can thus be related to the 

equivalent dimensions of that crystal lamella (crystallite) by using Flory and GT 

equations also termed as MGT equation, given by Equation 9 [21,37,38].  

2
  1  

 

ssfe

m

f fclamella

mT T
H L





 
    

   (9) 

Where, mT 
 (equilibrium melting temperature of perfect crystal of ethylene homopolymer) 

= 418.65K; ΔHf⁰ (heat of fusion per unit volume for the perfect crystal) = 290 J cm
-3

; 

Lfclamella is the folded crystal lamellar thickness and σssfe (crystallite specific surface free 

energy) = 90 mJm
-2 

[24,39]. However, for the mT   for the copolymer ( , m copolymT
) Equation 

10 is used [22,23,39]. The main flaw in using MGT to calculate copolymer lamellar 

thickness distributions arise from the exclusion of branches from the copolymer crystalas. 

The comonomer composition in the melt around the crystals changes during melting, 

hence, using the same , m copolymT
 to calculate L values along the whole melting curve, 

which might cause some error [38,40]. 

 
, 

1 1
A

m copolym m u

R
lnX

T T H 
 


   (10) 

Where, ΔHu is the heat of fusion of ethylene repeat unit and XA is the mole fraction of 

ethylene in copolymer. 
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The LTD for various copolymers is shown in the Figure 3-8, and the WALT is 

summarized in Table 3-1. The MGT equation was implemented for studying the 

comonomer induced structural/enchainment defects in the copolymers. The LTD profile 

shrinks and narrows upon the further addition of comonomer, shows less crystallite in the 

polymer lattice due to high SCB. Therefore the additional branching effect acted as to 

break the relatively longer lamellae, resulting in an overall decrease in the width of the 

distribution [41].  This conforms to the positive effect of DOC on the WALT i.e. higher 

WALT is recorded for higher crystalline polymer and vice versa (See Table 3-1).  
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Figure  3-8. Lamellar thickness distribution (LTD) for: (a) 1-hexene; (b) 1-octene; (c) 1-decene; comonomers. 

  



63 

 

3.5 CONCLUSION 

Ethylene-co-α-olefin polymerization was carried out using zirconocene complex with 

varyingcomonomercompositions.Thecomonomers(α-olefins) considerably influenced 

the melt crystallization and lamellar thickness distribution (LTD) of the copolymers. Mo 

method was found suitable for the copolymers melt crystallization, under study. The 

weight average lamellar thickness was found to decrease with comonomer addition.  For 

the current study, Kissinger’s activation energy (EA) indicates that the crystallization 

process is more affected by the degree of branching rather than the comonomer type. 
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3.6 NOMENCLATURE  

Table  3-6. Nomenclature 

Symbols   Meaning (Units) 

Tm Peak melting temperature (K) 

Tp Peak crystallization temperature (K) 

EA Activation energy (kJ/mol)  

t½ Half time for crystallization (min) 

n Avrami exponent 

K(T) Crystallization rate constant at any given temperature 

m Ozawa exponent 

ΔHtotal Total heat released 

ΔH(t) heat released at a time t 

F(T) Mo parameter also called degree of super cooling 

α 

Mo parameter (Ratio of Avrami and Ozawa exponent n 

and m respectively) 

β Cooling rate (K/min) 

αt Weight fraction crystallized from melt  

ρc Crystalline phase density (kg/m
3
) 
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ρa Amorphous phase density (kg/m
3
) 
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ABSTRACT 

In this research work, a zirconocene/MAO complex was used as a catalyst for the 

copolymerization of 1-hexene and ethylene in the presence of nano titania doped with 1% 

of manganese (TiO2/Mn), which was used as a drop in filler. It was investigated from the 

13
CNMR analysis that 1-hexene incorporation increases with the addition of nano filler. 

The degree of crystallinity (DOC), catalytic activity and molecular weight of the 

nanocomposites were studied by a differential scanning calorimeter (DSC), yield analysis 

and gel permeation chromatography (GPC) respectively. It was found that DOC, catalytic 

activity, molecular weight and molecular weight distribution were strongly influenced by 

the addition of nano filler due to the increase of 1-hexene incorporation. As a result, an 

increase in catalytic activity and a decrease in DOC were observed due to the addition of 

nano filler. The non-isothermal crystallization kinetics of the produced copolymer was 

studied using a model proposed by Ozawa and Mo et al. It was observed that the crystal 

growth rate is slowed by the nano filler. The Activation energy (EA) was determined by 

the Kissinger method, and it was found that EA is increased incrementally with the 

loadings of the nano filler, confirming a slower crystallization process. 

Keywords: polymer nanocomposites, crystallization kinetics, nano-titania, catalytic 

activity 
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4.1 INTRODUCTION 

Polyethylene (PE) is a widely used polymer because of its low production cost and 

remarkable properties. A huge increase in the production trends of PE has been noted 

over the last few decades due to its high demand in global plastic consumption [1]. The 

discovery of the metallocene catalyst has opened a new era of ethylene polymerization as 

it gives precisely designed products [2–6]. Linear Low Density Polyethylene (LLDPE) is 

one of the most important emerging resins of PE [7, 8]. In order to  enhance heat 

resistance properties and strength of the PE, various nano fillers are utilized either by 

melt blending or by in-situ polymerization [9, 10]. During the production of polymer 

nanocomposites the nano filler remains in a discontinuous phase in the entire polymer 

matrix thus enabling them to have better properties than the unmodified polymer. The 

thus produced nanocomposites have high stiffness and tensile strength [1, 11].  The nano 

fillers have a high degree of interfacial interaction (due to their nano size) which provides 

high surface area compared to conventional fillers [11]. Several nano fillers including 

SiO2 [1, 12, 13], TiO2 [9, 10, 14, 15], Sepiolite (Mg4Si6O15(OH)2) [16], Al2O3 [17] and 

ZrO2 [18, 19] are widely studied in literature. Among these nano fillers TiO2 is the most 

promising inorganic nano filler because of its versatile properties, such as unique optical 

properties, anti-static behavior (used as antibacterial agent), and interesting photo 

catalytic properties [9, 14]. 

The crystallization of polymers is an important phase transition process. In fact, the rate 

of crystallization and the degree of crystallinity are key factors in polymer processing 

[20]. The crystallization process can be isothermal or non-isothermal. Generally most 

industrial processing is non-isothermal, and because of this, non-isothermal 
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crystallization kinetics has practical significance [21]. Various nano fillers, which impart 

unique characteristics to polymers, also affect the crystallization process. For instance, it 

has been reported that carbon nanotubes (CNTs) act as nucleating agents in the 

crystallization of LLDPE. It is also observed during isothermal crystallization the 

presence of a small amount of CNTs alter the morphology of LLDPE [22]. Similarly, it 

has also been observed that Carbon Nano Fibers (CNF) alter the lamellar thickness and 

lamellar thickness distribution [23].  

Many Models such as Jeizorny, Ozawa and Mo [24–27] were used to describe non-

isothermal crystallization kinetics of all derivatives of PE (high density PE (HDPE), low 

density PE (LDPE), linear low density PE (LLDPE), and ultra-high molecular weight PE 

(UHMWPE)). In this study the Mo-Model is applied to the analysis of non-isothermal 

crystallization kinetics of LLDPE-TiO2 nanocomposites. 

4.2 EXPERIMENTAL METHODS 

4.2.1 Chemicals 

A Bis(chclopentadienyl zirconium (IV) dichloride) > 98% (C10H10Cl2Zr), 

Methylaluminoxane (MAO), nano titania doped with 1% manganese (TiO2/Mn) (<100 

nm) and all other chemicals were provided by Sigma Aldrich and were used as received. 

4.2.2 In-Situ Polymerization Reaction 

Ethylene/1-hexene copolymerization was carried out in a 250 mL round bottom flask 

(semi batch reactor) equipped with a magnetic stirrer. Inside the glove box the reactor 

was charged with 20 µmoles (6 mg) of a zirconocene catalyst and different dosages (5, 15 

and 30 mg) of the nano filler and 80 ml of solvent (toluene). The airtight reactor was then 
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immersed in a constant temperature bath at 30 °C. Once the temperature of the bath and 

reactor reached equilibrium, the nitrogen was removed from the reactor using a vacuum 

pump. The ethylene gas at a pressure of 1.3 bar was fed to the reactor in order to start the 

polymerization process. After two minutes of saturation with ethylene, 1 mL of the 

comonomer (1-hexene) was introduced into the reactor. Five mL of cocatalyst (MAO) 

was added to reactor just after 3 minutes of saturation with the comonomer. The total 

reaction time was 30 minutes with a stirring speed of 600 rpm, after which the 

polymerization process was quenched by adding acidified methanol (5 vol. % HCl) 

followed by stirring for 45 minutes. The copolymer thus obtained from the 

copolymerization of ethylene/1-hexene was filtered and kept in an oven at 50 °C for 10 

hours before weighing to calculate the activity. The abbreviations used in this section are 

E-H-0 (control), E-H-5, E-H-15 and E-H-30, where the numbers represent the amount of 

nano filler in milligrams. 

4.2.3 Polymer Characterization 

1. The thermal behavior of the copolymer was determined using a DSC-Q1000, 

instrument. The heating rate used in this study was 10 °C /min. The melting 

temperature (Tm) was obtained from the heating cycle while the crystallization 

temperature (Tc) was obtained from the different cooling cycles. 

2. Crystallization analysis fractionation (CRYSTAF) (model 200 CRYSTAF 

instrument provided by Polymer ChAR) was employed for the analysis of the chemical 

composition distribution (CCD) of ethylene/1-hexene copolymer and its 

nanocomposites. The samples were dissolved in 1, 2, 4 trichloro-benzene (TCB) at 150 
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°C for 60 minutes and then allowed to cool at 0.1 °C /min. The infrared detector (dual 

wavelength) determined the polymer crystallize in the solution. 

3. The carbon13 nuclear magnetic resonance (
13

C-NMR) technique was utilized to 

study the copolymer microstructure. The samples were prepared by dissolving 25 mg of 

polymer in TCB at 120
 
°C with a few drops of deuterated benzene.  The comonomer 

mole fraction  was determined by using the integration of peaks relative to the isolated 

methylene resonance on the spectroscopy (largest peak assigned at 30ppm on the x-axis 

scale) [28, 29]. 

4. The gel permeation chromatography (GPC) technique was used to find the 

molecular weight (Mw) of the polymer nanocomposites. Nearly 5 mg of the polymer 

was dissolved in 10 mL TCB at 160 °C for 3 hours in a 40 mL glass vial, sealed with a 

Teflon coated cap. The equipment was calibrated using polystyrene (PS) standards. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Catalytic Activity 

From the yield analysis, catalytic activity was calculated and is tabulated in Table 4-1. 

The catalytic activity increases with the increase in the nano filler amount and reaches  its 

maximum value at 15 mg of the nano filler. Similar results were reported for HDPE with 

the same nano filler [10]. The high catalytic activity and lower molecular weight (Mw) 

was observed at the optimum dose of the nano filler. The increase in catalytic activity is 

reported due to the high surface area of the nano particles which provide better 

distribution of catalytically active centers throughout the particle as a result monomers 

get easy access to coordinate with each other [14]. The doped manganese (Mn) also plays 

a vital role for getting high catalytic activity because of having the intrinsic activity of the 
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active species itself (i.e. Mn) present on doped TiO2 [30]. The cocatalyst MAO adsorbed 

on the surface of nano filler by physical interaction. The adsorption phenomenon lowers 

the intrinsic activity of the active species as well as the availability of MAO at high doses 

of filler addition. Furthermore the presence of a high amount of the filler (as compared to 

the catalyst) boosts the agglomeration process of filler around the catalyst. As a result, a 

relatively lower yield is obtained during the lateral stages i.e. 30 mg of filler addition. 

The phenomena is termed as steric hindrance [31, 32]. Figure 4-1 shows the error bars for 

the variance in activities and crystallinities for the repeated runs. The change in the 

molecular weights of the polymer nanocomposites due to filler addition is not significant. 
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Table  4-1. Experimental activity data and Characteristics for LLDPE-TiO2/Mn nanocomposites a using 

zirconocene catalyst 

S/No. 
Sample 

Name 

Filler 

Amount 
Activity 

b
 

 

DOC 
c
 

 

Tm 
d
 Mw 

e
 

(mg) 
(kg PE mole

-1
 hr

-1
 

bar
-1

) 

 

(°C) (g/mol) 

1 E-H-0 0 

354.24 ± 5.21 

48.14  ±  

0.72 

122.15 
20,072 

2 E-H-5 5 364.74  ± 5.57 44.85  ± 0.85 122.12 22,873 

3 E-H-15 15 509.2  ± 9.55 43.95  ± 0.32 122.05 18,286 

4 E-H-30 30 362.19  ± 5.72 36.38  ± 0.36 119.99 21,957 

 
a
 T = 30 °C; Pguage = 1.3 bar; solvent = toluene (80 mL); zirconocene amount = 6 

mg(20μmol);comonomer(1-hexene) amount = 1 mL; polymerization time = 30 

min 
b
 calculated from yields  

c
 determined by DSC, based on enthalpy of melting of 100 % crystalline PE, 

293.6 J/g 
d
 determined by DSC  

e
 determined by GPC 
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Figure  4-1. Catalytic activity and percent crystallinity variance 
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4.3.2 Crystallinity of LLDPE- TIO2/Mn Nanocomposites 

The DOC and Tm are tabulated in Table 1 obtained from DSC results. The decreasing 

trend in the crystallinity is observed as a result of filler addition and reaches its minimum 

value at a filler dosage of 30 mg. CRYSTAF is utilized for finding the CCD for the 

synthesized nanocomposites as shown in Figure 4-2. The broadness in the peak increases 

across the increase in the filler addition along with a slight decrease in the peak 

temperature, which clearly indicates that there is the addition of more short chain 

branching to the polymer structure due to 1-hexene incorporation [33]. The DOC is 

highly influenced by 1-hexene incorporation [29, 34]. At 30 mg of the filler dosage, there 

is very prominent change in the peak temperature of the nanocomposites which is due to 

the high comonomer incorporation supported by 
13

C-NMR results obtained, tabulated in 

Table 4-2. The nano-TiO2/Mn thus alters the structure of the polymer by attributing more 

1-hexene incorporation and lowering the DOC. The minimum effect of nano-TiO2/Mn on 

crystallinity could be related to the effect of TiO2/Mn on the low crystalline active sites 

only. This is supported by the negligible change in peak temperature of the high 

crystalline fraction on the CRYSTAF curves. 
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Figure  4-2 CRYSTAF profiles for LLDPE-TiO2/Mn nanocomposites 
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Table  4-2. Effect of nano filler concentration on CRYSTAF Profiles 

Sample ID E-H-0 E-H-5 E-H-15 E-H-30 

TPeak (°C) 78.0 77.8 77.7 75.8 

Mole % of 1-hexene 

(
13

C NMR) 

1.310 1.312 1.315 1.776 
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4.3.3 Melt Crystallization  

The melt crystallization of polymer can be explained by the well-known Avrami model. 

The Avrami theory relates the nucleation rate and lamellar crystal growth to the volume 

fraction of transformed material and the crystallization time. Avrami model is given by 

Eq.1 

𝑋𝑡 = 1 − 𝑒−𝑘𝑡𝑛
 (1) 

𝑋𝑡 is the volume fraction of transformed material, n is the Avrami exponent and k is 

crystallization rate constant. n is a function of nucleation process while k  is the growth 

function and it depends on the nucleation and crystal growth. n provides qualitative 

information about the nature of nucleation and growth process. Since the Avrami model 

deals with the isothermal crystallization process, it is not suitable to be applied directly in 

non-isothermal case. Likewise this model excludes the effect of growth site impingement 

and secondary crystallization process. For the analysis of non-isothermal process 

Jeizorny [26] proposed a modification in the growth rate constant. Similarly, Ozawa [27] 

extended the Avrami theory for prediction of non-isothermal process. The Ozawa model 

is based on the assumption that the crystallization process occurs in infinitesimally small 

isothermal steps at a constant cooling rate. The Ozawa model is given by Eq.2 as 

followed. 

𝑋𝑡 = 1 −
𝑒𝑥𝑝(−𝐾(𝑇))

𝛽𝑚
 (2) 

Where K(T) is a function of the cooling rate 𝛽 and the Ozawa exponent m. It is reported 

that as compared to Jeizorny-Avrami model, the Ozawa model works well in case of non-
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isothermal crystallization [35].  The relative crystallinity 𝑋𝑡 can be calculated from the 

DSC exotherm. First the weight fraction 𝛼𝑡 is obtained by the following relation. 

𝛼𝑡 =
∆𝐻(𝑡)

∆𝐻𝑡𝑜𝑡𝑎𝑙
=  

∫ (
𝑑𝐻

𝑑𝑡
)𝑑𝑡

𝑇𝑖
𝑇𝑜

∫ (
𝑑𝐻

𝑑𝑡
)𝑑𝑡

𝑇∞
𝑇𝑜

∗ 100                                               (3) 

Where ∆𝐻(𝑡) is the heat released at time t while ∆𝐻𝑡𝑜𝑡𝑎𝑙 is the total heat released during 

the crystallization process. The weight fraction can be transformed to volume fraction by 

the formula given below 

𝑋𝑡 =  
𝛼𝑡

𝛼𝑡 +
𝜌𝑐

𝜌𝑎[1 − 𝛼𝑡]

 
(4) 

Where, ρcand ρa are the densities of crystalline and amorphous phases respectively. The 

values of ρcand ρa are 1.004 and 0.853 for PE [36]. 

Analysis by Ozawa model 

The Ozawa model can be applied to the non-isothermal crystallization process, carried 

out at different cooling rates. Eq.5 can be can be simplified by linearization as shown 

below. 

𝐿𝑛[−𝐿𝑛[1 − 𝑋𝑡]] = 𝐿𝑛[𝐾(𝑇)] − 𝑚𝐿𝑛[𝛽] (5) 

The parameters of the model i.e. m and K(T) can be obtained from the slope and intercept 

of plot of 𝐿𝑛[−𝐿𝑛[1 − 𝑋𝑡]]  vs. 𝐿𝑛[𝛽]. The Ozawa model plots can be generated by 

considering a temperature and then plotting the relative crystallinity at that temperature to 

the corresponding cooling rate. The temperatures selected here are, 365, 368, 371, 374, 
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377 and 380 K. The Ozawa plots are shown in Figure 4-3 (a-d) and the results are listed 

in Table 4-3.  
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Figure  4-3 a. Ozawa-analysis plots for E-H-0  

 

 
Figure 4-3 b. Ozawa-analysis plots for E-H-5 
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Figure 4-3 c. Ozawa-analysis plots for E-H-15 

 

 
Figure 4-3 d. Ozawa-analysis plots for E-H-30 
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Table  4-3. Resulting values of m and K(T) from Ozawa analysis 

Sample 

 

Crystallization temperature T (K) 

365 368 371 374 377 380 

m k m k m k m k m k m k 

E-H-0 0.023 3.12 0.033 2.88 0.048 2.30 0.082 2.03 0.154 1.87 0.310 1.91 

E-H-5 0.034 2.91 0.046 2.45 0.067 2.09 0.106 1.80 0.180 1.60 0.354 1.62 

E-H-15 0.046 3.02 0.062 2.63 0.089 2.31 0.138 2.06 0.227 1.91 0.394 1.58 

E-H-30 0.067 3.09 0.110 2.68 0.107 2.22 0.129 1.86 0.184 1.59 0.317 1.44 
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Analysis by Mo-model 

The crystallization kinetics model proposed by Liu et al. [24] is derived from the 

Jeizorny-Avrami equation given by Eq. 1 and the Ozawa equation given by Eq.2  [25, 

38]. 

After linearization and addition of Eq.1 & 2, the equation becomes  

𝑛𝐿𝑛(𝑡) + 𝐿𝑛(𝑘𝑡) = 𝐿𝑛(𝐾(𝑇)) − 𝑚 𝐿𝑛(𝛽)      (6) 

Upon simplification, the above equation is reduced to  

  𝐿𝑛[𝛽] = 𝐿𝑛[𝐹(𝑇)] − 𝛼𝐿𝑛[𝑡]        (7) 

Whereas, 𝐹(𝑇) = [
𝐾(𝑇)

𝑘𝑡
]

1/𝑚

and α = n/m i.e. the ratio of the Avrami exponent to the

Ozawa exponent. F (T) represents the degree of super cooling required to obtain a 

specific degree of crystallinity in unit time. A higher F (T) refers to a comparably 

difficult crystallization process and vice versa [24]. According to Eq.7 for Mo-model to 

successfully describe the crystallization process, plots of 𝐿𝑛[𝛽] against 𝐿𝑛[𝑡] should be 

linear. The Mo-model plots can be generated by considering a percent relative 

crystallinity and then calculate the time required to achieve that crystallinity at different 

cooling rates. The corresponding values of Ln (t) can then be plotted against 𝐿𝑛[𝛽]. For 

the present case similar Mo-model plots were generate according to Eq.4. The plots are 

presented in Figure 4-4 (a-d) and the summarized results are listed in Table 4-4. The 

linearity of the plots shows that this model is valid for the LLDPE and LLDPE-TiO2/Mn 

nanocomposites. F(T) and 𝛼 were obtained from the intercept and slope of lines in Figure 

4 respectively. As stated above that F(T) refers to the degree of super cooling required for 

a unit degree of crystallinity, it can be observed from the results in Table 4-4, that as the 

relative crystallinity increases the F(T) increases as well, which indicates that at higher 
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relative crystallinity more super cooling is required to crystallize the polymer melt. 

Similarly, it can also be observed that at a specific value of 𝑋𝑡, the F (T) for LLDPE-

TiO2/Mn nanocomposites is high as compared to neat LLDPE. This means the crystal 

growth process is slower for LLDPE-TiO2/Mn nanocomposites. This conclusion is 

consistent with the Ozawa analysis. 

  



93 

 

 

 

Figure  4-4 a. Mo-analysis plots for E-H-0 
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Figure 4-4 b. Mo-analysis plots for E-H-5 
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Figure 4-4 c. Mo-analysis plots for E-H-15 
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Figure 4-4 d. Mo-analysis plots for E-H-30 
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Table  4-4. Summarized Mo-model results 

SAMPLE 𝑿𝒕 F(T) α(T) 

E-H-0 

0.2 0.80 0.21 

0.4 2.18 0.22 

0.6 5.83 0.30 

0.8 12.12 0.36 

E-H-5 

0.2 1.48 0.30 

0.4 3.38 0.31 

0.6 7.35 0.35 

0.8 13.17 0.38 

E-H-15 

0.2 0.87 0.21 

0.4 2.75 0.23 

0.6 7.1 0.30 

0.8 13.32 0.36 

E-H-30 

0.2 1.67 0.31 

0.4 3.52 0.32 

0.6 7.83 0.35 

0.8 13.9 0.37 
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4.3.4 Activation energy (EA) 

EA is related to the energy required for transporting the crystalline chains of polymer 

through the phase [39]. One approach to determine this energy is by taking into account 

the variation in peak temperature for crystallization (TP) with the cooling rate, according 

to the following relationship [40]. 

𝑑(𝐿𝑛 (
𝛽

𝑇𝑝
2))

𝑑(
1
𝑇𝑝

)
= −

𝐸𝐴

𝑅
 

 

 

(8) 

Where, R is the universal gas constant. EA can be evaluated from the slope of 𝐿𝑛 (
𝛽

𝑇𝑝
2) vs. 

1

𝑇𝑝
 shown in Figure 4-5. EA turned out to be -603.86, -589.32, -559.35 and -556.53 kJ/mol, 

for E-H-0, E-H-5, E-H-15 and E-H-30 respectively. Since the crystallization process is 

exothermic i.e. transformation from melt to crystalline form, so the greater magnitude of 

absolute EA favors the process [36, 41]. For the present case it is found that with the 

addition of nano-TiO2/Mn, EA is increased, indicating a difficulty in the crystallization 

process. This phenomenon can be attributed to adsorption of polymer segments by the 

nano filler, which then prevents the movement of molecular segments and thus makes the 

crystallization difficult. Similar observations were also made in the case of HDPE/nano-

SiO2 nanocomposites [42]. 

The current study only considers the laboratory work and is aimed to obtain a better idea 

about the role of nano-TiO2/Mn upon the activity of the metallocene catalyst, 
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microstructural behavior of the copolymer and non-isothermal crystallization kinetics. It 

is necessary at this stage to evaluate other physical properties, including mechanical 

properties and calorimetric properties. 
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Figure  4-5. Kissinger Plots for LLDPE and LLDPE-TiO2/Mn nanocomposites 
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4.4 CONCLUSION 

Nano-TiO2/Mn significantly influences the catalytic activity as well as the percentage 

crystallinity but it has very minimal effect on Tm. The optimum dose is found to be 15 mg 

of the nano filler to give the maximum catalytic activity. The drop in nano-TiO2/Mn 

alters the polymer structure by adding more short chain branching to its backbone, thus 

decreasing the DOC. 1-hexene incorporation is determined by 
13

C NMR which clearly 

indicates that, 1-hexene incorporation is increased by filler addition. The Ozawa-method 

and Mo-method successfully described the non-isothermal crystallization of LLDPE and 

LLDPE-TiO2/Mn nanocomposites. EA was calculated from Kissinger method. It was 

found that the crystallization process is retracted by presence of the nano filler due to 

steric hindrance, as indicated by an increase of cooling function and EA, and decrease in 

the crystallization rate constant. 
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Abstract 

Hybrids of graphene (G) and layered double hydroxides (LDHs) are promising 

nanomaterials due to their versatile properties and the large number of 

composition/preparation variables available for fine-tuning. Several techniques are 

available for the synthesis of these novel G/LDHs nanocomposites. This article reviews 

the recent developments in their synthesis and applications in the oxygen evolution 

reaction, supercapacitors, hybrid sensors, adsorption, catalysis, water purification, and 

flame retardant materials. 
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5.1 Introduction 

Graphene (G) and chemically modified graphene such as graphene oxide (GO) have 

special and much desired characteristics due to their unique electrical, mechanical, 

thermal, and surface properties [1–3]. Layered double hydroxides (LDHs) are inorganic 

materials with a 2D highly tunable brucite-like layered crystal structure. These inorganic 

clays contain layers of positively charged metal hydroxides with multivalent anions for 

neutrality. The LDHs are generally represented by formula [M
2+

(1-X)M
3+

(X)(OH)2]
X+

(A
n-

)X/n. mH2O. Where, M
2+

 and M
3+

 represents the di and trivalent metallic cations (M
+2

 can 

be Mg
2+

, Ni
2+

, Co
2+

, Zn
2+

 etc. whereas M
3+

 can be Al
3+

, Fe
3+

 etc.) and A
n-

 is an anion 

such as OH
-
, F

-
, NO3

-
, Cl

-
, CO3

2-
 or SO4

2-
. The water molecules embedded between the 

lamellar structures are initiating the synthesis process. Typically, x varies in the range 

0.22 to 0.33 [4,5]. The LDHs can be used in a variety of potential applications due to 

their low cost, facile synthesis, thermal stability, and chemical versatility [6].   

Hybrid nanomaterials developed using LDHs and carbon based materials such as carbon 

nanotubes (CNTs), carbon nanofibers, and graphene has invoked a great deal of interest 

lately because they have unique properties due to the combination of the special 

properties of the parent materials. Of particular interest is graphene sandwiched between 

two cationic layers of LDHs to yield a new material with improved properties as 

compared to the pristine graphene [7,8]. The layered structure of LDHs not only prevents 

the restacking of graphene but also improves the catalytic activity and thermal stability of 

the composite [9]. The general schematic of a sandwich assembly is shown in Figure 5-1.  
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The novel G/LDHs nanocomposites can be used  in a variety of applications such as 

supercapacitors [11–13], as magnets [14,15], catalysis [10,16], electrochemistry [17], as 

nanofillers for polymer nanocomposites [18–20], in water treatment [21,22], in medical 

applications [23–25] and in many other areas. 

A few review articles that focus on the synthesis and applications of individual LDHs, 

graphene nanocomposites, and carbon/LDHs are available [26–30]. Zhao et al. reviewed 

the research progress and new developments in the area of hierarchical nanocomposites 

derived from nanocarbon and LDHs [30]. Shao et al. highlighted the progress in the 

design, synthesis and characterization of LDHs for applications in electrochemical energy 

storage and conversion [29]. In this paper, the methods used for the synthesis of G/LDHs 

nanocomposites and their novel and potential applications in the areas of oxygen 

evolution reaction, supercapacitors, catalysis, sensors and polymer nanocomposites are 

reviewed. To the best of our knowledge, this is the first review dealing with the latest 

developments in the field of G/LDHs nanocomposites. 

 

Figure  5-1. Schematic of the sandwich arrangement of LDHs and GO [10] with permission from ACS 
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5.2 SYNTHESIS OF G/LDHs NANOCOMPOSITES 

5.2.1 Co-precipitation synthesis  

The co-precipitation method is a method that is used extensively for the synthesis of a 

variety of LDHs and their novel carbon based hybrids such as CNT/LDHs and G/LDHs 

[31–33]. A schematic of the formation of a hybrid is shown in Figure 5-2. Initially, 

graphene nanosheets (GNS) or GO are ultrasonicated in deionized water (DI) and are 

mixed with a solution of the precursor salts (M
2+

: M
3+

) prepared under vigorous stirring 

at a controlled pH. Reducing agents are primarily used to adjust the pH and reduce GO to 

reduced graphene oxide (rGO) or GNS [23]. Commonly used reducing agents include 

urea, hydrazine, glucose, and sodium sulfide. Though, glucose is preferred over 

hydrazine because it is less toxic and environmental friendly [34]. The suspension is then 

allowed to reflux for 24-48 h at 90 + 10 °C with continuous magnetic stirring followed by 

centrifuging and washing with DI water and pure ethanol to remove any impurities. The 

G/LDHs nanocomposites thus obtained are dried for 48 h at 60 °C. In this method, the 

charge densities of matrix cations within the hydroxide layers are maintained. The pH 

must be controlled in order to precipitate both M
2+

/M
3+

 cations simultaneously to prevent 

M(OH)2 remaining as an impurity [35]. However, a wide range of crystallite sizes are 

obtained due to the complex aging process [36]. Several G/LDHs nanocomposites along 

with their synthesis parameters are tabulated in Table 5-1. 
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Figure  5-2. Schematic illustration of the assembly process of a ZnCr/graphene nanocomposite [37] with 

permission from ACS 
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Table  5-1. Graphene based nanocomposites synthesized using the co-precipitation method 

Nanocomposite 
Precursor 

salts 

Molar 

ratio of 

precursor 

salts 

(M
2+

: 

M
3+

) 

Ultrasonication 

of GO 

suspension 

(mg-mL)/min 

pH 
Reducing 

agents 
Applications Ref 

GO/MgAl Nitrates 2:1 
a
 100-50/60 10 None CO2 adsorbent [10] 

rGO/ZnAl Chlorides 2:1 100-500/60 9.0 Urea DNA sensor [23] 

G/NiAl Nitrates 3:1 
b
 60-50/30 10.5 

c
 Sodium 

sulfide 

Dopamine 

sensor 
[24] 

d
 G/CNTs/NiAl Nitrates 3:1 

e
 60-50/30 10 Glucose 

Glucose 

sensor 
[25] 

rGO/NiAl Nitrates 3:1 
b
 320-150/60 10.5 Hydrazine 

Flame 

retardant 
[33] 

G/ZnCr Nitrates 2:1 - 9.0 None Photocatalyst [37] 

f
 rGO/ ZnCo Sulfates 1:1 60-100/30 9.0 Glucose 

Water 

oxidation 
[34] 

G/NiAl Nitrates 3:1 
b
 220-100/60 10.5 

c
 Sodium 

sulfide 
Immunosensor [38] 

G/CoAl Chlorides 2:1 
g
 GO-100/60 - Urea Supercapacitor [39] 

 

a
 GO is ultrasonicated in NaOH (4.8 M) and Na2CO3 (1.2 M) 

b
 GO is ultrasonicated in NaOH (0.20 M) and Na2CO3 (0.05 M) 

c
 Sodium sulfide as the reductant (34 mg mL

−1
) 

d
 Decorated with Au nanoparticles with GO/CNTs mass ratio 1:1  

e
 GO is ultrasonicated in Ni(NO3)2 (6 mmol) and Al(NO3)3 (2 mmol) 

f
 H2O2 as the oxidant (0.2 mL, 35 wt %) and glucose assisted with ammonia as the 

reductant (0.5 mg mL
-1 

of GO) 
g
 Varying GO contents i.e. 5.5, 11, 22 and 33 mg with 45, 55, 75 and 95 mM urea 

solution, respectively 
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5.2.2 One-pot hydrothermal synthesis 

Hydrothermal synthesis method, also known as the urea-hydrolyzed method, is also used 

for the synthesis of G/LDHs nanocomposites. This technique involves the mixing of urea 

with a solution of precursor salts, followed by the addition of an ultrasonicated 

suspension of GO. The resultant mixture is then transferred to a Teflon-lined stainless 

steel jacketed autoclave reactor and heated at a desired temperature for an extended 

period to allow reduction of GO. Although, Although, LDHs and their GO or rGO 

hybrids with a uniform crystallite size and shape have been successfully synthesized 

using the urea-hydrolyzed method, the resultant product is typically contaminated with 

carbonate ions. Moreover, this method is of limited application in some cases, especially 

for preparing Cu
+2

 and Cr
3+

 cationic LDHs [40]. Hexamethylenetetramine (HMT) has 

been used instead of urea for selected applications. The high temperature of the 

hydrothermal process favors the formation of ammonia from HMT, making the aqueous 

solution more alkaline [41]. The advantage of hydrothermal synthesis over co-

precipitation is that it yields a well crystallized nanocomposite with uniform morphology 

[7,42]. These rGO/LDHs nanocomposites with a uniform crystallite size and morphology 

have displayed superior properties over pristine LDHs in the field of supercapacitors. 

However, using a large amount of rGO tends to decrease the crystallinity of the 

nanocomposites [43]. A schematic illustration of a typical hydrothermal one-pot 

synthesis is shown in Figure 5-3. Experimental conditions that have been used for one-

pot synthesis are summarized in Table 5-2. There is a need to develop a continuous flow 

process, which is rapidly gaining the interest and attention of researchers [44]. 
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Figure  5-3. Schematic illustration of the formation of a rGO/NiFe composite [45] with permission from Elsevier 
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Table  5-2. G/LDHs nanocomposites synthesized using the hydrothermal approach 

Nanocomposites 
Precursor 

salts 

Molar ratio of 

precursor salts 

(M
2+

: M
3+

) 

Autoclave 

parameters 

(°C / h) 

Applications Ref 

G/MgAl Nitrates 2:1 
a
 140 / 10 - [7] 

G/NiFe Nitrates 3:1 
b
 150 / 48 Flame retardant [18] 

G/MgAl Nitrates 2:1 
c
 140 / 12 

Dielectric 

nanoplates 
[46] 

rGO/NiFe Nitrates 
d
 Varying 

concentration 
b
 150 / 48

 
- [45] 

G/MgAl Nitrates 3:1 
b
 120 / 24 

 Cr removal from 

water 
[22] 

G/NiAl Nitrates 2:1 95 / 24 Supercapacitor [47] 

e
 GO/MgAl Chlorides 3:1 

c
 140 / 12 

Arsenic removal 

from water 
[48] 

f
 GO/ 

MgAl/Fe3O4  
Hydroxides 3.3:1 

b
 100 / 24 

Lead removal from 

water 
[49] 

rGO/NiCo Nitrates 
g
 Varying 

concentration 
b
 180 / 12 Supercapacitor [50] 

e
 rGO/CoAl Chlorides 2:1 

a
 100 / 4 

Electrocatalytic 

reduction of 

oxygen 

[51] 

e
 rGO /CoAl Nitrates - 

b
 180 / 18

 
Supercapacitor [52] 

h
 rGO/NiCo Nitrates 

i
 1:1 

j
 Varying 

conditions 
Supercapacitor [43] 

a
 NaOH hydrolyzed hydrothermal reaction 

b
 Urea-hydrolyzed hydrothermal reaction  

c
 HMT hydrolyzed hydrothermal reaction 

d
 2, 4, 16 and 35 mmol/L precursor salts concentration 

e
 Varying GO contents were used 

f
 4 wt % of Fe3O4 with Varying GO contents were used 

g
 1:0, 1:1, 2:1, 0:1 molar ratio of precursor salts  

h
 GO to metal precursor ratio were selected 1:5, 1:7.5 and 1: 10 

i
 Ammonium hydroxide was used as a precipitant and hydrazine monohydrate (1 mL mg

-1
 GO) as 

a reductant 
j
 90, 120, 150, and 180 ⁰C for 10 h, then 150 ⁰C for 12 h were used 
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5.2.3 Exfoliation-restacking synthesis 

This method involves the delamination of LDHs (intercalated with nitrates or chlorides) 

and the subsequent attachment of these exfoliated LDHs through self-assembly to the 

surface of GO due to electrostatic interactions [9]. The presence of functional groups 

attached to GO makes their colloidal solutions strongly negative, while LDHs, which are 

positively charged metallic hydroxides with replaceable anions, can form positively 

charged species through exfoliation. Thus, exfoliation and restacking is a good route to 

obtain nanocomposites of GO/LDHs or chemically modified G/LDHs [11]. These 

exfoliated 2D LDHs provide nucleation sites for the growth of graphene. Homogenous 

anchoring of GNS and uniform crystal growth are key factors for the successful 

application of these nanocomposites [53]. However, exfoliation of LDHs is difficult due 

to the strong electrostatic forces between the metallic hydroxides and intercalated anionic 

layers. These forces can be weakened by introducing solvents such as formamide [11,54], 

water [55], and sodium dodecyl sulfate (SDS) [56]. Typically, the LDHs are 

ultrasonicated in formamide solution initially and then added to an ultrasonicated GO 

suspension for the restacking process. The resultant mixture is stirred at least for 12 h and 

then centrifuged and washed. Washing 4-5 times with DI water followed by washing with 

pure ethanol is required to remove all the impurities. The resulting solid is then dried in a 

vacuum oven at 80 °C overnight [54]. The nanocomposites obtained through this process 

possess high phase purity and relatively high crystallinity [41].  A schematic illustration 

of the formation of the hybrid G/NiAl complex through exfoliation-restacking is 

presented in Figure 5-4. Table 5-3 summarizes the exfoliation-restacking methods 

reported in the literature and the conditions used in them. 



119 

 

 

 

Figure  5-4. Schematic representation of the synthesis of G/NiAl through exfoliation-restacking [9] with 

permission from Elsevier 
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Table  5-3. Graphene based nanocomposites synthesized using the exfoliation and restacking approach 

LDHs 

synthesis 

method 

Thermal 

parameter

s 

Constituents 

 

Nanocomposite 
Applications Ref Component

: A (+ve 

charged) 

Component

: B (-ve 

charged) 

Co-

precipitation 
- CoAl LDHs rGO 

rGO/CoAl 

LDHs 

Supercapacit

or 
[11] 

Co-

precipitation 

Refluxing 

at 90 °C 

for 24 h 

a
 NiTi 

LDHs 
rGO 

rGO/NiTi 

LDHs 
Photocatalyst [55] 

- - CoAl LDHs GO 
GO/CoAl 

LDHs  

Supercapacit

or 
[54] 

Co-

precipitation 

Refluxing 

at 120 °C 

overnight 

MgAl 

LDHs 
GO 

GO/MgAl 

LDHs  

CO2 

adsorbent 
[57] 

Hydrothermal 

Autoclave 

at 95 °C 

for 24 h 

NiAl LDHs GO 
b
 G/NiAl LDHs  

Supercapacit

or 
[9] 

HMT-AQS 

hydrothermal 

Autoclave 

at 120 °C 

for 6 h 

c
 NiFe 

LDHs-AQS 
GO 

d
 rGO/NiFe 

LDHs 
 

Oxygen 

evolution 

reaction 

[58] 

Hydrothermal 

Autoclave 

at 160 °C 

for 12 h 

CoAl LDHs
 e

 GO 
rGO/CoAl 

LDHs
 

Supercapacit

or 
[59] 

a
 NiTi LDHs are ultrasonicated in DI water 

b
 GO is reduced using hydrazine monohydrate at 80 °C for 2.5 h 

c
 2:1, 3:1, 4:1 molar ratio of precursor salts 

d
 GO is reduced using HMT hydrothermal process and anthraquinone-2-sulfonate anions (AQS) 

transforms ferric (Fe
+2

) to ferrous (Fe
+3

) anions. SDS is used to increase the interlayer spacing of 

NiFe-LDHs from 2 to 2.4 nm 
e
 Varying GO content 
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5.2.4 Characterization of DSSCs 

G/LDHs nanocomposites can be formed by layer-by-layer (LBL) assembly using the 

electrostatic attractions between the negatively charged GO and positively charged 

materials [53]. Polymeric solutions such as poly(diallyldimethylammonium chloride) 

(PDDA), polyaniline (PANI), poly (ethylene imine) (PEI) and poly (vinyl alcohol) (PVA) 

etc. can be used to obtain a cationic surface required for LBL assembly. The product 

exhibits a highly tunable hybrid architecture with nanoscale precision, uniform particle 

size, and a film morphology. [60,61]. Furthermore, a variety of substrate supports can be 

used for the deposition of negatively charged GO and positively charged LDHs. Dong et 

al. formed multilayered composites containging CoAl LDHs and GO by LBL assembly 

using a PDDA-coated indium tin oxide (ITO) substrate. The CoAl LDHs were 

synthesized using the co-precipitation method followed by exfoliation using formamide 

solution. The exfoliated GO, obtained via the modified Hummer’s method, is

ultrasonicated to obtain a uniform dispersion. The coated substrate was then immersed in 

the GO dispersion followed by immersion in the exfoliated LDHs dispersion. After each 

immersion, the coated substrate was washed and dried with nitrogen to remove impurities 

and un-exfoliated components. The process was repeated several times to achieve the 

desired number of layers [61]. A similar procedure, schematically depicted in Figure5-5, 

was also adopted by Chen et al. for the formation of the CoAl/GO/PVA hybrid by LBL 

assembly. The CoAl-LDHs, obtained from the hydrothermal treatment of precursor salts, 

were exfoliated using formamide solution. The quartz glass sheets (substrate) were 

thoroughly washed with DI water and dried in a nitrogen stream. The cleaned glass 

substrate was coated with hybrid films by repeated cyclic immersion for 10 minutes each 
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in the three media to obtain the desired number of layers. After each immersion step the 

coated substrate was washed and dried with nitrogen. These immersion steps included the 

following: (a) dipping of the substrate in the exfoliated CoAl-LDHs suspension; (b) 

dipping of the substrate in the aqueous PVA solution (1 wt. %); and (c) dipping in the 

ultrasonicated GO suspension. The thin films thus formed contained GO, which was 

further reduced to films of CoAl/G/PVA nanocomposites by immersing the coated 

substrate in hydrazine/N,N-dimethylformamide (0.5/30 vol. ratio) solution [20]. 

 

 

Figure  5-5. Schematic representation of the layer-by-layer assembly procedure [20] with permission from ACS 
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5.2.5 In-situ synthesis 

The in-situ synthesis, also referred as surface synthesis, typically involves two steps. 

Initially, the boehmite (AlOOH) primer solution is obtained by hydrolyzing aluminum 

isopropoxide, followed by LBL assembly of the AlOOH gel on GO [12,62]. The 

precursor, denoted by GO/AlOOH, is known as the base or substrate. The AlOOH gel 

helps reduce surface roughness and enhances the adhesion properties. Typically, cobalt or 

nickel based asymmetric 3D nanocomposites are formed by this technique. The activated 

surface provides Al sites which are utilized as the source of the trivalent cations[62]. The 

GO/AlOOH solution is typically formed by adding 20 mL of the AlOOH solution to 6 

mL of an ultrasonicated GO suspension followed by vigorous mixing for 12 h. Solid is 

separated by centrifugation, washed with ethanol several times to remove impurities and 

dried at room temperature. The dried GO/AlOOH sheets are then dispersed in DI water 

and ultrasonicated for 0.5-1 h. The suspension is then transferred to an autoclave along 

with the precursor salt solution of 0.5 molar Ni(NO3)2 and 0.3 g urea for hydrothermal 

reaction. Finally, the resultant product is centrifuged and washed with DI water and 

ethanol to remove any traces of impurities and subsequently oven dried for 48 h at 80 °C 

[12,21]. In-situ growth process has been used to fabricate a hierarchical 3D 

nanocomposite, in which arrays of LDHs are grown on both sides of the substrate [12]. 

The uniform size and morphology of the nanocomposites are attributed to the in-situ 

growth of the arrays of LDHs on the surface of graphene sheets during the hydrothermal 

process [12,41,62]. The schematic illustration of the LBL process is shown in Figure 5-6 

and a summary of methods used is listed in Table 5-4. 
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Figure  5-6. Schematic illustration of the formation of hybrid rGO/NiAl composites using the in-situ method [12] 

with permission from RSC 

 
Table  5-4. G/LDHs nanocomposites synthesized by in-situ approach 

Constituents 

 Autoclave 

parameters for one-

step hydrothermal 

treatment (°C / h) 

Nanocomposite 

 
Applications Ref 

Component: 

A 

Component: 

B 

(from LBL 

assembly) 

Ni(NO3)2 GO/AlOOH 120 / 24 
rGO /NiAl 

LDHs 

Uranium(VI) 

removal 
[21] 

Ni(NO3)2 GO/AlOOH 100 / 24 
rGO /NiAl 

LDHs 
Supercapacitor  [12] 

a
 Co/Ni 

chlorides 
b
 GP/AlOOH 120 / 24 

c
 GP /NiCoAl 

LDHs 
Supercapacitor  [62] 

CoCl2.6H2O
 

rGO/AlOOH
 

80 / 24 
rGO /CoAl 

LDHs 
Supercapacitor [63] 

a
 1:1 molar ratio of Co:Ni was used 

b
 Graphite paper (GP) was used as substrate  

c
 Flexible 3D architecture material made of NiCoAl LDHs coupled with NiCo carbonate 

hydroxide grown on GP  
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5.2.6 Others 

Solvothermal technique is a modified form of the urea-hydrolyzed method in which DI 

water is replaced with other non-aqueous solvents. The precursor salts are first dissolved 

in a non-aqueous solvent followed by addition of an ultrasonicated GO suspension. The 

final step involves treatment in an autoclave reactor. The remaining steps and the 

operating parameters are similar to those of urea-hydrolyzed synthesis [13,64]. 

Microwave technology can be used as an alternate for the traditional hydrothermal 

synthesis using an autoclave for the rapid synthesis of G/LDHs nanocomposite shown 

schematically in Figure 5-7 [8]. Recent studies describe the use of potentiostatic 

deposition of LDHs on the rGO electrode to form G/LDHs nanocomposites with a unique 

3D morphology [65]. Other methods used for the synthesis of G/LDHs nanocomposites 

are listed in Table 5-5. 

 

Figure  5-7. Schematic representation of the synthesis of G/LDHs nanocomposites using the microwave technique 

[8] with permission from Springer 
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Table  5-5. Synthesis of G/LDHs nanocomposites using different approaches 

Synthesis 

technique 
Nanocomposite 

Precursor 

salts/solvent used 

Molar 

ratio of 

precursor 

salts 

(M
2+

: 

M
3+

) 

Experimental 

conditions 
Applications Ref 

Solvothermal 
rGO/NiCo 

LHDs 
Chlorides/Methanol 3:2 180 °C / 24 h Supercapacitor [13] 

Solvothermal 
rGO/NiAl

 

LDHs 
Nitrates/Ethanol 3:1 140 °C / 14 h Supercapacitor [64] 

Microwave-

assisted 

hydrothermal 

synthesis 

G/ZnAl
 
LDHs 

Nitrates/DI water 

(urea assisted) 
3:1 

Microwave 

conditions 

150 °C / 2 h 

(200 W) 

- [8] 

G/CoAl
 
LDHs 

Nitrates/DI water  

(urea assisted) 
2:1 

100 °C / 2 h 

(1000 W) 
Supercapacitor [66] 

a 
rGO 

electrode 

deposition 

method 

rGO/NiFe 

LDHs 
Nitrates/DI water 4:1 

b
 

Potentiostat-

galvanostat 

conditions 

-1.2V / 10s 

 

Water 

oxidation 
[65] 

a
 Electrolyte used is 0.1 M LiClO4  

b
 Working electrode - Au (5mm diameter); Counter electrode - Pt foil 
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5.3 Results and Discussion 

Currently, G/LDHs nanocomposites are of increased scientific interest. These materials 

are being tested for their applications in catalysis, oxygen evolution reaction (OER), 

supercapacitors, flame retardant materials, nanofillers, photo-catalysts, and sorbents. This 

section highlights the performance of various G/LDHs nanocomposites used in different 

applications.    

5.3.1 Oxygen evolution reaction  

The oxygen evolution reaction plays an important role in sustainable energy systems such 

as fuel cells, solar cells and metal-air batteries [67].  Molecular oxygen is generated in the 

OER, which is highly influenced by the sluggish kinetics due to the high overpotential 

[34]. Thus, cost-effective and efficient electrocatalysts are critically important as they 

reduce the large overpotential and accelerate the reaction. Although metal oxides such as 

IrO2 and RuO2 are very active and durable electrocatalysts for OER, however, the high 

cost and scarcity considerably limit their applications [68,69]. Transition metal oxides are 

a viable alternative due to their abundance and high stability [70–73]. A range of carbon 

materials such as CNTs, graphene, carbon quantum dots and nitrogen doped graphite 

have been recently identified as good OER catalysts with a multifunctional framework 

[74–76]. Due to the electrostatic interactions between two oppositely charged nanosheets 

LDHs can act as effective electrocatalysts. Introducing graphene into monolayers of 

LDHs enhances their OER performance in three ways. First, graphene provides a large 

surface area, thereby increasing the available number of active sites. Secondly, graphene 

provides electrically conductive pathways for the LDHs and control the aggregation of 

LDHs crystals. Thirdly, the electrostatic interactions between the positively charged 
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LDHs and negative charged GO at molecular scale provides direct contact between the 

transition metal and carbon, thus shortening the diffusion distance [56,67,77]. 

Theonsetoverpotential(η¬onset),theoverpotentialrequiredtoreachacurrent density of 

10 mA cm
-2

 (η10)andtheTafelslopeareimportantparameterswhichdeterminewhether

OER can be used in a water splitting device [67]. The OER data for different G/LDHs 

nanocomposites are given in Table 5-6. Among them, NiFe LDHs are the most promising 

catalysts for future OER systems [78]. The hybrid formed by the combination of NiFe 

LDHs with GO was recently reported as a potential electrocatalyst for OER. The synergy 

between the catalytic activity of NiFe LDHs and the electrical conductivity of graphene 

makes these nanocomposites excellent electrocatalysts for OER [58,79]. A G/NiFe LDHs 

nanocomposite possessing an overpotential of 0.195V and a turnover frequency at 

overpotential of 0.98 s-1 was synthesized by Long et al. to overcome the limitations of 

specific surface area and conductivity  [80]. Wang et al. reported that nanocomposite  of 

G/NiFe LDHs possess a remarkably low overpotential of 324 mV at 10 mA cm
-2

 [67]. 

Youn et al. synthesized GO/NiFe LDHs nanocomposites using the solvothermal method. 

GO/NiFe LDHs nanocomposites showed superior properties compared to NiFe and IrO2. 

TheGO/NiFeLDHsnanocomposites possesses a lower value of η10 (245v)which is

much lower than that of bare NiFe [77]. Ma et al. studied the effect of the Ni and Fe 

content on the properties of GO/NiFe LDHs nanocomposites and showed that the 

performance improved with increasing Fe content. An overpotential as low as 210 mV 

was achieved for GO/NiFe LDHs nanocomposites [58]. Xia et al. used a hree-step 

process to form GO/NiFe LDHs nanocomposites. The resulting nanocomposite exhibited 

excellent OER activity [81]. Zhu et al. introduced a mildly oxidized graphene/ CNT 
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hybrid to improve the properties of NiFe LDHs [82]. The resulting material contains a 

porous structure with a more hydrophilic surface, which enhances the smooth permeation 

of electrolytes. The nanocomposite also exhibited superior OER performance with an 

η¬onset of 240 mV. Most of the scientific work in OER applications is limited to G/NiFe 

LDHs nanocomposites. Other G/LDHs nanocomposites have to be investigated for their 

potential use in OER applications. 

Table  5-6. OER data for different LDHs nanocomposites 

Nanocomposites 
ηonset

a
 

(mV) 

η10
b
 

(mV) 

Tafel slope 

(mV decade
-1

) 
Ref 

G/Ni 300 399 52 [67] 

NiFe LDHs 250 350 51 [67] 

G/NiFe LDHs 240 325 44 [67] 

GO/NiFe LDHs (6:1) 240 280 - [77] 

GO/NiFe LDHs (5:1) 230 245 - [77] 

GO/NiFe LDHs (4:1) 232 253 - [77] 

GO/NiFe LDHs - 210 40 [58] 

GO/CNT/NiFe LDHs 240 350 54 [82] 

GO/NiFe LDHs - 250 33 [81] 

a
Onset overpotential 

 
b
Overpotential required to reach a current density of 10 mA cm

-2
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5.3.2 Supercapacitors 

Supercapacitors are high-capacity energy devices that have attracted attention due to their  

high power density, energy density, low maintenance cost, and long life cycle [83–85]. 

Super capacitors are divided into two main categories of redox electrochemical capacitors 

and electric double layer capacitors. Due to the presence of both double-layered 

capacitance and Faradaic pseudo-capacitance simultaneously, LDHs are thus attractive 

materials that can be used as supercapacitors. However, the performance is affected by 

their low electrical conductivity. A specific capacitance of 552 F g
-1

 at a current density 

of 1 A g
-1

 with a lower specific capacitance retention rate of 31.9 % at 8 A g
-1

 have been 

recorded for pure CoAl LDHs [59]. Owing to the ease of chemical modification, 

graphene can be coupled with a various LDHs and the resulting nanocomposites have 

great potential for supercapacitor applications [1,3]. Graphene can be used to overcome 

the poor high-rate charge and discharge capability resulting from the low electrical 

conductivity. The addition of graphene into LDHs provides a large surface area, high 

electrical conductivity, mechanical flexibility, and thermal/chemical stability [11,12]. 

Thus, due to the synergetic effects the hybrid material containing LDHs and graphene has 

better capacitance with a notable improvement in the capacitance retention rate at higher 

current densities than the parent materials [11,13,39,59,85–89]. Other than graphene 

activated carbon, porous carbon, CNTs, carbon onions, and nanohorns are also used in 

electric double layer capacitors [3,9,90,91]. The energy storage capability of 

supercapacitors is still low compared to ion batteries, and efforts are underway to 

improve the energy density  [54].  
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Huang et al. evaluated the electrochemical properties of GO/CoAl LDHs nanocomposites 

and obtained a specific capacitance of 1296 F g
-1

 at a current density of 1 A g
-1

. In 

addition, 90.5% of the initial capacitance was retained at a high current density (15 A g
-1

) 

after 1000 cycles [11].  Wang et al. synthesized hybrid GO/CoAl LDHs nanocomposites 

with a specific capacitance of 1031 F g
-1

 at 1 A g
-1

 [54], indicating that the GO/CoAl 

LDHs nanocomposites are well suited to be used as supercapacitor electrodes. Xu et al. 

synthesized and used 3D G/NiAl LDHs nanocomposites as a supercapacitor electrode 

with a specific capacitance of 1329 F g-1 at a current density of 3.57 A g
-1

. After 500 

cycles at 15.30 A g
−1

, the specific capacitance was remained at 91% of the initial value. 

However, a similar treatment of pure NiAl LDHs resulted in a retained specific 

capacitance of 74 % [12]. Yang et al. developed ternary nanocomposites containing 

GO/CNT/NiAl LDHs which possess a 3D structure with enhanced supercapacitor 

capabilities [64]. The specific capacitance and the current density of some G/LDHs are 

listed and compared with the parent LDHs in Table 5-7. 
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Table  5-7. Summary of specific capacitances and cyclic performance of G/ LDHs nanocomposites 

Nanocomposite 

Amount 

of GO 

used 

Specific 

capacitance 

(F g
-1

) 

Current 

density 

(A g
-1

) 

No. of 

cycles 

Current 

density 

 

(A g
-1

) 

Specific 

capacitanc

e retained 

% 

Ref 

G/NiAl LDHs 100 mg 
915 2 

1500 10 95 [9] 

154 10 

rGO/NiAl LDHs 
6 mg 

1329 3.57 

500 15.30 91 
[12] 851 17 

0 379 15 500 15.30 74 

a
 rGO/NiAl LDHs 

200 mg 

2712 1 

5000 30 98.9 

[92] 
1820 10 

0 
366 1 

- - - 

116 10 

G/CNT/NiAl 

LDHs 
10 wt.% 

1869 
f
 1  

1000 
f
10 96.5 

[64] 
1562 

f
 5  

G/NiAl LDHs 50 mg 1081 
f
 5  

- - - 
NiAl LDHs 0 484 

f
 5  

b
 rGO/NiCo LDHs 

30 mg 

1911 2 

1000 20 74 

[13] 
1469 20 

0 
898 2 

1000 20 51 
500 20 

rGO/NiCo LDHs 
c
 1:5 

811 0.5 
5000 

h
70  77 [43] 

730  2 

d
 rGO/NiCo LDHs 80 mg 

2130 2 

10,000 10 80 [86] 
1000 10 
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0 

678 2 

- - - 
148 10 

rGO/CNT/NiCoAl 

LDHs 

10.8 

wt.%  

1188 1 
1000 6 100 

[93] 

850  10 

rGO/NiCoAl LDHs 
10 wt. 

% 

936 1 
1000 6 88 

437  10 

NiCoAl LDHs 0 

950 1 

- - - 
232  10 

GP/NiCoAl LDHs 

i
 CH-

NWs 

1297 1 
10,000 10 97 

[62] 
764  30 

j
 LDHs 

1129 1 

- - - 
666  15 

rGO/NiMn LDHs 

 
10 mg 

g
 217  

f
 2 

10,000 
f
4 95 [94] 

g
 163  

f
 16 

G/CoAl LDHs 

9.3 

wt.%  

711 1 

2000 10 81 

[39] 
517 10 

0 
641 1 

2000 10 64 
421  10 

rGO/CoAl LDHs 

7 mg 
1296 1 

1000 15 90.5 

[11] 
554

 
10 

0 
682 1 

- - - 
313 10 

GO/CoAl LDHs 

 

12.9 

wt.% 

772 1 
10,000 6 73 

[89] 617  20 

0 704  1 10,000 6 54 
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373 20 

GO/CoAl LDHs 5 mg 
1031 1 

6000 20 100 [54] 

250 20 

rGO/CoAl 

LDHs 

12 wt. 

% 

825 1 

4000 4 89.3 

[59] 
514  8 

0 
552 1 

4000 4 60.4 
176  8 

rGO / CoAl 

LDHs
 

3 mg 

628 2 

5000 4 92.4 
[95] 599 4 

0 340 2 - - - 

 G/CoAl LDHs 

2 mg 

1043 1 

3000 
h
100 88 

[96] 
912 20 

0 
756 1 

3000 
h
100 76 

332 20 

rGO/CoAl LDHs 

 

13.7 

wt.% 

640 1 

10,000 20 97 

[88] 

530 10 

305 20 

0 

320 1 

- - - 
80 10 

a
 Activated reduced graphene oxide having Ni and Al  molar ratio 2.25:1 

b
 3:2 molar ratio of (Ni:Co) precursor salts having Ni(NO3)2.6H2O concentration 0.84 

mmole  
c
 GO to metal precursor ratio (synthesis time 12h) 

d
 1:2 molar ratio of (Ni:Co) precursor salts were used at 150 °C for 12 h using 

hydrothermal treatment 
f
 Units are reported in mA/cm

2 

g 
Units are reported in

 
mF/cm

2 

h 
Scan rate reported in mV. s

-1
 

i
 LDHs coupled with NiCo-carbonate hydroxide nanowires (CH-NWs) grown on graphite 

paper (GP) 
j
 NiCoAl LDHs grown on GP 
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5.3.3 Catalysts and sorbents 

The high interlayer spacing, high surface area, positive charge on the surface, high anion 

exchange capacity, and the high number of active sites allow LDHs to be used as anion 

exchangers, catalysts, and adsorbents [4–6,26,27]. The adsorption capacity of LDHs can 

be enhanced by decreasing the particle size, by techniques such as delamination [97]. As 

they can easily pile up and restack [6,9] due to the strong surface charge density between 

the LDHs monolayers, it is difficult to keep the LDHs in an orderly and uniform manner. 

The restacking can be minimized by introducing negatively charged GO into the layers of 

LDHs which provide the required support and stability to the LDHs sheets [9,57]. The 

nanocomposites of GO or rGO supported LDHs can thus be used for the adsorption of 

CO2 [57], removal of heavy metals from water [22], and photo-catalysis [55]. Forming 

graphene nanocomposites with pure LDHs exponentially increases its adsorption 

capabilities. Garcia-Gallastegui et al. showed that the adsorption capacity of MgAl LDHs 

increased by 62 % with the addition of only 7 wt. % of GO [10]. Wang and co-workers 

showed that the CO2 adsorption significantly improved with the incorporation of 6.54 wt. 

% of GO in a MgAl LDHs as compared to the pure material [57]. G/LDHs 

nanocomposites have been used for the removal of heavy metals such as uranium (U(VI)) 

[21], chromium (Cr(VI)) [22], arsenic (As(V)) [48],  Cd2+ [98], lead (Pb(II)) and 2, 4 

dichlorophenoxyacetic acid [49]  from water. Tan et al. studied the removal of uranium 

(VI) from water using the rGO/NiAl LDHs nanocomposites [21]. As this nanocomposite 

has a large surface area and mesoporous characteristics, it shows enhanced adsorption of 

contaminants from aqueous media. The nanohybrid adsorbent can also be regenerated 

[21]. In another similar study hexa-valent chromium was successfully removed from 
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wastewater using the G/MgAl LDHs. The adsorption capacity of the G/LDHs 

nanocomposites can be further enhanced by calcination at high temperature which 

eliminates the “memory effects” of parent LDHs  [5,22]. Fang and Chen used the

GO/LDHs nano-aerogel for the removal of methylene blue and Cd2+ from water. The 

aerogel exhibited high structural stability and a high number of active sites to capture 

Cd2+ ions. The hydrophilic surface of the aerogel helps retain the active sites in polar 

solvents [98]. Wen et al. used hybrids of MgAl LDHs with graphene synthesized by the 

hydrothermal route for the efficient removal of toxic As(V) from  polluted water. The 

high Brunauer−Emmett−Teller (BET)surface areaof thesehybridscontainingonly6.0

% of GO leads to an adsorptive capacity of 2.44 mmol/g [49]. In another study methyl 

orange was successfully adsorbed by rGO/NiCr from an aqueous solution containing 

organic matter, demonstrating its promise as an adsorbent for the removal of anionic dyes 

from wastewaters [99]. A few published studies on the application of G/LDHs 

nanocomposites for photocatalysis are also available. rGO/NiTi LDHs can be used for 

photocatalytic oxidation of water under visible light [55]. Lan et al. reported the 

degradation of rhodamine-B under visible light using the G/ZnCr LDHs with a 

remarkable photocatalytic activity (88% photodegradation of rhodamine after five 

regeneration cycles) [37]. The studies conducted by Miao et al. showed the superior 

catalytic activity and stability of rGO/NiAl LDHs as a support for Au nanoparticles in the 

selective oxidation of benzyl alcohol. The improved catalytic activity was attributed to 

the size of the Au nanoparticles and the number of basic sites on NiAl LDHs, while the 

defect sites and oxygen containing functional groups attached to rGO led to the catalytic 

stability [100]. Song et al. used G/CoAl LDHs for the hydrogenation of p-nitrophenol in 
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presence of excess sodium hydroxide and found excellent catalytic activity and stability 

[16]. These nanocomposites also reduces the emission of toxic CO and volatile organic 

compounds from the decomposition of the epoxy resin [101]. 

5.3.4 Nanofiller 

These materials are promising nanofillers for polymers mainly to enhance the flame 

retardant characteristics. Good flame retardant properties of G/LDHs nanocomposites are 

attributed due to the complementary flame retardant properties of graphene and LDHs. 

Graphene is known to impart good flame retardant properties to polymers such as high 

density polyethylene, poly(methyl methacrylate) (PMMA), and polystyrene [2,28,102]. 

The flame retardant properties are due to the physical barrier formed by the layered 

structure of graphene which slows down the release of flammable gases, thus preventing 

the polymer matrix from burning [33,103]. On the other hand, LDHs are also used as 

flame retardants in polymer nanocomposites [104,105]. The LDHs helps to lower the 

temperature of the substrate by releasing H2O and CO2 produced during the burning 

process. The porous structure of the thermally decomposed products of LDHs can 

suppress smoke due to the large specific surface area [103]. However, the following 

major shortcomings restrict the use of bare graphene as a flame retardant: (1) 

homogeneous dispersion of graphene in the polymer matrix: and (2) relatively lower 

efficiency as a fire retardant, when bare graphene is used [106]. These shortcomings can 

be overcome by taking advantage of the synergic properties of LDHs and graphene [19]. 

Thermal stability of PMMA is reported to be improved by addition of rGO/NiAl LDHs. 

The heat release rate, smoke and carbon monoxide production rate of the resulting 

nanocomposites are relatively lower as compared to those of LDHs or rGO polymer 
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nanocomposites [33].  Wang et al. synthesized G/NiFe LDHs epoxy nanocomposites to 

reduce the fire hazards associated with the epoxy [18]. Incorporating 2% G/LDHs 

nanocomposites enhanced the degradation onset temperature of epoxy by 25 °C. 

Combustion and cone calorimetric data demonstrate a significant decrease in the peak 

heat release rate (PHRR) and the total heat release (THR) values of epoxy. The decrease 

in these parameters as compared to those of pure epoxy is an indication of the 

improvement in the flame retardant properties. Graphene retards the thermal degradation 

of the epoxy matrix via the adsorption and barrier effects, while LDHs increase the 

thermal oxidative resistance [18]. Recently, Huang et al. reported that the flame retardant 

properties of intumescent flame-retardant (IFR) PMMA nanocomposites improve 

significantly when G/LDHs nanomaterials are incorporated [103]. The authors have also 

reported 45% decrease in the PHRR for the PMMA/IFR/rGO/LDH nanocomposites, 

when filled with 10 wt. % IFRs, 1 wt. % graphene, and 5 wt. % LDHs [103]. 

Apart from imparting flame retardant properties, these nanomaterials can also be used as 

reinforced fillers in polymer nanocomposites. The LDHs hybrids with multi walled 

carbon nanotubes (MWCNTs) are also used as reinforced fillers in polymer 

nanocomposites [32,107]. Furthermore, these nanomaterials have been used as nanofillers 

in the development of silicon rubber nanocomposites with improved mechanical 

properties. The maximum increase in the tensile strength was achieved using 1 wt. % 

MgAl/MWCNTs LDHs, which resulted in a 134% increase in the tensile strength of the 

silicon rubber and better swelling behavior [108]. Chen et al. prepared poly(vinyl 

alcohol) hybrid films by orienting graphene and CoAl LDHs, which resulted in polymer 
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nanofilms with improved electrical conductivity [20]. However, an improved dispersion 

of the G/LDHs in polymers must be achieved. 

5.3.5 Miscellaneous 

Due to the conducting properties and capacitance of the G/LDHs nanocomposites, they 

have been used in sensing applications and medical diagnostics. G/NiAl LDHs along 

with hollow gold nanospheres have been used in the fabrication of an electrochemical 

immunosensor [38]. G/NiAl LDHs was also used in the detection of dopamine [24]. Non-

enzymatic sensors are based on the direct electrocatalytic oxidation and typically use 

noble metal, metal oxide, metal hydroxide, and metal complexes along with the 

appropriate matrix [109]. Therefore, these G/LDHs nanocomposites can be used in 

biological sensing applications. For example, Fu et al. studied non-enzymatic glucose 

sensors based on ternary G/CNT/NiAl LDHs coated Gold (Au) nanoparticles [25]. The 

authors reported superior catalytic performance for oxidation of glucose with highly 

sensitive sensing of glucose even at lower concentration of glucose. These sensors also 

exhibited reproducibility, repeatability, stability and anti-interference characteristics. 

These characteristics were ascribed to the better conductivity and abundant active sites. 

In another study, G/ZnAl LDHs nanocomposites were used as a luminescent sensor for 

the detection of deoxyribonucleic acid (DNA) [23]. The nanocomposite can efficiently 

quench the emission of Ru(phen)3Cl2. A seventeen times enhancement of the 

luminescence was observed after the addition of DNA, which indicates that the 

luminescence enhancement and DNA count are directly proportional. The nanocomposite 

also helped in the luminescence recovery of the sensor. A hybrid 2D electrical-

mechanical interface of G/MgAl LDHs has demonstrated a much stronger electro-
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rheological results in a device with a quick response and low power consumption [46]. 

An electro-rheological suspensions exhibit electrically tunable rheology, mainly 

consisting of polarizable particles in electrically insulating oil, they are of great 

importance in applications such as electrical-mechanical interfaces for better controlling 

the device. These hybrid nanocomposites have also found applications in nickel plating. 

The G/NiAl LDHs nanocomposites have been successfully employed to recover nickel, 

phosphorous, and sulfur from a spent electrode-less nickel plating bath [110]. 

5.4 CONCLUSIONS AND PERSPECTIVES 

Graphene hybridized layered double hydroxides (G/LDHs) are a valuable addition to the 

field of nanomaterials. They can be used as supercapacitors, sorbents, and heterogeneous 

catalysts because of their unique inherent properties. Their synthesis techniques, 

however, are delicate and sensitive, making it difficult to get a uniform size distribution 

in batch processes. The high surface area and the excellent thermal and catalytic stability 

make the G/LDHs nanocomposites a promising choice for catalysis. Superior capacitance 

properties of G/LDHs make them favorable materials for applications in supercapacitors. 

Furthermore, their pH responsive solubility, ability to form co-precipitates, and higher 

active sites make them capable for applications in highly selective extraction 

applications. The synergetic properties of hybrid material also contribute to enhance 

mechanical and fire retardant properties of polymer nanocomposites. 

The synthesis and application of G/LDHs nanocomposites are new and emerging areas, 

worth further investigation for various applications that are not yet investigated in detail. 

For example, owing to their mesoporous structure and the potential of graphene to 

increase the molecular weight of polymers, these materials can be used as supports for 
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single site heterogeneous catalysts used in polymerization. Therefore, the use of G/LDH 

is expected to produce interesting results.  The anisotropic properties and good dispersion 

ability make them suitable to be used as particulates in the dispersion phase of electro-

responsive and electro-rheological fluids. The potential use of these materials in thin 

conducting films for applications in solar cells should also be investigated. Although 

these materials have been tested for the removal of contaminants from single component 

solutions in water, it is necessary to evaluate their performance in the removal of 

contaminants from multi-components solutions. Research on the use of these materials in 

sensing and drug delivery applications are rare. There are opportunities to investigate 

their potential in these areas in detail, taking into consideration their side effects and the 

toxicity of nanomaterials. Moreover, the potential use of these materials in the areas of 

biomedicine, nanoreactors, ion exchangers, and corrosion resistant coatings should also 

be studied. Establishing the structure property relationship of these materials is essential 

to understand the effects of various factors such as functionalization or doping of 

graphene. Finally, the challenges in obtaining material with precisely controlled particle 

sizes and morphology must be addressed. 
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Abstract 

Hybrid nanofiller based on graphene and MgAl layered double hydroxides (G/LDHs) 

were synthesized successfully by co-precipitation method.  The in situ polymerization 

technique was adopted using 1-hexene as comonomer, zirconocene as a catalyst and 

hybrid as drop-in nanofiller. An increase catalytic activity was recorded due to the 

addition of hybrid nanofiller. Further, a maximum catalytic activity was observed for 

nanofiller hybridized with 100 mg of graphene. However, higher graphene contents 

reduce the activity due to agglomeration process.  Moreover, the degree of crystallinity 

(DOC) decreases due to the addition of short chain branching (SCB) in the copolymers. 

The thermal stability of the copolymers was analyzed using TGA. The activation energy 

EA profiles thus obtained has revealed that the polymer nanocomposites having hybrid 

100 mg of graphene have imparted hgiher thermal stability to the copolymers. 

Keywords: Graphene, Layered double hydroxides, Hybrid materials, Polymer 

nanocomposites, Catalytic activity 
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6.1 INTRODUCTION 

Recently, polymer nanocomposites have gained great interest due to their potential 

applications, especially  in energy storage applications [1,2], supercapacitors [3–5], 

sensors [6–8], drug delivery [9,10], water purification [11,12] and food packaging [13]. 

Nanofillers efficiently dispersed and interact with the polymer matrix by attributing the 

polymer with high mechanical strength, thermal stability and enhanced electrical 

properties, depending on the nature of the filler [14,15]. Carbon based nanofillers 

especially; carbon nanotubes (CNTs) and graphene are mostly used nanofillers to prepare 

polymer nanocomposites [16,17]. Though, the high production cost and low dispersive 

index of CNTs have limited its use in polymer nanocomposites. On the contrary, 

graphene has a two dimensional (2D) monolayer carbon assembly, arranged in 

honeycomb structure with high surface area [17]. Thermal and mechanical properties of 

the polymers are dramatically enhanced even with low graphene contents [18]. However, 

the pristine graphene is not compatible with organic polymers and need to be 

functionalized or hybridized with the other 2D nanomaterials [9,19].  

On the other hand, layered double hydroxides (LDHs) have 2D highly tunable brucite-

like lamellar crystal structure [20]. Like graphene, LDHs are also employed as nanofillers 

for the synthesis of polymer nanocomposites [21]. These LDHs based polymer 

nanocomposites have shown better thermal stability and flame retardancy [22,23]. 

However, in order to maintain the properties inherited by the LDHs and uniform 

dispersion in the polymer matrices, the LDHs undergo anionic modification or 

hybridization with others 1D or 2D nanofillers [24,25].  
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Of particular, hybrid nanomaterials fabricated using LDHs and graphene (G/LDHs), is of 

great importance because of the superior intrinsic properties inherited by them due to the 

combination of the special properties of the parent materials [26,27]. G/LDHs nanofillers 

can be used in variety of applications due to their versatile properties and flexibility in the 

composition/preparation for fine-tuning [28]. These future generation nanomaterials have 

thus a great potential to be used as supercapacitors [29], nanofillers for polymer 

nanocomposites [30], medical applications [31] and hybrid sensors [32] etc. In addition, 

the polymer nanocomposites developed using G/LDHs nanofillers have shown significant 

improvement in mechanical, thermal and electrical properties [30].  

Linear low density polyethylene (LLDPE) is an important resin of polyethylene (PE), 

synthesized by the copolymerization of ethylene with comonomers [33]. Because of their 

low production cost and promising properties, make them of great importance among the 

consumers [34]. The most prominent applications of LLDPE include food packaging, 

plastic bags and pipes etc. [35].  

In the present study, G/LDHs hybrid nanofillers were successfully synthesized by co-

precipitation method. Different ratios of composition/preparation of G/LDHs were 

obtained by varying the ultrasonicated graphene contents in the feed. The hybrid G/LDHs 

nanofillers were than employed for the in-situ copolymerization of the LLDPE based 

polymer nanocomposites, using metallocene/MAO as a catalyst/cocatalyst complex. 

G/LDHs nanofillers have a noteworthy effect on the catalytic activity, short chain 

branching (SCB) and thermal stability of the copolymers.  
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6.2 EXPERIMENTAL 

6.2.1 Chemical Reagents 

Bis(cyclopentadienyl zirconium (IV) dichloride) > 98 % (C10H10Cl2Zr), 

Methylaluminoxane (MAO), Aluminum(III) nitrate nonahydrate [Al(NO3)3.9H2O], 

magnesium(II) nitrate hexahydrate [Mg(NO3)2.6H2O]  and all other chemicals and 

solvents were provided by Sigma Aldrich Co.  Graphene (96–99%, 50–100 nm) was 

purchased from Grafen Chemical Industries Co. (Turkey).  

6.2.2 Preparation of MgAl LDHs 

The standard co-precipitation method was adopted for the preparation of pure MgAl 

LDHs [36]. Briefly, precursor salts solution of both Mg(NO3)2.6H2O (0.03M) and 

Al(NO3)3.9H2O (0.01M) were initially well-mixed in 50mL of deionized (DI) water. 

Subsequently, the pH was adjusted at 10 ± 0.1 using 1M NaOH solution under vigorous 

stirring condition at 60 °C. After stabilizing the desired pH, the suspension was kept for 

reflux for 24h at 95 °C. The resultant white slurry was then centrifuge and washed with 

DI water and ethanol to remove any impurity. Lastly, the dense suspension was dried in 

vacuum oven at 60 °C for 24h. Approximately, 2.5 g of pure LDHs was synthesized with 

3:1 molar ratio of precursor salts (Mg
+2

: Al
+3

). 

6.2.3 Synthesis of Hybrid G/MgAl LDHs 

The hybrids of G/MgAl LDHs were synthesized using co-precipitation method, already 

explained in our previous study [28]. Initially, graphene was ultrasonicated in 50ml 

solution of NaOH (0.20M) solution for 30min. Two different amounts of graphene were 

employed during this study i.e. 100 mg and 300 mg abbreviated as 100LDHs and 



164 

 

300LDHs respectively. The ultrasonicated graphene was then mixed with 3:1 molar 

precursor salt solution under continuous vigorous stirring. Consequently, the pH of the 

mixture was maintained at 10 ± 0.1 using 1M NaOH solution. The resultant hybrid 

solution was then kept for reflux at 95°C for 24h with subsequent centrifuging and 

washing. Finally the black dense suspension was dried in oven and characterized using 

different techniques. The weight percent of graphene were calculated to be 4 % and 12 % 

for 100LDHs and 300LDHs respectively from yield analysis. 

6.2.4 In-situ polymerization 

In-situ polymerization of ethylene-co-1-hexene was carried out in Schlenk reactor, 

according to the procedure, previously described in our work [37]. Briefly, the reactor 

was initially charged with 6mg (20 μmol) of zirconocene catalyst, 75 mg of hybrid 

G/LDHs nanofiller, 1 mL of comonomer (1-hexene) and 100mL of solvent (toluene) 

under nitrogen environment, inside the glove box. The reactor was then connected to 

ethylene feed line (1.3 bar gauge pressure) and maintained at a temperature of 30 °C 

using oil bath and hot plate. Subsequently, 5ml of MAO was introduced to the reactor 

after 5min of saturation with ethylene. The reaction was then stopped after 30min of 

reaction time and quenched with acidified methanol under vigorous stirring. The 

polymerization product was then filtered and dried in oven for 12h at 60 °C. After drying, 

the polymer was weighted to calculate the activity, before subjected to other 

characterization steps. Four samples were synthesized using no-filler (control), pure 

LDHs, 100LDHs and 300LDHs represented by PC, PC-LDH, PC-100 and PC-300 

respectively. 
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6.2.5 Characterizations 

1. The purity and crystalline phases of the as-synthesized hybrid nanofillers were 

investigated using room temperature wide-angle XRD. The sampling were carried out 

using Mini-FlexXRD (fromRigaku) operated at 40 kV and 15 mAwith CuK alpha

radiation (λ = 1.54060). The diffraction angle was selected in the range of 5 to 70

degrees(2θ)atascanningrateof2degree per minute.   

2. Fourier transform infrared spectra (FT-IR) spectra of the G/LDHs nanofillers 

were recorded with a PerkinElmer FT-IR spectrometer (model 16F-PC) using KBr 

pellet technique in the range of 4000 to 400 cm
-1

.   

3. Surface morphology of the as-synthesized nanofillers was observed using 

TESCAN Lyra-3 Field Emission Dual Beam (Electron/Focused Ion Beam) system 

combined with high resolution field emission scanning electron microscope (FE-SEM).  

4. The dispersion of graphene and structural analysis of the as-synthesized hybrid 

nanofillers were observed with JEOL, JEM-2100F (USA) Transmission electron 

microscope (TEM).   

5. The melting and crystallization behavior of the polymer nanocomposites were 

investigated using differential scanning calorimetry (DSC Q-1000) TA instrument 

using third heating cycle (30° to 160 °C).  

6. Thermo-gravimetric analysis (TGA) was performed to study the thermal stability 

of the as-synthesized polymer nanocomposites. SDT-Q600 TGA by TA instruments 

was utilized at three different heating rates i.e. 10, 15, and 20 °C/min.  
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7. Crystallization analysis fractionation (CRYSTAF) supplied by Polymer Char 

(model-200) was employed to find the micro-structure and chemical composition 

distribution (CCD) of the polymer nanocomposites. Initially, the samples were 

dissolved in 1, 2, 4 trichlorobenzene (0.1 mg/mL), with subsequent cooling at 0.1 °C 

/min, with built-in infrared sensor detecting the crystallized portion of the polymer.  

8. To find the comonomer incorporation analysis, 13 carbon nuclear magnetic 

resonance (
13

C NMR) was conducted. ASTM method 5017-96 [38], based on 

integration of peaks relative to main methylene resonance at 30.0 ppm on x-axis was 

employed to compute the effect of nanofiller on the comonomer incorporation.  

6.3 Results and Discussion 

6.3.1 Establishment of hybrid G/LDHs nanofillers 

XRD Patterns 

XRD patterns of pure MgAl LDHs, pristine graphene (PG), 100LDHs and 300LDHs are 

depicted in Figure 6-1. The PG has shown an intense crystalline characteristic peak 

around 2θ ≈ 26° which corresponds to C(002) plane obtained from graphene reflection 

[39]. Moreover, the sharp diffraction peaks inherited by pure LDHs, 100LDHs and 

300LDHs indicate their good lamellar structure and high crystalline nature. The 

diffraction peaks are approximately at (2θ ≈) 11°, 23°, 35°, 39°, 60° and 62° which relates 

to the (003), (006), (009), (012), (110) and (113) crystal structure planes respectively, and 

is in consistent with the reported data [40,41]. As expected, the pure MgAl LDHs had 

more intense peaks at (003) and (006) planes compared to 100LDHs and 300LDHs. 

Moreover, at higher contents of graphene in the sample corresponds to intense (002) peak 
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(See Figure 6-1d). Furthermore, the XRD patterns have concluded that the G/LDHs 

hybrid nanofillers are less crystalline in nature than pure LDHs. In addition, the width of 

the XRD spectral peaks increases with the addition of graphene compared to pure LDHs 

[42]. Notably, the consistent appearance of (110) and (113) planes of almost same 

intensity has confirmed the well maintain crystal structure of LDHs [43,44]. 

 

Figure  6-1. XRD patterns of (a) MgAl LDHs (b) PG (c) 100LDHs (c) 300LDHs 
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FT-IR Spectroscopy 

The FT-IR spectra for pure LDHs, PG, 100LDH and 300LDH are presented in Figure 6-

2. The characteristic peaks for the LDHs have shown a broad band at 3470 cm
-1

 which is 

due to the stretching vibration of hydrogen bonding and intercalated traces of water 

molecules that comes from synthesis process. Whereas, the weak band at peak position 

1630 cm
-1

 is representing the bending modes of these intercalated water molecules [25]. 

Furthermore, the stretching vibration of the interlayer anions (NO3
-1

) of MgAl LDHs 

(1384 cm
-1

) and metal-oxygen metal (400-810 cm
-1

) are consistent with the reported data 

[45]. The PG absorption spectrum (See Figure 6-2) shows two weak band regions i.e. at 

position ≈1608 cm
-1

 (due to skeleton vibration of the graphene nanosheets) and ≈ 3423 

(due to structural –OH groups and vibration of water molecules) [39]. 
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Figure  6-2. FT-IR spectra of (a) MgAl LDHs (b) PG (c) 100LDHs (c) 300LDHs 
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FE-SEM analysis 

In order to study the morphology and microstructure of the hybrid nanofillers, PG, pure 

LDHs, 100LDs and 300LDHs were characterized using FE-SEM (See Figure 6-3). As 

expected, the PG is found to exist as smooth flat nanosheets, whereas, the occurrence of 

LDHs are as aggregates. The FE-SEM images for pure LDHs have revealed their lamellar 

surface morphology, stacked on top of each other. The hybrid images clearly indicated 

the synergy of graphene nanosheets inside the layered structure of LDHs. 
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Figure  6-3. FE-SEM images of (a) MgAl LDHs (b) PG (c) 100LDHs (c) 300LDHs 
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TEM analysis 

TEM images of PG, pure LDHs, 100LDHs and 300LDHs are displayed in Figure 6-4. 

The customary hexagonal nanoscale platelet structure of LDHs can be clearly seen from 

HR-TEM images. Further, the hexagons are stacked and strongly adhere to each other 

[41]. The hybrid G/LDHs shows homogeneous dispersion of graphene inside the 

nanofiller and a synergistic effect is observed in Figure 6-4 (c, d).   

 

Figure  6-4. HR-TEM images of (a) MgAl LDHs (b) PG (c) 100LDHs (c) 300LDHs 
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6.3.2 Characterization of LLDPE-G/LDHs nanocomposites 

Catalytic activity 

The activity of the catalyst was calculated from the obtained yield and the corresponding 

polymerization results are summarized in Table 6-1. The addition of these nanofillers 

significantly influences the catalytic activities. The PC-LDHs has shown better catalytic 

activity (See Table 6-1) compared to control polymer sample (PC). Since, LDHs provide 

easier access to the active sites of the metallocene catalyst with relatively less 

agglomerated and spherical polymer particles. Moreover, the LDHs supported 

metallocene catalysts has shown more stability and higher catalytic activity towards 

ethylene polymerization [46]. The PC-100LDHs has maximum yield compared to all 

ethylene-co-1-hexene copolymers under study. This increase in activity is due to the 

hybridization of LDHs with 100 mg of graphene. The high surface area provided by 

100LDHs hybrid nanofillers compared to pure LDHs, enables ethylene monomers with 

an easy access towards the active sites of zirconocene catalyst. However, further addition 

of graphene causes agglomeration around the catalyst, which reduces the active sites 

availability and thus causing decrease in the activity of zirconocene [47]. This 

phenomena is termedas “sterichindrance” [15]. Thus PC-300LDHs has relatively less 

catalytic activity than PC-100LDHs. However, minimal effects in molecular weights of 

the as-synthesized copolymers were observed due to the filler addition. 
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Table  6-1. Effect of hybrid G/LDHs nanofillers on the catalytic activity and other properties of LLDPE 

nanocomposites 

S/no. 
Sample 

code 

Filler 

 type/Amount 

(mg) 

Activity 
a
 

 

DOC 
b
 

Tm 
c
 Mw 

d
 

(kg PE mole
-1

 

hr
-1

 bar
-1

) 
(°C) (g/mol) 

1 
PC 

(control) 
No filler 246.03 ± 3.29 39.02 122.27 22,141 

2 PC-LDHs Pure LDHs/75 299.83  ± 4.33 34.46 116.36 19,266 

3 
PC-

100LDHs 
100LDHs/75 389.67  ± 7.49 32.93 114.33 20,944 

4 
PC-

300LDHs 
300LDHs/75 362.20  ± 2.50 29.88 116.79 22,748 

 

 

Reaction Temperature = 30 °C; solvent used= toluene (100 mL); zirconocene amount = 6 

mg (20μmol); comonomer used = 1-hexene (1 mL); polymerization time = 30 min 
a
 calculated from yields  

b
 determined by DSC  

c
 determined by DSC  

d
 determined by GPC 
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Crystallinity and 1-hexene incorporation  

The degrees of crystallinity (DOC) of the copolymers were greatly influenced due to 

nanofiller addition (See Table 6-1).  CRYSTAF is being utilized to figure out the CCD of 

the as-synthesized polymer nanocomposites, as depicted in Figure 6-5. As observed that a 

much wider profiles are obtained for the polymer nanocomposites compared to the PC 

(control). This change occurred in CCD and microstructure of the polymer samples were 

due to SCB (1-hexene incorporation), that were being induced by the nanofiller. In case 

of LLPDE, the comonomer incorporation has a very obvious effect on the DOC. Higher 

1-hexene incorporation leads to lower DOC and vice versa [37]. The peak crystallization 

temperature (Tpeak) obtained from CRYSTAF results are tabulated in Table 6-2. The 

decrease in Tpeak temperatures indicates that nanofiller inducing more SCB to the 

polymer backbone thus decreasing the DOC. The CRYSTAF results were validated by 

13
C NMR analysis (See Table 6-2). The maximum 1-hexene incorporation was recorded 

for PC-300LDHs, indicating more SCB added to the backbone structure of PE. On the 

other hand the melting temperatures (Tm) were also affected by SCB. A decrease in Tm 

was recorded for higher 1-hexene incorporation. However, a slight increase in Tm for PC-

300LDHs nanocomposites was observed due to the presence of higher graphene contents. 
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Figure  6-5. CRYSTAF profiles of LLDPE-hybrid G/LDHs polymer nanocomposites 

 

Table  6-2. Effect of hybrid nanofillers on CRYSTAF curves 

Sample ID PC PC-LDHs PC-100LDHs PC-300LDHs 

TPeak (°C) 78.2 73.4 73 71.1 

1-hexene incorporation 

(
13

C NMR) 

3.30 5.1 5.3 5.8 
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Thermal Stability 

The TGA curves of the all the samples are shown in Figure 6-6 at 10 °C /min and the 

selected results are listed in Table 6-3. The degradation curve is shifted to the right i.e. 

increasing temperature with the addition of the nano-filler. For example the, temperature 

at 5 wt. % (T5%) loss is increased from 379 °C for neat polymer to 397 °C for PC-LDH 

nanocomposites. Similarly, for the PC-100LDHs the T5% increased to 414 °C, the 

highest in this case. The T5% for PC-300LDHs is observed to be slightly lower that of 

PC-100LDHs i.e. 409 °C. This can be due to higher SCB as well as the high content of 

graphene within the hybrid nanofillers, which can increase the thermal conductivity of 

the nanocomposites, consequently providing better heat conduction and relatively faster 

degradation. The increase in the T5% indicates the nanocomposites are thermally more 

stable as compared to the neat polymer. A similar increasing trend for T50% and peak 

decomposition temperature (Tp) is also observed. However, the difference for T50% and 

Tp between the neat polymer and nanocomposites is reduced as compared to the T5%. 

The higher thermal stability of the nanocomposites, especially in the initials stages can be 

attributed to the layered structure and gas barrier characteristics of the nanofillers, which 

inhibits the evolution of the combustion gases [15,45]. Figure 6-7 shows the derivative of 

weight loss against temperature for all the samples. 

  



178 

 

 

Figure  6-6. Weight loss with temperature ramp at 10 °C /min for polymer and its nanocomposites 
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Figure  6-7. Derivative of weight loss with temperature ramp at 10 °C /min for polymer and its nanocomposites 

 

Table  6-3. TGA analysis results for polymer and the nanocomposites at 10 °C /min 

Sample T5% (°C) T50% (°C) Tp (°C) 

PC 379 464 474 

PC-LDHs 397 468 476 

PC-100LDHs 414 471 479 

PC-300LDHs 409 470 478 
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A further insight of the thermal degradation was analyzed by calculating the apparent 

activation energy of degradation. As already reported in literature that the degradation of 

PE is a complex process i.e. it involves multiple kinetics steps [46]. Therefore, we have 

use iso-conversional Friedman method for the calculation of activation energy. Friedman 

method given by equation1, is an accurate differential method and provides the correct 

values of activation energy even if it is conversion dependent [47,48]. For this purpose 

each sample was heated with three heating rates 5, 10, and 15 °C /min under nitrogen 

flow of 100 mL/min. 

ln (𝛽𝑖 (
𝑑𝛼

𝑑𝑇
))

𝛼𝑗

= − [𝑙𝑛𝑓(𝛼) +
𝐸𝐴

𝑅𝑇𝑖
]   (1) 

Whereas, β is the heating rate, α is the fractional conversion, EA is the activation energy, 

R is gas constant and T is the temperature corresponding to the fractional conversion. EA 

at specific values of α can be calculated from the slope of the straight line of 𝛽𝑖 (
𝑑𝛼

𝑑𝑇
) 

vs 
1

𝑅𝑇𝑖
, whereas, i represents the heating rate. Figure 6-8 shows the activation energy for 

allsamplesasafunctionofα.ItcanbeobservedthatforallthesamplestheEA changes 

with α, indicating a multiple step degradation mechanism. The degradation of 

polyethylene is known to start at the weak link by the reaction of a radical with the 

hydrogen atom on the fifth carbon atom. This free radical then degrades into either 

propene or 1-hexene. The initial lower values of the EA correspond to this starting 

initiation reaction at the weak links. Later on, the degradation process is governed by the 

random scission process which demands a comparatively higher EA [46]. As it can be seen 

from Figure 6-8 (a-d), the initial values of EA increased with the addition of the nanofiller, 

from around 155 for PC to 169, 186, and 216, (kJ/mol) for PC-LDHs, PC-100LDHs, and 
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PC-300LDHs respectively. This increase can be attributed to higher thermal stability due 

to the addition of nanofillers. For the PC-300LDHs nanocomposites, average EA is 

slightly lower as compared to the PC-100LDHs; this is due to the higher SCB content of 

the former, which provides more favorable links for the degradation to occur. 

 
Figure  6-8. EA as a function of the fractional conversion for (a) PC, (b) PC-LDHs, (c) PC-100LDHs, and (d) PC-

300LDHs 
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6.4 Conclusion 

Hybrid G/LDHs nanofillers were used for the synthesis of LLDPE nanocomposites. High 

catalytic activities and lower DOC were recorded for the as-synthesized polymer 

nanocomposites due to the nanofiller addition. 1-hexene incorporation was also increased 

due to more SCB in the polymer matrix. The PC-100LDHs nanocomposites have 

maximum catalytic activity (Approx. 36 % increased). A slight increase in the Tm of the 

PC-300LDHs was attributed due to presence of high graphene contents. Activation 

Energy (EA) for the as-synthesized polymer nanocomposites were calculated using iso-

conversional Friedman method.  A higher average EA was obtained for PC-100LDHs (≈ 

270 kJ/mol), indicating its higher thermal stability. Moreover, the improvements 

observed in catalytic activity, comonomer incorporation and thermal properties of these 

polymer nanocomposites, indicating better dispersion of nanofillers in the polymer matrix   
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7 CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusion 

The in-situ polymerization of ethylene-co-α-olefin were carried out in slurry phase 

polymerization using zirconocene complex and Schlenk techniques. These α-olefin 

(comonomers) significantly influenced the catalytic activity, melt crystallization and 

lamellar thickness distribution. Approx. 18 %, 19 % and 15 % increased catalytic 

activities were recorded with the addition of just 1 mL of 1-hexene, 1-octene and 1-

decene comonomers respectively. Mo-model successfully covered the melt crystallization 

behavior of copolymers used under this study. The activation energies (EA), calculated for 

the fabricated copolymers has shown that the crystallization behavior is more affected by 

comonomer contents rather than its type for same feed ratios. 

The drop in nanofiller (TiO2/Mn) significantly increased the catalytic activity (approx. ≈ 

44 %) for ethylene-co-1-hexene at an optimum dose of 15 mg.  The filler also increased 

the 1-hexene incorporation by imparting more SCB to the polymer structure and hence 

decreased the DOC and Tm. An increased EA was recorded for the as-synthesized LLDPE 

nanocomposites, which indicates slow crystal growth rate in the presence of nanofiller.  

G/LDHs hybrid nanofillers were synthesized in house by co-precipitation route. The 

hybrid fillers were then used as a drop in filler during in-situ ethylene polymerization in 

the presence of 1-hexene as a comonomer. The polymer nanocomposites synthesized 
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with 100 mg of hybridized graphene and LDHs have shown maximum catalytic activity 

(approx. 36% increased) and is more thermally stable (EA ≈ 270 kJ/mol) compared to the 

control ethylene-co-1-hexene copolymer (EA ≈ 155 kJ/mol).   

The research outcomes are four ISI indexed (peer reviewed) research publications. The 

details of these manuscripts are as under:  

1. Muhammad Daud, Muhammad Shahzad Kamal, Farrukh Shehzad, Mamdouh A. 

Al-Harthi, “Graphene/layered double hydroxides nanocomposites: A review of 

recent progress in synthesis and applications”Carbon 2016 

2. Muhammad Daud, Farrukh Shehzad, Mamdouh A. Al-Harthi,“Non-isothermal 

crystallization kinetics of LLDPE prepared by in-situ polymerization in the 

presence of nano titania”Polymer Bulletin 2015 

3. Muhammad Daud, Farrukh Shehzad, Mamdouh A. Al-Harthi, “Crystallization 

behavior and lamellar thickness distribution of metallocene-catalyzed polymer: 

Effect of 1-alkene comonomer and branch length” The Canadian Journal of 

Chemical Engineering 2016 

4. Muhammad Daud, Faruukh Shehzad, Mamdouh A. Al-Harthi,“Graphene/MgAl 

layered double hydroxides nanofillers as reinforcing agent for LLDPE 

nanocomposites prepared via in-situ polymerization” submitted to, Composite 

Science and Technology 2016. 
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7.2 Future Recommendations 

 The effect of different crystallite sizes of nano titania can be studied for the 

activity of zirconocene catalyst. 

 The work can be extended to study the effect of hybrid nanofillers on the 

mechanical properties of the LLDPE nanocomposites. 

 More combination of hybrid nanofillers should be synthesized and employed as a 

drop in nanofillers for the production of LLDPE nanocomposites. 

 It is recommended to used LDHs as support material for zirconocene catalyst. 

 It is highly recommended to synthesized Mn based hybrid nanofillers for LLDPE 

nanocomposites.  
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